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We are the Environment Agency. We protect and improve the environment. 

We help people and wildlife adapt to climate change and reduce its impacts, including 
flooding, drought, sea level rise and coastal erosion.  

We improve the quality of our water, land and air by tackling pollution. We work with 
businesses to help them comply with environmental regulations. A healthy and diverse 
environment enhances people's lives and contributes to economic growth. 

We can’t do this alone. We work as part of the Defra group (Department for Environment, 
Food & Rural Affairs), with the rest of government, local councils, businesses, civil society 
groups and local communities to create a better place for people and wildlife. 
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Research at the Environment Agency 
Scientific research and analysis underpins everything the Environment Agency does. It 
helps us to understand and manage the environment effectively. Our own experts work 
with leading scientific organisations, universities and other parts of the Defra group to 
bring the best knowledge to bear on the environmental problems that we face now and in 
the future. Our scientific work is published as summaries and reports, freely available to 
all.  
 
This report is the result of research led by the Environment Agency’s Chief Scientist’s 
Group. 
 
You can find out more about our current science programmes at 
https://www.gov.uk/government/organisations/environment-agency/about/research 
 
If you have any comments or questions about this report or the Environment Agency’s 
other scientific work, please contact research@environment-agency.gov.uk. 

 

Dr Robert Bradburne 
Chief Scientist 
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Introduction 
The Environment Agency’s Chief Scientist’s Group commissioned a series of reviews of 
existing research into drought in the UK, including the drivers, impacts and management 
of drought, both now and in the future.  The reviews focused on three themes: the physical 
processes that drive droughts; the impacts of droughts; and the management of droughts. 
Each theme was further divided into separate topics and each topic was the subject of an 
individual review undertaken by experts providing answers to questions about drought in 
the UK, including: 

• What is the observed experience of drought? 
• What is the current understanding about the causes and variability of droughts? 
• What is the current approach to drought management? 
• How do we currently model drought and how might droughts change in the future? 
• What is known about drought impacts now and expected in the future? 

The review group included more than 40 academics from 13 different universities, 
research institutes, and consultancies. Authors were encouraged to review the existing 
literature on a specified topic and to comment on what is known and where there are 
knowledge gaps and uncertainties. To gain the widest range of ideas, authors were given 
freedom to form their own views without editorial control from the Environment Agency. 

An overview of the reviews is presented in Environment Agency (2023). Review of the 
research and scientific understanding of drought. Environment Agency, Bristol.  This report 
is an annex to the summary report and presents the essays and overviews as written by 
the authors, with only minor editing of the format. 
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A: Atmospheric Circulation, Low Rainfall, and 
Drought in the UK 
Len Shaffrey, National Centre for Atmospheric Science, University of Reading. 

Overview 

Droughts have severe impacts on societies, economies, agriculture and ecosystems. 
Recent events in the UK, including the 2010-2012 drought and drought conditions in 2018 
and 2022, have highlighted the need to revaluate our understanding of droughts. From a 
meteorological perspective, the maritime continent of the UK is characterised by the 
passage of rain-bearing storms embedded in the westerlies over the North Atlantic Ocean. 
Prolonged periods of low rainfall are generally associated with fewer storms passing over 
the UK, often due to anticyclonic blocking events. Furthering our understanding of how 
droughts have varied in the past and may change in the future requires a better 
understanding of how the variability in atmospheric circulation leads to low rainfall, and 
how it might respond to climate change. This includes addressing questions such as: 

How has the occurrence of low rainfall and drought in the UK varied in the historical 
record? Historical records enable a view of UK drought over two and a half centuries. 
During that time, the UK has experienced lengthy periods of low rainfall, including the ‘long 
droughts’ in the 19th Century (1854-1860, and 1890-1910). We currently have a poor 
understanding of the atmospheric drivers of the long droughts, which raises questions 
whether we fully understand the risk of such events were they to occur today. In addition, 
the extent to which recent trends in North Atlantic atmospheric circulation, and associated 
impacts on UK rainfall, are due to external forcing (greenhouse gases, anthropogenic 
aerosol, etc..) versus internal variability are still not clear. Addressing these issues will 
require investment in recovering old weather records and developing long-term 
atmospheric reanalysis. In addition, the reanalysis of the past needs to be combined with 
multiple lines of evidence (meteorological, hydrological, impacts) to provide the best 
assessment of historical drought. 

What are the prospects for improving early warnings of drought on s2d 
(subseasonal-to-decadal) timescales? There have been recent improvements in s2d 
dynamical forecasts of the atmospheric circulation, for example, skilful seasonal forecasts 
of the wintertime North Atlantic Oscillation are now possible. However, there remain 
substantial challenges and barriers to the uptake of s2d forecasts by water resource 
managers. A key question is whether further improvements could be obtained by coupling 
s2d forecasts of the North Atlantic atmospheric circulation with hydrological forecasts and 
new machine learning approaches. 

What impact could climate change have on the occurrence of low rainfall and 
drought in the UK, and associated variability in atmospheric circulation? Climate 
change is expected to make UK winters warmer and wetter and summers hotter and drier. 
The increase in rainfall in winter is partly associated with warmer temperatures and thus 
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more moisture and rainfall, and partly associated with an extension of the North Atlantic jet 
stream over the UK and thus more storms. In summer, the decrease in rainfall is 
associated with the northwards shift in the jet stream, which leads to a reduction in rainfall. 
In addition, hotter summer temperatures could be associated with an increase in 
evaporation. However, there is substantial uncertainty in climate model projections, which 
in part may be due to climate model biases in atmospheric circulation, such as an 
underestimation of the frequency of blocking patterns. Thus there is a need to improve 
climate models and the representation of key processes. For example, there is evidence 
that higher resolution climate models may help reduce atmospheric circulation biases. 
Despite these biases, large ensembles of climate model simulations might be helpful in 
generating event sets of modelled droughts to help inform current and future drought risk 
assessments, especially the 1-in-500 year events required for planning in water resource 
management. In addition, approaches such as Storylines could be employed to help gain 
insight into future UK drought risk. 
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1. Introduction 
1.1. Motivation 
Droughts have severe impacts on societies, economies, agriculture and ecosystems. For 
example, the 1975-76 drought had a devastating effect on the UK economy causing an 
estimated £3,500m loss to agriculture, £700m of subsidence damage to buildings and a 
£400m cost to the water industry (figures adjusted for inflation, Rodda and Marsh, 2011). 
Recent events in the UK, including the 2010-2012 drought and drought conditions in 2018 
and 2022, have highlighted the need to revaluate our understanding of droughts. It is 
essential to understand the current risks of UK drought and how those risks might change 
in the future due to climate change. 

This essay will focus on UK drought from the perspective of precipitation in the UK, the 
North Atlantic and European atmospheric circulation, and larger-scale drivers. From a 
meteorological perspective, the maritime continent of the UK is characterised by the 
passage of rain-bearing storms embedded in the westerlies over the North Atlantic ocean. 
Prolonged periods of low rainfall are generally associated with fewer storms passing over 
the UK, often due to anticyclonic blocking events. Furthering our understanding of how 
droughts have varied in the past and may change in the future therefore requires a better 
understanding of how the variability in atmospheric circulation drives low rainfall, and how 
it might respond to climate change. 

1.2. Aim and Research Questions 
The aim of this essay is to discuss the latest understanding of atmospheric circulation and 
its variability in the context of low rainfall and drought in the UK. The research questions 
considered are: 

• How has the occurrence of low rainfall and drought in the UK varied in the historical 
record? And how do variations in atmospheric circulation affect the occurrence of 
low rainfall and drought? 

• What are the prospects for improving early warnings of low rainfall and drought on 
s2d (subseasonal-to-decadal) timescales? 

• What impact could climate change have on the occurrence of low rainfall and 
drought in the UK, and associated variability in atmospheric circulation? 

1.3. Outline 
Given the research questions outlined above, the essay is structured as follows: 

Section 2. Atmospheric variability in the context of low rainfall and drought in the 
UK: This section will outline current understanding of the variability in the atmospheric 
circulation that results in low rainfall and drought in the UK and Europe. 
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Section 3. Historical low rainfall and drought in the UK: Section 3 will discuss the key 
observational evidence for low rainfall and drought in observational records. 

Section 4. Subseasonal-to-decadal variability and predictability of low rainfall and 
drought in the UK: Section 4 will summarise the current understanding of the drivers of 
s2d (subseasonal-to-decadal) variability in atmospheric circulation in the North Atlantic 
and Europe. Section 4 will also discuss prospects for developing skilful s2d forecasts. 

Section 5. Climate change, atmospheric circulation and low rainfall and drought in 
the UK: Section 5 overviews the latest understanding of the impacts of climate change on 
low rainfall and atmospheric circulation in the context of UK drought. Given the difference 
in seasonal responses, the impacts of climate change will be considered separately for 
winter and summer. 

Section 6. Summary and research questions. 

Note that as the discussion covers a lot of ground and is rather wide ranging, this essay is 
not a comprehensive review article. Therefore only selected references are cited. Note 
also that this essay will focus on UK low rainfall and links to atmospheric circulation, which 
is related to the similar concepts of meteorological drought and precipitation deficits. 

 

2. Atmospheric variability in the context of 
low rainfall and drought in the UK 
In section 2, the atmospheric variability over the UK and Europe in the context of low 
rainfall and drought will be discussed. Section 2.1 will describe some of the common ways 
of characterising the atmospheric circulation, while section 2.2 discusses long-term trends 
seen in the observations. The maritime climate of the UK is characterised by the passage 
of extratropical storms embedded in the westerly atmospheric flow over the North Atlantic 
Ocean. The precipitation associated with extratropical storms and frontal systems 
accounts for over 90% of the wintertime precipitation over the UK (e.g. Hawcroft et al. 
2012). Consequently, prolonged periods of low rainfall are generally associated with fewer 
storms passing over the UK. However, the variability in regional rainfall within the UK, and 
its association with the large-scale atmospheric circulation, is more complex (e.g. Wilby et 
al., 1997). This will be addressed further in section 2.3. 

2.1. Characterising the North Atlantic and European 
Atmospheric Circulation 
Section 2.1 will outline some of the methods used to characterise the atmospheric 
circulation over the North Atlantic and Europe. Broadly, these methods can be separated 
into approaches focusing on physical phenomena (blocking, jet streams, etc.) and 
approaches which use statistical methods. 
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2.1.1. Phenomenological approaches to characterising the atmospheric 
circulation 

Here the characterisation of the atmospheric flow is based upon physical atmospheric 
phenomena most relevant during observed periods of low rainfall, for example the 
occurrence of anticyclonic blocking over the UK and Northwest Europe, and the position 
and strength of the North Atlantic jet stream. 

Anticyclonic Blocking: Low rainfall over the UK is often associated with anticyclonic 
conditions (that is high surface pressure), where the prevailing south-westerly flow is 
substantially weakened or even reversed (Woollings et al. 2018). Blocking preferentially 
occurs in a few regions over the Northern Hemisphere, including over Europe at the end of 
the North Atlantic storm track. The seasonal cycle of blocking frequency is relatively small, 
and persistent blocking events over Europe can occur in all seasons (Schiemann et al. 
2020). 

Although blocking over the UK in winter and summer is associated with low rainfall, the 
seasonal impacts can be different. In winter, blocking over the UK is associated with the 
advection of cold air from continental Europe and cold temperatures. In summer, blocking 
is associated with the advection of hot air from the continent, clear skies, enhanced solar 
radiation and therefore hot temperatures. In summer, this can lead to enhanced 
evaporation, drier soils, and increased water demand, all of which can exacerbate drought 
conditions (Kautz et al. 2022). 

There is no standard definition of blocking, however, common characteristics of blocking 
include “persistence, quasi-stationarity and obstruction of the usual westerly flow and/or 
storm tracks” (Woollings et al., 2018). Various indices are used to characterise blocking, 
which generally identify either long-lived anomalies or reversals in meridional gradients of 
mid-to-upper level tropospheric meteorological variables. These include 500‐hPa 
geopotential height (Tibaldi and Molteni 1990), the vertically averaged potential vorticity 
(Schwierz et al. 2004), or the potential temperature on the PV=2 (potential vorticity=2) 
surface (Pelly and Hoskins, 2003). The various flavours of blocking indices means that it 
can be difficult to identify consistent statistics between studies (Barnes et al. 2012, 2014; 
Woollings et al. 2018). 

North Atlantic Jet Stream Strength and Latitude: Various indices have been designed to 
measure the mean latitude and strength of the jet stream, for example, the mean strength 
and latitude of the lower tropospheric, westerly winds over the North Atlantic (60oW to 
0oW, Woollings et al. 2010). During prolonged periods of low rainfall in the UK, the jet 
stream is often deflected northwards or southwards from its climatological position, 
steering storms and their associated rainfall away the UK. Large northward or southward 
deflections of the North Atlantic jet stream are often associated with blocking and Rossby 
wave breaking (Masato et al. 2012). 
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2.1.2. Statistical approaches to characterising the atmospheric 
circulation 

An alternative way of characterising the atmospheric circulation is to use statistical 
methods. Section 2.1.2 describes the statistical methods for charactering the atmospheric 
circulation over the North Atlantic and Europe that are most frequently employed in the 
literature. To ensure that results are not an artifact of the statistical method, it is essential 
results are interpreted and assessed to ensure they are physically realistic (Ambaum et al. 
2002). 

Correlation and Regression maps: One of the simplest ways to ascertain the 
characteristics of the atmospheric circulation associated with low rainfall in the UK is to 
correlate or regress maps of meteorological variables against an index of a variable of 
interest. It also is possible to determine the preferred patterns of variability in atmosphere 
circulation by correlating or regressing meteorological variables, such as MSLP (mean sea 
level pressure) or 500hPa geopotential height, with their variation at a single point 
(Wallace and Gurtzler, 1981, Raible et al. 2014). These one-point correlation or regression 
maps when applied to the North Atlantic and European region reveal that variations in 
wintertime MSLP to the south of the North Atlantic jet stream are anticorrelated with 
variations to the north of the jet stream. The correlated variations are known as the North 
Atlantic Oscillation (NAO), which has centres of action in the subtropics nears Azores and 
in the subpolar regions near Iceland (Hurrell, 1995, Jones et al., 1997b). An NAO index 
can be defined as the normalised pressure difference between the Azores and Iceland. 
When the NAO index is positive, the westerlies over the wintertime North Atlantic are 
strengthened, which bring storms to the UK and results in increased mean UK rainfall. 
When the NAO index is negative, the westerlies are weakened, resulting in fewer storms 
and decreased mean UK rainfall. 

Empirical Orthogonal Functions and Singular Value Decomposition methods: Another 
method to characterise the atmospheric circulation over the North Atlantic and European 
region is to use Empirical Orthogonal Functions (EOFs) and similar Singular Value 
Decomposition (SVD) methods. An EOF analysis of the winter North Atlantic MSLP 
decomposes the MSLP into eigenvectors which are orthogonal in space and time. The 
eigenvector that explains the largest variance is referred to as the First EOF, the second 
largest variance the Second EOF etc. The First EOF pattern in the winter MSLP over the 
North Atlantic and Europe very closely resembles the North Atlantic Oscillation pattern 
found in correlation analyses, and generally explains 35%-50% of the winter MSLP 
variance (e.g. Figure 2.1, from Comas-Bru and McDermott, 2014). 
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Figure 2.1: Spatial maps of the first three eigenvectors of the gridded winter 
(December–February) monthly sea-level pressure anomalies (in mb) for the North 
Atlantic domain (1872–2009) calculated using the 20CRv2 global dataset (Compo et 
al., 2011): (a) North Atlantic Oscillation (NAO), (b) East Atlantic pattern (EA) and (c) 
Scandinavian pattern (SCA). From Comas-Bru and McDermott (2014). 

Figure 2.1 also shows the Second and Third EOFs of winter MSLP, which typically explain 
15-20% and 10-15% of the variance respectively. The Second EOF is often named the 
East Atlantic Pattern, and is closely related with higher surface pressures and blocking 
patterns to west of the UK. The Third EOF is named the Scandinavian pattern, and is 
associated with higher surface pressures and blocking patterns north east of the UK. In 
summer, the leading EOF patterns are similar to those in winter, but tend to explain less 
variance and have slightly different spatial patterns. The SNAO (Summer North Atlantic 
Oscillation, Folland et al. 2009) is similar to the winter NAO but is displaced northwards 



13 of 669 

relative to winter (associated with the northward seasonal migration of the North Atlantic 
jet stream in summer). 

North Atlantic Weather Regimes and Weather Types: Previous studies to have attempted 
to determine preferred patterns of variability in atmospheric circulation using methods that 
identify similar synoptic weather regimes or types of circulation. These methods tend to be 
more complex than the approaches described above, and produce a larger number of 
patterns of variability, which are often referred to as weather regimes or weather types. 
Broadly, these methods can be split into two categories. Firstly, are methods that identify a 
few key weather regimes using objectives techniques such as k-means clustering of EOF 
patterns (e.g. Corti et al. 1999, Dawson et al. 2012). 

Secondly, are methods that identify a larger range of patterns or weather types either by 
expert judgement or by more complex statistical techniques. Methods to characterise the 
atmospheric circulation by expertly examining the day-to-day variations of synoptic 
weather maps have long been established for the UK (e.g. Lamb’s Weather Types; Lamb, 
1950) and central Europe (the Grosswetterlage developed during the 1940s and 1950s by 
Baur, Hess and Brezowsky). Objective weather typing methods have seen a recent 
resurgence due to the development of new statistical clustering techniques, for example 
the Met Office Weather Types used in the UKCP18 projections (Maisey et al. 2018), the 
use of objective Lamb’s Weather Types to investigate the relationship between hazards 
and atmospheric circulation over the UK and Ireland (De Luca et al., 2019), and objective 
Grosswetterlage to describe the recent 2018 heatwave in central Europe (Hoy et al. 2020). 
Weather typing analyses tend to produce a large number of weather types, and so a 
degree of expert judgement is required in order to associate particular weather types with 
prolonged periods of low rainfall that are associated with drought but can provide useful 
additional insight (e.g. Pope et al. 2022). 

It is worth noting that these very different methods for characterising the atmospheric 
circulation are often complementary and provide similar views on atmospheric variability 
and change (e.g. Woollings et al. 2012). Sometimes care and thought needs to be given to 
reconciling these different perspectives, e.g. information about the variability of the 
atmospheric circulation on different timescales where eddy-mean feedbacks are important 
(such as daily and seasonal timescales). 

2.2. Trends in Atmospheric Circulation over the North 
Atlantic and Europe 
The extent to which trends exist in the atmospheric circulation over the North Atlantic and 
Europe is an area that has received substantial study, especially in the context of 
assessing the impacts of climate change. However, the seasonal-to-multi-decadal 
variability in the North Atlantic and Europe circulation is large, which generally makes it 
very difficult to detect long-term trends due to the relative shortness of robust 
observational records. 
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Over the past few decades, there has been an increasing investment in data recovery of 
observational records, especially in terms of recovering and digitising old weather records 
(e.g. the ACRE project, Allan et al. 2011). Efforts in data recovery help to inform past 
assessments of previous droughts, especially when combined with additional lines of 
observational evidence (e.g. past hydrological observations and textual analysis of written 
records, e.g. Dayrell et al. 2022). In addition, long-term atmospheric reanalyses, such as 
the 20th Century Reanalysis (Compo et al. 2011, Slivinski et al. 2019) and the ECMWF 
ERA20C and CERA20C reanalyses (Poli et al. 2016), have recently been developed, 
which provide additional information about the historical evolution of the atmospheric 
circulation. Long-term reanalysis primarily assimilates surface observations (primarily sea 
surface temperatures, surface pressures, and in the case of ERA20C and CERA20C, 
marine surface winds) and statistically combine them with numerical weather prediction 
models to determine the atmosphere state. However, the assimilation of only surface 
observations can result in substantial uncertainties in estimating the state of the 
atmospheric circulation. 

Given the large variability in the mid-latitudes, long-terms trends in the atmospheric 
circulation are difficult to detect. This is indicated in Figure 2.2, which shows the Winter 
NAO and Summer NAO from Kendon et al. (2022) for 1850 to present, which shows large 
interannual and decadal variability but no long-term trends. However, there are previous 
studies which have posited there are long-term trends in other aspects of the atmospheric 
circulation. For example, Donat et al. (2011) found an upward trend in storminess over 
Northern Europe in the 20th Century Reanalysis (v2) from 1879 to 2010 (Compo et al. 
2011). This trend was further investigated in Kruger et al. (2013, 2019), which found there 
was no trend in the direct MSLP observations and this was inconsistent with the increased 
storminess seen in the 20th Century reanalysis (v2). Varino et al. (2018) found significant 
upward trends in 20th Century storminess over the North Atlantic and Europe in the 
ERA20C reanalysis. Closer analysis between observed surface winds and those in 
ERA20C showed that potentially spurious trends in storminess were being generated 
through the assimilation scheme (Bloomfield et al. 2018, Wohland et al. 2019). Cornes et 
al. (2013) also investigated circulation indices using MSLP observations, including a Paris-
London westerly index back to 1692. Cornes et al. (2013) found little evidence of trends, 
although noted that summer westerlies from the 1970s had become unusually weaker. 
This may be associated with the low values of the SNAO seen over the past few decades 
(Kendon et al. 2022, Figure 2.2). 
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Figure 2.2 Upper) Winter NAO index based on standardized monthly mean pressure 
difference between stations in Gibraltar and southwest Iceland. Winter 2021 refers 
to the period December 2020–February 2021. Lower) Summer NAO index based on 
standardized monthly mean pressure difference using the 20th century reanalysis 
(Slivinski et al., 2019) and extended to the present day using the ERA5 reanalysis. 
From Kendon et al. (2022). 

For anticyclonic blocking, Barnes et al. (2014) found no trends in North Hemisphere 
blocking over the past few decades in a variety of modern atmospheric reanalyses for a 
number of different measures. However, Hanna et al. (2022) reported a very recent 
increase in blocking around Greenland in summertime using MSLP observations. Although 
Greenland blocking may not directly influence the circulation over the UK may be 
indicative of wider changes in the North Atlantic circulation. Additionally, Wazneh et al. 
(2021) reported finding North Atlantic blocking becoming more persistent in summer and 
autumn in the CERA20C reanalysis, but these results will need to be verified using MSLP 
observation given the previously reported issues with CERA20C (Wohland et al. 2019). 
The equinoctial seasons are often less studied than summer and winter in this context, but 
Cotterill et al. (2021) used a weather typing analysis and found evidence of a positive 
trend from the 1970s in autumn anticyclonic weather types, associated with drier 
conditions. In summary, there is not much evidence of long-term trends in atmospheric 
circulation, and recent work has highlighted the need to reappraise long-term datasets and 
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reanalyses. There is, however, some evidence that recent variability in the summer North 
Atlantic circulation might be considered unusual from a historical perspective. 

2.3. Relationship between Regional UK Rainfall and 
Atmospheric Circulation 
As mentioned in the introduction to section 2.1, the relationship between the regional 
rainfall in the UK and atmospheric circulation is more nuanced than that for between the 
mean UK rainfall and atmospheric circulation. For example, Wilby et al. (1997) showed 
that for winters with a strong positive NAO index, the west of Scotland had the strongest 
positive rainfall anomalies, while eastern England had negative rainfall anomalies. In 
contrast, in years with a strong negative NAO index, eastern England had positive rainfall 
anomalies while the west of Scotland had negative rainfall anomalies. This suggests that 
different patterns of variability in atmospheric circulation govern variation in regional 
rainfall in the UK. 

This was also seen in Lavers et al. (2010), who found that winter precipitation in the north-
western UK was correlated with westerly winds and a MSLP dipole similar to the NAO. For 
the south-east of England, winter precipitation is correlated with negative MSLP anomalies 
centred over the UK and westerly winds to the south, a pattern in strong agreement with 
the East Atlantic pattern. Similar results for wintertime were found in Hall and Hannah 
(2018) and Baker et al. (2018). In addition, Baker et al. (2018) found that for summer that 
regional rainfall in the UK is primarily associated with the latitude of the westerlies over the 
North Atlantic. 

 

3. Historical periods of low rainfall and 
drought in the UK 
Our understanding of past variability of low rainfall periods and drought is contingent on 
the historical records of precipitation from weather records. Section 3.1 discuss the 
historical records of precipitation in the UK in the context of low rainfall. Section 3.2 
discusses different methods to characterise low rainfall and drought. 

3.1. Observational records of rainfall in the UK 
There has been substantial investment in the recovery, analysis, and quality control of rain 
gauge data in the UK. For example, the timeseries from 1836 of seasonal rainfall from the 
HadUK-Grid dataset is shown in Figure 3.1 (Hollis et al. 2019, Kendon et al. 2022). Values 
are expressed as percentage anomalies from the 1991-2020 average. There is large 
interannual variability in all four seasonal timeseries, but also an indication of decadal 
variability. There has been a marked increase in winter rainfall across the timeseries in the 
most recent decade with 2014, 2016 and 2020 all in the top five wettest (the other winters 
being 1995 and 1990). In summer, there is no indication of long-term changes in the time 
series. However, it is worth noting that the most recent decade was wetter than the 
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relatively dry summer period from the 1960s until 2000. This may be associated with the 
changes in the SNAO discussed in section 2. 

Longer timeseries of rainfall records are available such as the EWP (England Wales 
Precipitation) timeseries. EWP is notable for having continuous monthly records from 
1766, and forms part of the HadUKP dataset (Alexander and Jones, 2001). Precipitation in 
EWP shows trends towards wetter winters and drier summers (Jones and Conway, 
1997a). However, Murphy et al. (2020a) found that winter records before 1870 are likely 
biased low due to the under‐catch of snowfall. Murphy et al. (2020a) also found that 
summer records before 1820 were biased high, which was attributed to decreasing 
network density and less certain data at key stations. Furthermore, a significant trend to 
drier summers is not found when EWP series was reconstructed using independent 
predictors. These results again highlight the ongoing need to reappraise long-term 
datasets. 

With these caveats in mind, precipitation records can be used to identify periods of low 
rainfall in the UK. For example, Marsh et al. (2007) identified prolonged periods of low 
rainfall and droughts in the UK from 1800-2006. More recent work has reassessed the 
‘forgotten drought’ of 1765-1768 (Murphy et al 2020b). Rainfall records, especially when 
combined with hydrological records (Barker et al. 2016, 2019) and other records of 
impacts (Dayrell et al. 2022) can provide additional insight into the past variability of 
rainfall and drought in the UK. A historical view also underlines that the nature of droughts 
in the UK can differ from those experienced in the past few decades. For example, the 
long droughts of 1854-1860 and 1890-1910 would present different challenges to the 
resilience of present-day water resource infrastructure. However, there are major 
knowledge gaps regarding the likelihood that similar long drought events might reoccur, 
and their relationship to the decadal variability in North Atlantic and European climate and 
atmospheric circulation. 
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Figure 3.1 Seasonal rainfall for the UK, 1836–2021 (note winter from 1837 to 2021; 
year is that in which January and February fall.) from HadUK-Grid. The hatched 
black line is the 1991–2020 long-term average. The lower hatched green line is the 
1961–1990 long-term average. Light grey grid-lines represent anomalies of ±20%. 
The table provides average seasonal rainfall values (mm). From Kendon et al. 
(2022). 

3.2. Characterising low rainfall and drought 
Many measures have been developed to characterise low rainfall and drought using 
rainfall (WMO, 2016) and other records, such as hydrological observations (e.g. see the 
EA report by Hannaford et al., 2023). Droughts are often measured as deviations from 
climatological norms, and norms can be difficult to obtain, especially in a changing climate. 
This has led to a wide range of drought measures being developed and raised questions 
about whether defining a universal drought indicator is impractical (Lloyd-Hughes, 2014). 
Nonetheless, section 3.2 will briefly outline some measures to define low rainfall and 
drought. The Standardized Precipitation Index (SPI, McKee at al. 1993) is recommended 
by the WMO as a starting point for characterising low rainfall and meteorological drought. 
SPI can be interpreted as the number of standard deviations by which the observed 
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anomaly deviates from the long-term mean and can be created for differing periods 
(typically 1-to-36 months) using monthly input data. There are many other indices which 
characterise different aspects of low rainfall and drought. For example, CDD (Consecutive 
Dry Days, Karl et al 1999) defined as the number of consecutive days with rainfall less 
than 1mm day-1. 

Although the focus in this essay is on atmospheric circulation and low rainfall, many 
drought indices incorporate temperature and evaporation. An early operational drought 
index is the Palmer Drought Severity Index (PDSI, Palmer, 1965, Alley 1984). Another 
example is the Standardized Precipitation Evapotranspiration Index (SPEI, Vicente-
Serrano et al. 2010), which uses the difference between precipitation and potential 
evapotranspiration to represent a simple climatic water balance. Similar to SPI, SPEI can 
be calculated for differing periods. It is worth noting that trends in SPI and SPEI differ in 
observations in Europe (Stagge et al. 2017). These differences are primarily driven by 
increases in temperature that change the reference evapotranspiration in the SPEI index. 

 

4. Subseasonal-to-decadal variability and 
predictability of low rainfall and drought in 
the UK 
Over the past decade there has been substantial amount of research into s2d 
(subseasonal-to-decadal) forecasts of midlatitude atmospheric circulation, temperatures 
and rainfall. Being able to skilfully forecast these variables on s2d timescales would have a 
substantial impact on the ability to manage and plan for climate risks, e.g. water resource 
management and drought in the UK. In the tropics, skilful seasonal forecasts of the 
coupled climate have been available for a number of decades, especially for strongly 
coupled ocean-atmosphere processes such as ENSO (the El Nino Southern Oscillation). 
Skilful seasonal forecast in the more variable midlatitudes have been more difficult to 
produce. However, earlier statistical analysis identified processes that might give rise to 
seasonal forecast skill (e.g. Colman et al. 1999). More recently, skilful dynamical forecasts 
have recently been developed in the midlatitudes, e.g. of dynamical seasonal forecasts of 
the wintertime North Atlantic Oscillation (Scaife et al. 2014). The development of skilful 
seasonal forecasts may provide new insights into the management of water resources. 

Section 4.1 will provide a short overview of the large-scale climate drivers that give rise to 
s2d variability and predictability in the North Atlantic and European sector. Following this, 
section 4.2 will discuss the potential for developing skilful s2d forecasts of the North 
Atlantic and Europe atmospheric circulation and climate system. 
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4.1. Subseasonal-to-decadal large-scale climate drivers 
of North Atlantic and European atmospheric circulation 
in the context of low rainfall and drought 
There is a broad body of literature investigating the large scale drivers of the atmospheric 
circulation and climate variability in the North Atlantic and Europe. In section 4.1, a short 
overview of the key large-scale drivers is outlined, with a particular focus on low rainfall 
and drought in the UK. The key large-scale drivers differ between summer and winter, and 
so will be discussed separately. 

Winter: Atmospheric interactions between the extratropics and the tropics play a key role 
in driving variability in the North Atlantic and European atmospheric circulation. The 
leading pattern of variability in the tropics is ENSO (the El Nino Southern Oscillation). 
During the positive phase of ENSO (El Nino), the ocean warms and easterly winds 
weaken over the Tropical Pacific ocean. This results in atmospheric convection and 
precipitation over the Maritime Continent moving out into the central Tropical Pacific. 
Changes in ENSO drive variability in the mid-latitudes i) through the propagation of 
Rossby waves (Hoskins and Karoly, 1981, Scaife et al. 2017) and ii) indirectly by 
influencing variability in the Arctic stratosphere (Ineson et al. 2009). Tropical forcing from 
the Madden Julian Oscillation (Cassou et al. 2008) and from the Indian Ocean (Hardiman 
et al. 2020) may also have an impact on the atmospheric circulation of the North Atlantic 
and Europe. Investigations between tropical teleconnections and lowland droughts in the 
UK also identified extratropical-tropical interactions as a driver of drought in the UK, more 
specially a statistical link was found between ENSO (during the negative phase known as 
La Nina) and UK precipitation deficits (Folland et al. 2015). The impact of ENSO has also 
been identified in Lamb Weather Types over the UK (Wilby, 1993). There is also evidence 
that the lagged influence of wintertime ENSO signals might influence the springtime 
rainfall over the North-western Europe (Lloyd‐Hughes and Saunders, 2002). 

Variability in the stratosphere may also impact on the North Atlantic and European 
atmospheric circulation. Strong winds (known as the polar vortex) form as the polar 
stratosphere cools during winter. The polar stratospheric vortex can breakdown and warm 
very rapidly (a process known as Sudden Stratospheric Warming). Sudden Stratospheric 
Warmings can induce a weakening and/or deflection of the North Atlantic Jetstream 
leading to cold and dry anticyclonic blocking conditions over the UK and Europe (Baldwin 
and Dunkerton, 2001). Sudden Stratospheric Warming events occurred during the winter 
of 2010 (Dornbrack et al. 2012) and spring 2018 (Roa et al. 2018) as precursors of dry 
conditions in the UK. Additional aspects of stratospheric variability can also influence the 
evolution of the atmospheric circulation over the North Atlantic through similar 
mechanisms, for the example the Quasi-Biennial Oscillation (Andrews et al. 2019). 

There has also been a substantial amount of research into the impact of the rapid loss of 
Arctic Sea ice and warming in the Arctic on the winter mid-latitude circulation. A number of 
early observational studies suggested a relationship between the reduction of Arctic Sea 
ice (especially in the Kara-Barents Sea) and an increase in anticyclonic blocking and cold, 
dry conditions in Europe (Honda et al. 2009). Other studies suggested that warming in the 
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Arctic might result in a weaker and more “meandering” North Atlantic jet stream that might 
also lead to an increase in anticyclonic blocking (Francis and Vavrus, 2012). Additional 
observational studies have not always replicated these finding from early studies (Barnes 
et al. 2013), and modelling studies have found a robust but weak response (Smith et al. 
2022). Recent review articles have highlighted these discrepancies (e.g. Barnes and 
Screen, 2015, Cohen et al. 2020). Cohen et al. (2020) stated “Divergent conclusions 
between model and observational studies…continue to obfuscate a clear understanding of 
how AA is influencing midlatitude weather.” 

Variations in the circulation of the North Atlantic Ocean are also thought to have an 
influence on the climate of Europe and the UK. The Atlantic Multidecadal Variability (AMV, 
Knight et al. 2006) and Atlantic Meridional Overturning Circulation (AMOC, Frajka-Williams 
et al. 2019) are thought to be the dominant modes of ocean variability in the North Atlantic 
on decadal timescales. However, variability in the AMOC and AMV is often found to be 
coherent (Zhang et al, 2019). Changes in ocean circulation result in changes in North 
Atlantic SST, however the impact of this variability on European climate may be larger in 
summer than winter (Zhange et al. 2019, and see below). However, there are questions in 
whether current climate models correctly capture the influence of variability in the North 
Atlantic Ocean on the atmospheric circulation. In particular, there is a signal-to-noise issue 
in decadal forecasts of the wintertime NAO that has recently been identified (Smith et al. 
2020), which suggests that current climate models underestimate the magnitude of this 
influence. This will be discussed in more detail in section 4.2. 

Summer: In summer, the North Atlantic and European atmospheric circulation tends to be 
more quiescent than in winter. In addition, the seasonality of the stratospheric circulation 
means that stratospheric variability is less important than in winter for driving variability in 
the troposphere. Recent studies have highlighted the role of the North Atlantic Ocean, and 
in particular decadal variations in sea surface temperature, such as the AMV, in 
modulating summer rainfall in NW Europe (Sutton and Dong, 2012, Ghosh et al. 2017). 
Other studies have suggested that interannual variability in North Atlantic SST might 
influence the summer atmospheric circulation and precipitation over the UK. This includes 
through subtropical Atlantic SSTs and Rossby waves (Wulff et al. 2017), or by spring 
North Atlantic SSTs influencing the summer evolution of the summer North Atlantic 
circulation (Osso et al. 2018, 2020). 

There have been a number of recent papers which focus specifically on the impact of the 
rapid Arctic Sea ice loss on the summer mid-latitude circulation (Coumou et al. 2018). This 
includes i) through the weakening and/or shifts in the mid-latitude jet streams by 
weakening the equator-to-pole temperature gradient (e.g. Chang et al. 2016) and ii) 
through the amplification of circumpolar Rossby waves which may give rise to quasi-
resonant circulation regimes (e.g. Coumou et al. 2014). Recent studies have also 
highlighted the formation of double jet streams in the context of European heatwaves 
(Rousi et al. 2022). Modelling studies from the CMIP5 climate model ensemble have 
suggested some evidence of a link between circumpolar Rossby wave guides and a 
reduction in Arctic Sea ice (Mann et al. 2017), but more recent modelling studies have 
highlighted the role of anthropogenic aerosol in driving these changes (Dong et al. 2022). 
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Given the number of hypotheses and conflicting lines of evidence, understanding the 
impact of Arctic Sea ice loss and warming on the mid-latitude circulation continues to be 
an area of active research. 

The role of ENSO in driving North Atlantic and European atmospheric variability is thought 
to be less important in summer then in winter as i) ENSO tends to peak in boreal winter 
and is much weaker during summer (Yu et al. 2017), and ii) the prevailing easterly winds 
in the tropics in summer reduce the ability of Rossby waves to propagate into the 
extratropics (Schubert et al. 2011). Studies looking at relationship between ENSO and 
summer European climate therefore tend to find weaker relationships, for example, two 
recent studies found weak relationships that were nonstationary (Martija-Diez et al. 2021, 
2022). 

4.2. The potential for skilful subseasonal-to-decadal 
forecasts of low rainfall and drought in the UK 
Skilful s2d forecasts for Europe would provide substantial socioeconomic benefits, e.g. for 
the management of water resources. Initial studies focused on the use of statistical models 
to generate skilful forecasts (e.g. Colman et al. 1999, Wang et al. 2017). Recent 
improvements in dynamical s2d forecasting systems, however, have led to skilful 
dynamical seasonal forecasts of the wintertime North Atlantic Oscillation (Scaife et al. 
2014, Athanasiadis et al. 2017). Improvements in forecasts of the large scale atmospheric 
circulation have led to improved skill in seasonal forecasts of anticyclonic blocking over 
Europe (Davini et al., 2021) and UK and Ireland rainfall (Scaife et al 2014, Baker et al. 
2018b, Stringer et al. 2022, Golian et al. 2022). 

Despite the improved skill in wintertime seasonal forecasts of the NAO and associated 
impacts there are still substantial challenges. Firstly, wintertime seasonal forecasts of the 
NAO currently suffer from a signal-to noise issue (Eade et al., 2014, Baker et al. 2018a), 
where the predictive signal in forecasts is substantially smaller than that suggested from 
statistical analysis (Kumar, 2009). The signal-to-noise issue has a number of implications 
(e.g. that large ensemble of forecasts are required to assess predictive signals) and also 
suggests that large-scale drivers of predictability and/or dynamical processes are not 
correctly represented in current dynamical seasonal forecast systems. In addition, 
seasonal forecast skill in the NAO appears to be intermittent and varies substantially from 
decade to decade (Weisheimer et al. 2017). This produces sampling issues in terms of 
assessing skill, given the relatively short period over which dynamical seasonal forecasts 
can be initialised and evaluated. 

Secondly, dynamical seasonal forecasts in other seasons have less skill than in winter. In 
particular, summer forecasts have very little skill for forecasting the atmospheric circulation 
over the North Atlantic and Europe, which may be due to dynamical forecast systems not 
capturing some key processes that are thought to be important (e.g., coupled ocean-
atmosphere process in the North Atlantic ocean in spring and summer, Osso et al. 2000). 
It is worth noting that although there is little skill in atmospheric circulation, some 
dynamical seasonal forecast systems have reported modest skill in making summer 
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forecasts of NW European summer precipitation (Dunstone et al. 2018) and land surface 
temperatures (Prodhomme et al. 2022), associated with longer timescale memory and 
thermal inertia in land surface temperatures and North Atlantic sea surface temperatures. 

Skilful forecasts of the North Atlantic sea surface temperatures on multi-annual to decadal 
timescales have been developed in a number of decadal forecasting systems. As 
mentioned in section 4.1 , multi-annual to decadal variations in North Atlantic sea surface 
temperatures plays a role in modulating the climate of Europe and the UK (Zhang et al. 
2019). However, the skill is more limited for decadal forecasts for variables over land 
(Smith et al. 2019). Recent studies have highlighted that the signal-to-noise issue may 
also be present in multi-annual to decadal forecasts of the North Atlantic atmospheric 
circulation (Smith et al. 2022). This raises the possibility that improvements in decadal 
forecasting systems may lead to skilful forecasts on longer timescales for North Atlantic 
atmospheric circulation and climate. 

In summary, there have been recent improvements in s2d dynamical forecasts of the 
atmospheric circulation, rainfall and temperature for the UK and Europe. These 
improvements, coupled with new machine learning and artificial intelligence approaches 
that can produce skilful statistical forecasts of the NAO, atmospheric circulation, and 
rainfall (e.g. Wang et al. 2017, Hall et al. 2019), may provide a step change in our capacity 
to provide skilful s2d forecasts. 

There are still substantial challenges in using such forecasts. In particular, the skill found 
in the atmospheric component of s2d forecasts needs to be combined with the additional 
skill found in hydrological forecast systems (Bell at al. 2017) in order to produce s2d 
forecasts useful for water resource managers. In addition, it is important to recognise the 
additional challenges and barriers to the uptake of s2d forecasts, e.g. the use of forecasts 
in risk averse drought management conditions (e.g. Lopez and Haines, 2017) and the 
translation of s2d forecasts into measures and terms of reference that are more relevant 
for drought managers. Nonetheless, recent improvements in both hydrological and 
atmospheric s2d forecasts suggest that further investment in s2d forecasting systems may 
yield substantial benefits for monitoring and early warning of drought. 
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5. Climate change, atmospheric circulation, 
and low rainfall and drought in the UK 
In section 5, the impact of climate change on North Atlantic and European atmospheric 
circulation, low rainfall and drought in the UK will be considered. Assessing the impacts of 
climate change on phenomena such as the atmospheric circulation requires projections 
from climate models, since the phenomena are too complex to ascertain a priori or with 
simpler models. However, to have any confidence in climate models, it is essential that 
they are evaluated using all available observations to determine whether they are fit for 
purpose. Section 5.1 will therefore consider the biases in climate models for North Atlantic 
and European atmospheric circulation and rainfall. Sections 5.2 and 5.3 will overview 
climate model projections for winter and summer respectively, and section 5.4 will provide 
a summary. Section 5 will draw upon evidence from a range of climate model projections, 
including those from the Coupled Model Intercomparison Project (CMIP), which has been 
used to inform the IPCC assessment reports on climate change, and the UK Climate 
Projections (UKCP). 

5.1. Climate model biases in North Atlantic and 
European atmospheric circulation and rainfall 
In order to have any confidence in climate model projections, it is essential to evaluate 
their ability to represent the key processes of interest. For the North Atlantic and European 
atmospheric circulation and rainfall in the UK, this means evaluating the representation of 
key aspect of the circulation, such as the North Atlantic jet stream, and the drivers of 
drought, such as anticyclonic blocking. 

The observed wintertime atmospheric circulation over Europe is characterised by the 
westerly jet stream over the North Atlantic. Storms, on average, travel across the North 
Atlantic ocean and recurve north of Scotland, bringing rainfall into the UK. In climate 
models, the position of the North Atlantic jet stream is biased southward in present-day 
simulations, with the result that, on average, storms travel over the UK and onwards into 
central Europe (Priestly et al. 2020). There has been a steady improvement in the position 
of the North Atlantic jet stream in climate models, from the CMIP3 models used to inform 
the Third IPCC assessment report on climate change (IPCC AR3 2001) through to the 
current CMIP6 models (Harvey et al. 2020). However, a few models in the CMIP6 
ensemble still place the North Atlantic jet stream too far south. 

Climate models also have problems representing processes such as anticyclonic blocking 
conditions, that give rise to prolonged periods of low rainfall and drought in the UK. Figure 
5.1 shows the North Atlantic and European blocking frequencies from the CMIP5, CMIP6 
historical simulations and ERA-5 reanalyses. Consistent with the wintertime North Atlantic 
jet stream being too far south, the CMIP6 climate models typically underestimate the 
frequency of winter anticyclonic blocking events over Europe and the UK by approximately 
20% compared to the ERA-5 reanalysis (Davini et al. 2020, Schiemann et al. 2020). In 
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summer, there is a similar underestimation in the frequency of anticyclonic blocking in the 
CMIP6 climate models (Figures 5.1). 

There is some indication that the biases in blocking (Figure 5.1) and the position of the jet 
stream (e.g. Baker et al. 2019, not shown) are smaller in higher resolution climate models. 
This effect appears to be more important in summer than in winter, however, which 
suggests other processes (e.g. the representation of mountains, gravity waves, and ocean 
coupling) may also be important. In summary, the CMIP5 and CMIP6 biases in circulation 
are large, which has implications for assessing the impacts of climate change on low 
rainfall and drought in the UK. These implications will be discussed more fully in section 
5.4. 

A recent application of climate models and atmospheric forecasts is to use them generate 
long time series of synthetic weather that can be used to inform current and future risk 
assessments (sometimes referred to as the UNSEEN method, Thompson et al. 2017). 
These methods have long been used by the insurance industry in catastrophe models of 
hydro-meteorological hazards. Large ensembles of weather and seasonal forecasts have 
also been used to investigate extreme waves (Breivik et al. 2013), extreme precipitation 
(Thompson et al. 2017), precipitation deficits for maize production (Kent et al. 2017), and 
to detect decadal changes in precipitation extremes (Kelder et al. 2020). Large ensembles 
of climate model simulations have also been used to generate synthetic event sets of 
drought in the UK (Guillod et al. 2018). 

It is essential to ensure that models used in these methods are capable of capturing key 
processes, which is challenging given the substantial model biases and short 
observational records. For UK droughts, this would include capturing both multi-annual 
droughts and the long-drought type events seen in the UK in the 19th Century. Recent 
research has evaluated European soil-moisture drought in climate models, motivated by 
the recent 2018-2020 European droughts (Rakovec et al. 2022). However, there is a 
substantial research gap in terms of assessing the climate model representation of 
drought on longer timescales and in UK contexts. Despite these challenges, there may be 
new opportunities to investigate these methods using single-model, large-ensemble 
simulations, which produce long continuous simulations (Deser et al. 2020). 
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Figure 5.1: Frequency of anticyclonic blocking over the North Atlantic and Europe in 
the CMIP5, CMIP 6 and ERA5 reanalyses for left) DJF and right) JJA. Colours, same 
but for the Hiresmip high-resolution climate model ensemble and are plotted as a 
function of grid spacing in the atmospheric component of the coupled model to 
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highlight the relationship between model resolution and representation of blocking. 
From Schiemann et al. (2020). 

Although the focus of this essay is on the atmospheric circulation and low rainfall, it is 
worth noting other biases in climate models that are relevant for drought. For example, 
climate models tend to underestimate non-local negative soil-moisture–precipitation 
feedbacks. Taylor et al. (2013) found that climate models with parameterised convection 
tend to underestimate the local circulation induced by gradients in surface moisture, which 
has important consequences for the evolution of soil moisture in climate projections. 
Although these biases are more important for tropical projections of climate change, they 
should be considered in wider assessments of future drought. 

5.2. Climate change and impacts on wintertime rainfall and 
atmospheric circulation in the UK 
Climate change could have a number of impacts on precipitation over the UK. Firstly, the 
midlatitude atmospheric circulation could change (often referred to as the dynamical 
response), which will alter transports of moisture and potentially impact precipitation. 
Secondly, the warmer atmosphere will be able to hold more moisture (often referred to as 
thermodynamic response) which again could impact precipitation. The overall change 
precipitation will largely be in response to these two factors. Although the focus of this 
essay is on atmospheric circulation and precipitation, it should be noted that wider 
assessments of the impact of climate change on drought need to also consider changes in 
evapotranspiration. Broadly, increases in land temperature will also tend to increase 
evaporation, and the total evapotranspiration may modified further by the response of 
vegetation. 

As the climate warms in climate projections, the atmospheric circulation responds by 
shifting the zonally-averaged jet stream polewards (IPCC AR6, 2021). This is in response 
to enhanced warming in tropical upper troposphere, which increases the upper 
tropospheric equator-to-pole temperature gradient, and enhanced warming over the Arctic, 
which reduces the lower tropospheric equator-to-pole temperature gradient. These 
changes affect the position and strength of the jet stream through thermal wind balance 
(Shaw et al. 2016). 

Over the wintertime North Atlantic ocean, however, the response of the atmospheric 
circulation in climate models is very different. Changes in North Atlantic ocean circulation 
result in a strengthening of the lower tropospheric equator-to-pole temperature gradient. 
The overall effect is an extension of the surface westerlies and jet stream over the North 
Atlantic into NW Europe (Ulrich et al. 2008, Zappa et al 2013, Harvey et al. 2020). This is 
indicated in Figure 5.2c, which shows the lower tropospheric jet stream strength over NW 
Europe increasing in time in the CMIP6 models (Harvey et al. 2023). Consistent with the 
extension of the North Atlantic jet stream, wintertime European blocking becomes less 
frequent and persistent in climate model projections (Masato et al. 2013, Kitano et al. 
2016, Lee et al. 2017, Matsueda et al. 2017, Woollings et al. 2018, Davini et al. 2020). 
From a weather regime perspective, there is a decrease in the persistent and frequency of 
weather regimes associated with European blocking (Dorrington et al. 2022). 



28 of 669 

 
Figure 5.2: CMIP6 projections of changes in (left) global mean temperature (centre) 
JJA jet latitude and (right) DJF jet speed. All values are 20-year running mean 
anomalies relative to a quasi-preindustrial value, as described in Harvey et al. 
(2023). All panels show (grey) the 38 CMIP6 models together with (black) their multi-
model mean and (purple, orange) the observed time series from ERA5 and 20CRv3, 
respectively. From Harvey et al. (2023). 

Nearly all climate models agree on the sign of the responses in the wintertime North 
Atlantic and European atmospheric circulation, however, there is a substantial spread in 
the magnitude of the responses. The large spread of responses, combined with the 
relatively large atmospheric circulation biases seen in climate models, and the difficulty in 
detecting trends in atmospheric circulation (section 2.3) led the IPCC AR6 to conclude that 
overall there is “low confidence in the effects of greenhouse gas forcing on changes in 
atmospheric dynamics” (IPCC AR6, 2021). 

The thermodynamic response of atmospheric moisture and precipitation to climate change 
is predicated on the Clausius-Clapeyron equation. Increases in wintertime precipitation in 
the extratropics and Northern Europe in response to climate change are robustly found in 
climate models. Consequently, there is more confidence in the thermodynamic responses 
and drivers of drought in response to climate change than the dynamical responses (IPCC 
AR6, 2021). 

Assessed from a perspective of drought metrics such as 6-month SPI (Standardised 
Precipitation Index), Northern European meteorological drought is projected to decrease in 
the future associated with increasing winter precipitation, especially for the UK and Ireland 
(Touma et al. 2015; Spinoni et al., 2020; Vicente-Serrano et al. 2021). As noted in section 
3.2, trends in SPI can disagree with other drought indices that include evapotranspiration 
(Stagge et al. 2017). 

5.3. Climate change and impacts on atmospheric 
circulation and summertime rainfall in the UK 
The response of the North Atlantic and European atmospheric circulation to climate 
change has a different character in summer to that in winter. Climate models project that 
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the North Atlantic jet stream shifts poleward in summertime. The poleward shift in the 
North Atlantic jet stream is seen robustly in all CMIP6 climate model projections although, 
similar to winter, the magnitude in the spread of responses is large (Figure 5.2b, Harvey et 
al. 2023). The poleward shift in the summer North Atlantic jet stream is consistent with the 
changes expected from the enhanced warming in the upper tropical troposphere and the 
strengthening of the equator-to-pole temperature gradient (Shaw et al. 2016). The 
response of the atmospheric circulation to changes in the North Atlantic ocean is 
substantially weaker, since surface fluxes into the atmosphere surface ocean are 
substantially smaller in summer than in winter. 

Interpreting these circulation changes in terms of current patterns of variability, the 
poleward migration of the summer jet stream is consistent with more positive SNAO 
(Murphy et al. 2018). A similar result was found for the weather types associated with dry 
UK summers in the UKCP18 simulations (Pope et al. 2022). In similar fashion, De Luca et 
al. (2019) also found that persistence of Lamb Weather Types were projected to increase 
in summer. The northwards migration of the North Atlantic jet stream is accompanied by 
the slight reduction in anticyclonic blocking over NW Europe and a slight increase further 
over Scandinavia (Masato et al. 2013, Woollings et al. 2018, Davini et al. 2020). However 
the details of projected changes in summertime blocking are sensitive to the exact 
blocking index employed. 

UK Rainfall in summer is projected to decrease in summer (IPCC AR6 2021). The 
UKCP18 projections suggest summer rainfall could decrease more strongly in England 
than in Scotland (UKCP18, 2019). A reduction in rainfall implies that changes in circulation 
must be reducing moisture transports into the UK, given warmer summer air temperatures 
will able to hold more moisture. Murphy et al. (2018) found a strong relationship between 
the projected decrease in summer UK rainfall in the CMIP5 and UKCP18 models and a 
projected increase in the SNAO. The nature of summer rainfall is also projected to change 
substantially, with convective-permitting climate model simulation suggesting summer 
rainfall could occur less frequently but be more intense (Kendon et al. 2014). Similar to 
winter, a large spread in the projected decrease of summer rainfall in the UK and NW 
Europe is seen in the UKCP18 and CMIP6 models. 

The projected decrease in summer rainfall from climate projections is not consistent with 
the observed changes seen over the past dew decades, which show a very slight increase 
in rainfall (Figure 3.1; Kendon et al. 2022). An additional conclusion from Figure 5.2c is 
that the summer North Atlantic jet has shifted southwards over the past few decades, 
which is consistent with the positive signal seen in the SNAO and increased UK rainfall. 
This southwards shift is i) large compared to the observed variability of the North Atlantic 
jet stream and large compared to the variability of the CMIP6 climate models and ii) the 
shift is opposite to the future direction projected from climate models. The extent to which 
recent trends in North Atlantic atmospheric circulation, and associated impacts on UK 
rainfall, are due to external forcing (greenhouse gases, anthropogenic aerosol, etc..) 
versus internal variability are still not clear. This remains a major knowledge gap in terms 
of assessing drought risk in the UK over the next few decades, since it is plausible that the 
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drying signal in UK summer rainfall projected from climate models may be ‘masked’ in 
observations by the internal variability of the North Atlantic atmospheric circulation. 

5.4. Summary 
The overall picture suggested by climate model projections is warmer, wetter winters and 
hotter, drier summers for the UK (UKCP18 science overview report, 2019). In winter, this is 
accompanied by an extension of the North Atlantic jet stream and westerlies into NW 
Europe, increased storminess, and a reduction in anticyclonic blocking. In summer, the 
North Atlantic jet stream is projected to shift northwards. There is a large spread in 
projections in both the UKCP18, CMIP5, and CMIP6 models. 

The changing nature in the seasonality of rainfall has a number of implications in terms of 
drought, with wetter winters decreasing the probability of drought and drier summers 
enhancing it. In addition, the discussion in this essay has focused on atmospheric 
circulation and precipitation, however, the role played by evapotranspiration could become 
more important in the future as temperatures warm, and be exacerbated by land-surface 
feedbacks linked to soil moisture deficits and sensible heating. The nature of drought may 
therefore change, for example an increasing incidence of flash droughts (Shah et al. 
2022). In addition, other aspects of hydrological cycle may need to be considered, for 
example, drought termination (Parry et al. 2016) and the increasingly rapid seesaw 
between drought and flood conditions (He and Sheffield, 2020). 

A key consideration is how to assess future drought risks in the UK, especially given the 
discussion above regarding the large spread in the projected responses of the 
atmospheric circulation and precipitation over the North Atlantic and Europe. It is also 
essential to consider the biases in climate models, for example the underestimation of 
blocking frequency, when assessing the regional impacts of climate change on rainfall and 
drought in the UK. One way forward to addressing these large uncertainties is to adopt 
“Storyline” approaches (Shepherd et al. 2018), which develop physically self-consistent 
scenarios, especially for plausible future events or pathways. These approaches have 
started to be applied to UK droughts (Chan et al. 2022) and the North Atlantic jet stream 
(Harvey et al. 2023) and could provide valuable insight into the assessment of the impacts 
of climate change on UK drought. 

 

6. Conclusions and research questions 
In section 6, the key conclusions and five potential research questions identified in this 
essay are summarised. 

How has the occurrence of low rainfall and drought in the UK varied in the historical 
record? Historical records enable a view of UK drought over two and a half centuries. 
During that time, the 
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UK has experienced lengthy periods of low rainfall, including the ‘long droughts’ in the 19th 
Century (1854-1860, and 1890-1910). Addressing these issues will require investment in 
recovering old weather records and developing long-term atmospheric reanalysis. In 
addition, the reanalysis of the past needs to be combined with multiple lines of evidence 
(meteorological, hydrological, impacts) to provide the best assessment of historical 
drought. Currently, we have a poor understanding of the atmospheric drivers of the long 
droughts, which raises questions whether we fully understand the risk of such events were 
they to occur today. 

1. What role does North Atlantic and European multidecadal climate variability play 
in UK drought risk, especially for producing events similar to the historical long 
droughts? 

What are the prospects for improving early warnings of drought on s2d 
(subseasonal-to-decadal) timescales? There have been recent improvements in s2d 
dynamical forecasts of the atmospheric circulation, for example, skilful dynamical seasonal 
forecasts of the wintertime North Atlantic Oscillation are now possible. However, there 
remain substantial challenges and barriers to the uptake of s2d forecasts by water 
resource managers. A key question is whether further improvements could be obtained by 
coupling s2d forecasts of the North Atlantic atmospheric circulation with hydrological 
forecasts and new machine learning approaches. 

2. When coupled with hydrological forecasts and new machine learning approaches, 
to what extent could the recent improvements in dynamical s2d forecasts provide 
useful forecasts of the North Atlantic atmospheric circulation and UK rainfall for the 
early warning of drought? 

What impact could climate change have on the occurrence of low rainfall and 
drought in the UK, and associated variability in atmospheric circulation? Climate 
change is expected to make UK winters warmer and wetter and summers hotter and drier. 
The increase in rainfall in winter is partly associated with warmer temperatures and thus 
more moisture and rainfall, and partly associated with an extension of the North Atlantic jet 
stream over the UK and thus more storms. In summer, the projected decrease in rainfall is 
associated with the northwards shift in the jet stream, which leads to a reduction in rainfall. 
In addition, hotter summer temperatures could be associated with an increase in 
evaporation. 

The projected climate model decrease in summer rainfall does not agree with 
observations, which show a very slight increase in rainfall over the past few decades. Over 
the same time period there has been a marked southwards shift in the observed position 
of the summertime North Atlantic jet stream, which may partly explain the increasing trend 
seen in observed UK rainfall. The recent southwards shift in the summer North Atlantic jet, 
however, is opposite to the northwards shift expected from climate model projections. At 
present, it remains unclear whether recent trends in North Atlantic atmospheric circulation, 
and their associated impacts on UK rainfall, are due to external forcing (greenhouse 
gases, anthropogenic aerosol, etc..) or internal variability. It is plausible that the small 
increases in summer rainfall observed over the past few decades may be due to internal 
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climate variability and might be ‘masking’ the expected drying trend found in climate 
models. If so, this has severe implications for the assessment of UK drought risk over the 
next few decades. 

3. To what extent are the recent trends in summer atmospheric circulation, and 
associated impacts on UK rainfall, due to internal variability? If so, are they 
potentially opposing the trend we might expect from climate change? 

There is also substantial uncertainty in climate model projections, which in part may be 
due to climate model biases in atmospheric circulation, such as the underestimation of the 
frequency of blocking patterns. Thus, there is a need to improve climate models and the 
representation of key processes. For phenomena directly relevant to drought, this includes 
improving the representation of anticyclonic blocking, atmospheric eddy-mean flow 
feedbacks, clouds and aerosols, boundary layers, land-surface feedbacks such as soil 
drying and vegetation water stress. There is evidence, however, that higher resolution 
climate models may help reduce atmospheric circulation biases. In addition, approaches 
such as Storylines could be employed to help gain insight into future UK drought risk. 
Despite these biases, large ensembles of climate model simulations might be helpful in 
generating event sets of modelled droughts to help inform current and future drought risk 
assessments, especially the 1-in-500 year events required for planning in water resource 
management. 

4. Is there a role for large ensembles of climate model simulations be used to 
generate synthetic event sets of droughts to help inform current and future drought 
risk assessments? Or, are model biases still too large? 

5. Given these large uncertainties should additional approaches be employed to 
evaluate future UK drought risk, for example, storyline approaches? 
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Overview 

About the review: this report aims to summarise the state of the art on past variability in 
observed hydrological drought for the UK – in particular, addressing the evidence on 
whether or not there have been observed changes in drought over time. It aims to provide 
a summary of what we know and what we do not know about this topic, with the latter 
providing an idea of key knowledge gaps. The report is organised into a series of topics, 
and at the end of this report we summarise what we know and do not know under these 
topics.  

What is covered: we address firstly the question of drought definitions and indicators 
used for drought, before considering the importance of drought propagation (the 
translation from meteorological to hydrological drought). We then summarise the evidence 
for past trends and variability, asking the question as to whether droughts have become 
more severe over time. We look at this over the last 40- 50 years (the period of record of 
most hydrological observations) before taking a ‘long view’ over >100 years and more. We 
then look at the potential drivers of observed changes, addressing firstly climate factors 
and then human factors (such as changes in abstractions, reservoir influences or land 
use/land management). We also address the international picture, focusing on studies that 
include the UK as part of the wider European domain.  

What is not covered: we address hydrological (river flow) drought, but not groundwater, 
which is covered in a separate report. As we are focusing on past variability we primarily 
focus on observations of hydrological drought, rather than the outputs of simulation 
models, which are more fully captured in separate reviews. However, we include model-
based assessments where appropriate (e.g. where models have been used to extend 
hydrological records back in time).   

Key Findings: There have been many studies looking at hydrological droughts and we 
have a good toolkit for quantifying them. When there are major drought events, it is often 
said that droughts are becoming more severe due to anthropogenic warming. While the 
evidence for human warming is unequivocal, it cannot be said so readily that there have 
been robust changes in hydrological drought – certainly there is not (yet) strong evidence 
that droughts have become more severe, despite the occurrence of two major hydrological 
droughts in the last half-decade. In contrast, there are sound scientific reasons why we 
should expect changes to hydrological drought in a warming world, and future projections 
indicate we will. This lack of strong or widespread observational trends does not mean 
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there is no underlying influence of climate change, given the challenges of detecting 
trends in observational records (mainly because records are relatively short and the 
‘signal’ of climate change can be obscured by significant year-to-year variability). The 
evidence base for human influences on hydrological drought is weak. While some 
associations between human influences (water management practices or land use/land 
cover changes) and drought properties have been found, these are typically not conclusive 
due to a lack of data on such human interventions.  

Recommendations: reconciling past observations and future projections remains a key 
scientific challenge. A priority towards achieving this will be better understanding of the 
past drivers of change, both climate-driven and anthropogenic catchment changes, and 
quantifying their relative roles. This will require integration of field observation and climate 
and hydrological modelling, as well as further statistical and large-sample hydrological 
approaches. All these activities critically depend on observational datasets. There have 
been efforts to improve the observational evidence base (e.g. the UK Benchmark network 
of near-natural catchments, long-term historical river flow reconstructions). However, major 
barriers remain (not least information on artificial influences and land use/land cover 
change) but initiatives are underway to overcome them to provide improved foundations 
for future studies.   
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1. Introduction  
Throughout much of 2022, the UK experienced one of the most severe droughts in recent 
decades (Parry et al. 2022). By late summer and early autumn, many catchments had 
reached low flows not witnessed since the ‘benchmark’ drought of 1976. This episode 
followed a major drought in 2018 – 2019 (Turner et al. 2021) and this succession of events 
has naturally led to claims that such droughts are a manifestation of human-induced global 
warming. That these droughts have been interspersed with record-breaking floods (e.g. 
Sefton et al. 2021) suggests a tendency towards more pronounced hydrological extremes 
in general, which is certainly in keeping with the headline messages of climate change 
projections (e.g. Watts et al. 2015). The recent droughts have demonstrated the continuing 
vulnerability of the UK to drought, and underlined the need to understand whether and 
how drought risk is changing, and how it is likely to evolve in future. Observations of 
drought and its impacts are central to this objective.  

Drought is widely written about as a complex, multi-faceted phenomenon that defies 
straightforward definition. Since Wilhite and Glantz (1985), drought has commonly been 
categorised into various types (as noted in the general introduction to these reviews, Allen 
et al. 2023) often differentiating between meteorological, hydrological, agricultural 
droughts, alongside various others. This review focuses on hydrological drought. For a 
thorough introduction to the topic of hydrological drought, the reader is referred to van 
Loon (2016). More specifically, this review considers only river flow drought, and does not 
cover groundwater (the subject of a separate review, Bloomfield et al. 2023), lakes, 
reservoirs and so on. However, for convenience and brevity we use the term hydrological 
drought throughout. 

Why are we interested in river flows? The simple answer is that river flows are one of the 
primary ways in which climate extremes (like droughts) have an impact on society and the 
environment, and through which climate change is likely to bring some of its most 
catastrophic consequences. Adequate river flows (of acceptable quantity and quality) are 
of fundamental importance to public water supply, abstractions for industry, energy and 
agriculture, for hydropower generation and for a host of other purposes including 
navigation and recreation. Moreover, river flows are vital for maintaining healthy aquatic 
ecosystems, and the many ecosystem services they support. Shortfalls in river flows 
during hydrological droughts can have impacts for many economic sectors and cause 
increased competition between them, as well as between human demands and the 
environment – with subsequent impacts on water, food and energy security in the long-
term. 

It is also worth highlighting that river flows integrate across a range of processes occurring 
in a catchment. While many meteorological measurements (notably, raingauges) sample 
only points in space, river flows represent the combined balance of hydrological fluxes 
across large areas of the upstream land surface. River flows are, therefore, a key broad-
scale indicator of water availability, and long-term measurements of river flow enable us to 
track hydro-climatic variability on a range of timescales. 
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Consequently, there is a pressing need to understand river flow droughts – and whether 
such episodes are becoming more frequent and severe in a warming world. A key aspect 
of this is in characterising past variability in hydrological drought, to detect emerging trends 
and provide a baseline against which future changed can be quantified.  

In this review, we set out to capture the state-of-the-art in the evidence for past variability 
in hydrological drought. In keeping with other reviews in this series, we aim to capture 
what we know and what we do not know about this topic. This framing around variability is 
important, as hydrological drought is a very broad area – commanding an entire textbook 
(Tallaksen & van Lanen, 2004) – and hence our focus is specifically on whether, and how, 
hydrological drought has changed over time. However, as context we also discuss the 
state of our knowledge of two important underpinning practical topics: hydrological drought 
definitions and indicators (section 2) and drought processes and propagation (section 3).  

We will review the position of our knowledge of how droughts have changed by 
considering both past trends and variability (Section 4) and drought occurrence (i.e. when 
did the most severe droughts occur and what were their characteristics) over many 
decades back to the 19th Century (Section 5). Importantly, we will also consider the 
mechanisms (or drivers) behind variability in river flow drought. We address climatic 
drivers (Section 6) and catchment drivers (section 7) – the latter encompassing changes in 
direct human interventions: abstractions, discharges, reservoir management, land cover 
changes and so on. These human factors are topical given current debates around 
‘drought in the Anthropocene’ (van Loon et al. 2016), that recognises a central role for 
humans as agents and aggravators of hydrological drought.  

In this review, as we are focusing on past variability we will primarily focus on observations 
of hydrological drought, rather than the outputs of simulation models, which are more fully 
captured in separate reviews (Lane et al. 2023; Coxon et al. 2023). We will include model-
based assessments where appropriate (e.g. where models have been used to extend 
hydrological records back in time).  

The focus of the review, as commissioned, is on England, but as the majority of the 
literature considers the UK as a whole, we consider that here so that the review is of wider 
relevance to readers across the UK. This is especially important considering the large 
spatial scale of droughts, which are not confined by national borders, and the presence of 
cross-border flows and water transfers within the UK itself. We also address the 
international picture, focusing on studies that look at hydrological drought in the UK as part 
of the wider European domain. 

 

2. Definitions, indicators and methodologies 
for hydrological drought 
Having previously established that we are dealing with hydrological drought, specifically 
river flow, it is worth briefly revisiting the topic of definitions. There are numerous 
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definitions of the term ‘drought’, but common to all of them is the fact that drought is a 
relative concept, and must be seen as a departure in precipitation relative to the ‘normal’ 
conditions for the time of year, for the location in question, sufficient to cause a serious 
hydrological imbalance (e.g. Tallaksen and Van Lanen, 2004; Mishra and Singh, 2010).  

Given this relativistic framing, droughts can be difficult to identify – it can be hard to pin 
down the onset, duration and termination of a drought event. As a result, it can be difficult 
to quantify the severity or duration of a drought. To this end, there is a substantial (and 
growing) literature on the subject of drought indicators and drought indices. A drought 
indicator can be any variable that is used to characterise drought (e.g. river flow), whereas 
drought index is normally a numerical representation of drought severity for a given 
indicator (e.g. a time series accumulated river flows over a given period in cubic metres 
per second) – see WMO & GWP (2016).  

Drought indicators are widely used to assess drought status, or to identify droughts in past 
hydrological records or future hydrological projections. There is no universal drought 
indicator (Lloyd-Hughes, 2014 argues that such a notion is impractical by its very nature) 
and a very wide range have been developed and applied. Lloyd-Hughes (2014) identified 
over 100 drought indicators in the literature at the time, and numbers have continued to 
proliferate (see also Bachmair et al. 2016 for a ‘review of reviews’ on drought indicators). 
Nevertheless, drought indicators are an important part of the toolkit for hydrological 
drought assessment. We will not review hydrological indicators exhaustively here, but 
indicators for hydrological drought are described in more detail in reviews of hydrological 
drought concepts (e.g. Tallaksen & Van Lanen, 2004; Van Loon, 2016) and in a World 
Meteorological Organization Handbook (WMO & GWP, 2016). Here, we will focus briefly 
on reviewing indicators and indices of hydrological drought as applied in the UK, 
highlighting recent trends before identifying key gaps. 

In England (as elsewhere in the UK), there is not currently a single fixed definition of 
drought adopted by all parties. Rather, operational bodies like regulators and water 
companies have broad classifications of drought status, which are defined according to 
triggers and thresholds from a wide range of different indicators (meteorological, 
hydrological, water supply and so on, e.g. (Hannaford et al. 2019; Facer-Childs et al, in 
review). As such, there is no single over-arching hydrological indicator or index. 
Commonly, practitioners use simple metrics such as average monthly flows, seasonal 
flows (often reported as anomalies according to averages, or using ‘return period’ 
bandings) or low flows (e.g. flow quantiles such as the Q95, or annual minima, typically 
based on a moving average (e.g. the 7-day minimum flow). Low flows are a key metric of 
water availability but are not necessarily a ‘drought’ indicator per se, as the lowest flow in 
each year may not correspond to a drought event (e.g. in a relative wet year), but 
knowledge of extreme low flows is certainly key information for understanding drought risk.     

One of the most widely-used approaches to hydrological drought definition and 
quantification, internationally, is the threshold level method, proposed by Yevjevich (1967) 
and widely used (see Tallaksen and Van Lanen, 2004), that allows drought characteristics 
to be extracted (Fig 1). Such approaches have been used in the UK: e.g. Rudd et al. 
(2017, 2019), who used the threshold approach to identify past droughts, and also 
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changes in the characteristics in future hydrological projections. One of the appealing 
properties of extracting droughts in this way is that a frequency distribution can be fitted to 
the various extracted drought characteristics, allowing the estimation of return periods to 
drought events according to their duration, intensity (etc.). 

 
Fig 1: conceptual diagram of the Threshold level approach (Hisdal et al. 2004). The 
threshold (Q0, e.g. Q90) is applied based on the long-term record. Drought events are 
identified when flows drop below this. Event characteristics can be extracted for the 
periods under the threshold, e.g. duration (d), volume (v) and the intensity or 
minimum flow (Qmin) 

In recent years, there has been growing adoption of standardised indices. These are 
based on the Standardized Precipitation Index (SPI, McKee et al. 1993) that is the de facto 
meteorological drought indicator for drought monitoring and early warning, as 
recommended by the WMO (Hayes et al. 2011). The SPI has the advantage of enabling 
comparisons in drought severity in time and space, i.e. between different seasons and 
locations. The Standardised Streamflow Index (SSI) is directly analogous but applied to 
river flow time series, and a Standardised Runoff Index (SRI, e.g. Shukla & Wood, 2008) 
has also been advanced, with the term typically used when applied to runoff from the land 
surface in gridded hydrological models rather than river flow (although in practice there is 
some interchangeability).  

The SSI was little used in the UK until recently, but following the work of Svensson et al. 
(2017) and Barker et al. (2016) the index has been more widely used (see also 
applications by Dobson et al. 2020,  West et al. 2021).  These indicators are used 
operationally on the UK Water Resources Portal (Barker et al. 2022; 
https://eip.ceh.ac.uk/hydrology/water-resources/). An SSI time series can also be used to 
extract events below a threshold, with the same key characteristics (duration, intensity, 
etc.) in common with the threshold approach. The SSI has a number of scientific 
advantages and is seen as a robust approach. However, barriers remain to its widespread 
adoption, not least around identifying appropriate statistical distributions and interpreting 
the indicator relative to other, simpler methods like flow percentiles (Svensson et al. 2017; 
Tijdeman et al. 2020). 

https://eip.ceh.ac.uk/hydrology/water-resources/).
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While the threshold method and standardised approach have been the mainstays of 
research in the international literature in recent years, other approaches have been 
adopted in the UK. A Drought Severity Index (DSI, after Bryant et al. 1994) has been used 
extensively for meteorological drought assessment, but occasionally for hydrological 
drought (e.g. Watts et al. 2012). The approach relies on accumulated anomalies below a 
threshold, and as such shares much with the threshold and SSI approaches. However, it 
relies on a somewhat arbitrary termination criteria to determine the end of drought events. 
Other authors have proposed metrics focused specifically on drought termination – Parry 
et al. (2016a) advocated for the recovery phase of droughts to be featured as 
characteristics in their own right, advancing a range of metrics to characterise the speed 
and magnitude of recovery that have since been applied to historical flow records (Parry et 
al. 2016b).  

While there has been an uptick in the number of studies advancing hydrological drought 
indicators/indices, there is – in common with the wider international picture – as yet little 
consensus on the ‘best’ or optimal index for UK hydrological drought. Such consensus 
may be elusive given the ongoing debate around best ways to index hydrological drought 
considering the diverse range of impacts of hydrological drought (e.g. Stahl et al. 2016).  

There are also debates around which indicators to use for practical applications in 
monitoring, early warning and forecasting in different sectors in the UK (Hannaford et al. 
2019). Fundamentally, there is the question of what such drought indicators really mean in 
expressing the state or situation of hydrological drought: while drought indices aim at 
statistical robustness, the practical significance of more rarefied indices can readily be 
called into question and they can be difficult to interpret (Tijdeman et al. 2020). Previous 
studies (e.g. Bachmair et al. 2016a) have repeatedly called for (hydrological, among other) 
drought indices to be ‘ground-truthed’ against observed evidence of drought impacts. Such 
studies have been advanced in the UK (Bachmair et al. 2016b, 2017; Parsons et al. 2019) 
but these efforts are in their infancy given the lack of suitable impact datasets. They have 
largely focused on meteorological indicators, with limited inclusion of hydrological drought. 

Nevertheless, there are significant practical benefits of research focusing on the most 
appropriate indicators for quantifying hydrological drought. As will become clear in later 
sections, drought indicators are a cornerstone of our efforts to quantify hydrological 
drought, how it is changing, and what causes these changes.  

 

3. Hydrological drought processes and 
propagation 
Given even the most loose definitions of drought, all droughts begin with some 
meteorological anomaly – a deficit in rainfall for the time of year, or due to increased 
losses due to evaporative demand (or a combination of both), or due to storage of water in 
ice or snow. From a hydrological perspective, this is only part of the story. The key factor is 
then drought propagation, i.e. how a meteorological drought propagates through the 
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hydrological cycle to manifest itself in a deficit in river flow. Drought propagation is very 
well described in textbooks (e.g. Tallaksen and van Lanen, 2004) and reviews such as 
Van Loon (2016). Propagation implies a delay (lag time) and some degree of smoothing, 
or lengthening (attenuation) as anomalies travel through the compartments in the 
hydrological cycle (e.g. Fig 2). 

 
Fig 2: left: A schematic showing how precipitation deficiencies during a 
hypothetical 4-year period are translated in delayed fashion, over time, through 
other components of the hydrologic cycle (Chagnon, 1987; reproduced from 
Tallaksen & Van Lanen, 2004). Right: map showing SPI accumulation period most 
correlated with SSI-1 for UK Benchmark Catchments (reproduced from Barker et al. 
2016). Maps also shows major aquifers. 

Drought propagation is of fundamental importance, because the same atmospheric 
conditions that lead to a precipitation deficit can result in very different river flow responses 
from different catchments (or within parts of the same catchment), depending on the 
properties of the area in question – in particular, depending on the nature and 
configuration of stores in the catchments. It follows, therefore, that meteorological 
conditions, and attendant indicators (of precipitation, temperature and so on) may be a 
poor descriptor of hydrological drought responses, and should be treated with caution if 
the application in question is concerned with river flows. This has important bearings for 
drought characterisation, monitoring and forecasting, and studies of change in drought 
(whether past or future) alike.  

The question of drought propagation has been very well studied internationally, and has 
led to typologies of hydrological drought (e.g. van Loon, 2016 and references therein), 
depending on propagation speed and dynamics, seasonality and the extent to which 
propagation is controlled by precipitation or temperature anomalies. Such typologies are 
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quite complex and typically designed for European/global applications, and many of the 
types reflect storage in ice and snow that are (in general) less important in the UK.  

Nevertheless, even in the UK, where a great majority of catchments are dominated by 
‘classical rainfall deficit’ type droughts (van Loon, 2016), drought propagation processes 
lead to pronounced regional differences in typical drought characteristics. Generalising 
broadly, numerous authors differentiate drought vulnerability between the northwest and 
the southeast – e.g. Jones and Lister, (1998) highlighted how the northwest is vulnerable 
to single season, ‘within-year’ droughts, while the southeast is typically prone to longer, 
multi-year events. While there are some inherent differences in typical meteorological 
drought occurrence across this northwest-southeast gradient, the greatest differences in 
drought manifest themselves in hydrological terms. Barker et al. (2016) used correlations 
between standardised indicators to show significant lag-times in hydrological response in 
the south and east of the UK (see Fig 2, and also Folland et al. 2015). Unsurprisingly, this 
reflects catchment storages, especially the presence of the Chalk aquifer (see Fig 2). In 
studies that have sought to identify homogeneous regions defined by drought response, 
the south east regularly emerges as a distinct cluster(s) represented by slow response 
times (e.g. Hannaford et al. 2011; Fleig et al. 2011; Svensson & Hannaford, 2019).  

It follows that these lag-times in hydrological drought onset also apply in hydrological 
drought termination (Parry et al. 2016a, b; 2017), with hydrological droughts in many 
southern and eastern catchments lasting for significant periods after the cessation of 
meteorological drought – with consequences for drought monitoring, management and 
communication, as witnessed in practice at the tail end of some recent droughts (e.g. 
Parry et al. 2013; Turner et al. 2021).  

This broad northwest-southeast gradient hides considerable local detail, and significant 
local variability exists – particularly across the southeast with its heterogeneous 
hydrogeology. For example, Hannaford et al. (2011) clustered the southeast into two 
overlapping, non-geographic regions for hydrological drought, with the regions 
differentiated by catchment responsiveness, according to Base Flow Index (BFI). 
Chiverton et al. (2016) clustered UK catchments into four clusters using semi-variograms 
as a way of quantifying catchment responsiveness. There are significant variations 
between these clusters in hydrological response generally, and in hydrological drought 
properties in particular (see Barker et al. 2016 who used the same clusters), and a large 
part of this can be explained by physiographic and hydrogeological properties. However, 
there is also variability within clusters. Similarly, groundwater studies have highlighted 
significant heterogeneity in responsiveness and drought characteristics even within the 
Chalk aquifer (Bloomfield and Marchant, 2013; see also the review of Bloomfield et al. 
2023). 

Drought propagation also varies through time, even within the same catchment: various 
studies have shown how the precipitation-flow relationship is non-linear and non-stationary 
between drought episodes, and even during long multiyear droughts (e.g. Saft et al. 2016, 
for the millennium drought in Australia), but this has not been investigated in the UK. 
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Drought propagation normally refers to propagation in time, i.e. a lag time in a given 
catchment. But we can also recognise drought propagation spatially, i.e. how droughts 
spread or contract in space as they develop and decay. Droughts are large-scale 
phenomena, and exhibit complex spatiotemporal evolution. Understanding this is 
important for monitoring and forecasting drought development (forecasting ‘drought from 
drought’ by observing neighbouring regions; Hannaford et al. 2011). An understanding of 
drought spatial coherence is vital underpinning for planning for water transfers as a 
drought mitigation strategy. There have been several studies of the coherence of 
meteorological drought (e.g. Rahiz and New, 2012; Tanguy et al. 2021), with the latter 
highlighting important lessons for spatial drought risk for water transfers – in many 
historical droughts, typical ‘donor’ regions were under drought conditions simultaneously 
with the potential recipients. Large-scale coherence between UK regions is only now being 
assessed quantitatively for hydrological drought (Tanguy et al. 2023). This focused on 
future projections, but included the recent past as a baseline and again showing significant 
coherence between potential donor and recipient regions. Tanguy et al. (2023) highlight 
how such coherence could potentially impact on the feasibility of water transfers as a 
drought mitigation strategy (although detailed modelling of water supply systems is 
required to fully quantify such risks; see, e.g. Dobson et al. 2020). 

Increasingly, the impacts of humans is recognised as a key factor influencing drought 
propagation (e.g. Van Loon et al. 2016, 2017). This is discussed further in Section 7, but it 
is worth noting here that the impact of abstractions, reservoirs and other disturbances can 
obviously complicate (either aggravating, or countering) the ‘natural’ propagation from 
meteorological deficit to river flow response (e.g. Tijdeman et al. 2018; Margariti et al. 
2019). 

In summary, there have been some important advances in understanding drought 
propagation, and there is much we understand about general relationships between 
meteorological and hydrological drought. Nevertheless, this is a more complicated topic 
than it first appears and the literature in this area presents as many questions as it 
answers. Our knowledge has tended to arise from ‘large-sample’ hydrology studies at the 
UK scale. Drought propagation has been less well-studied at the catchment scale, 
although detailed model-based studies have been conducted for some groundwater 
catchments such as the Pang (e.g. Tallaksen et al. 2009), but there are no studies 
appraising propagation processes using field observation (to the authors’ knowledge). 
Given the ‘uniqueness of place’ (e.g. Wagener et al. 2021) constraint in hydrology, further 
catchment-specific investigation of drought propagation is necessary. Drought propagation 
is a key science question underpinning the Floods and Droughts Research Infrastructure 
(FDRI) (Old et al. 2022) so this is likely to be advanced in future. 

 

4. Past variability in hydrological droughts – 
have droughts become more severe? 
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In addressing the literature on past changes in drought, it is first important to highlight the 
very rich information base on which assessments of past changes in hydrological drought 
is based. England, along with the wider UK, has a very dense hydrometric network in 
international terms, and is fortunate to have a centralised archive of accessible, quality 
controlled hydrological data, the National River Flow Archive (NRFA; Dixon et al. 2013; 
https://nrfa.ac.uk). This resource is the primary basis of most of the studies that have 
looked at past hydrological variability highlighted in this section.  

That said, there are inherent challenges in analysing long-term variability in river flows – 
as described in Hannaford (2015), Wilby et al. (2017) and Slater et al. (2022). In particular, 
hydrological records are often impacted by anthropogenic disturbances and constraints of 
poor data quality. The former is especially important if trying to discern climate-driven 
changes in river flow. In catchments with strong (or changing) levels of human 
disturbance, trends and variations may not reflect climate variability. To this end, many 
countries have declared ‘Reference Hydrometric Networks’ (RHNs) of near-natural 
catchments (Burn et al. 2012). The UK was an early leader in this area, with the 
designation of the UK Benchmark Network (Bradford & Marsh, 2003; updated to UKBN2 
by Harrigan et al. 2018). In the following sections, we contrast between some studies that 
use the Benchmark network and those that apply to a wider range of observations.  

A good starting point for any assessment of changing hydrological droughts are the 
previous Water Report Cards prepared in 2013 – 2015 (Hannaford et al. 2013, 2015; 
Watts et al. 2013, 2015; see also update by Garner at el. 2017). These reviewed evidence 
for observed changes in river flow across the UK (including both droughts and floods). 
These reviews summarised a number of studies of changes in variables such as annual 
flows, seasonal flows and low flows, with a very mixed picture emerging as far as water 
resources/drought is concerned – at least compared to high flows/floods where a more 
consistent picture emerged. Many studies are now quite old and covered data periods 
ending a decade or more ago. In general, there was limited evidence for any clear trend in 
annual low flows (e.g. Hannaford et al. 2006, based on data up to 2002). Low flows had 
typically increased, particularly in the north and west. Seasonal flows showed increases in 
winter and autumn, decreases in spring, and a very mixed picture in summer (e.g. 
Hannaford and Buys, 2012, based on data up to 2008). The Report Cards showed that 
there was little published evidence based around changes in drought (using drought 
indices like threshold methods/SSI, as opposed to general flow regime indicators).  

Since the publication of the Report Cards, there have been few additions to the literature 
on drought/water resources trends. Harrigan et al. (2018) reviewed and updated the 
Benchmark Network, and undertook an analysis of seasonal trends and low flows, up to 
2016, and found a very similar picture to previous assessments. Both median (Q50) and 
low (Q95) flows showed increases in northern and western areas but these were rarely 
significant; decreases were observed across much of England, but these were typically 
non-significant and there was substantial regional variation. Seasonal flows were 
consistent with past studies. 

While there has been a recent update of flood trends (Hannaford et al. 2021) there has 
been no published update of low flows or drought trends in parallel. For the purposes of 

https://nrfa.ac.uk/
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this review, we have undertaken a provisional update of trends in low flows and seasonal 
flows, comparable with Harrigan et al. (2018) but updated to September 2021 (the latest 
available data on the NRFA). This was done using the same methodology outlined in 
Harrigan et al. (2018) and Hannaford et al. (2021). As with Hannaford et al. (2021), we 
have deliberately compared the UK Benchmark Network (UKBN2) with the wider whole-
NRFA network. The time series end in September 2021, as the latest quality controlled 
NRFA data – this does not feature the 2022 drought, which was among the lowest flows 
on record (the lowest in some cases) in parts of England and Wales (Parry et al. 2022), 
but an initial analysis using provisional data from the EA API showed that this made little 
difference (not shown). 

For all the low flow indicators, the same general pattern emerges of increasing flows in 
northern and western Britain, and a mixed pattern in the English lowlands. However, for 
the Benchmark network there is a more recognisable tendency towards downward trends. 
For Q50 and Q70 there are few significant downward trends, but more of the trends in 
northern Britain are increasing. For Q95, there are some significant downward trends (see 
Fig 3). Seasonal patterns are similar to previous studies – generally, consistent increases 
in autumn and winter, and decreases in spring, and a contrast for summer between 
increases in the north/west and a mixed pattern, but with some significant decreases, in 
the south.  For spring and summer the patterns are similar between the full network and 
UKBN2 sites, with spring showing decreases across the UK, and summer showing 
increases in the north/west and decreases in the south/east. For autumn and winter, 
patterns in the UKBN2 are more mixed, with both increases and decreases in England, 
although relatively few significant; in Scotland however, all UKBN2 sites show increases. 
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Figure 3: trend analysis of river flow indicators relevant for water resources/drought 
(Q95, Q70, Q50) for the period 1965 - 2021. Top row = all NRFA catchments with 
available data (over this period). Bottom row = UK Benchmark Catchments suitable 
for Low Flow analysis. Trend magnitude is shown according to the key as a 
percentage change. White colouration of Triangles denotes a significant trend using 
the Mann-Kendall test (5% level), accounting for serial correlation where present. 
n.b. These are provisional new results, based on current NRFA data (to end of water 
year 2020-2021) and using the standard NRFA trend testing approach (for details 
see Harrigan et al. 2018 and Hannaford et al. 2021). 
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Figure 4: trend analysis of seasonal mean river flows for the period 1965 – 2021 (see 
figure 3 caption for further explanation) 

River flow trends are consistent with observed climate trends, notably significant trends 
towards wetter winters and, to a lesser extent, autumns, and a pronounced spring drying 
in the recent past (Kendon et al. 2022). Other studies have also found significant 
increases in evapotranspiration in spring (Blyth et al. 2019), in addition to spring drying. 
Summers have, in general, become wetter over the same period as that featured in most 
river flow studies, but there has been a period of generally wetter summers since c.2007, 
and drier summers in the 20-30 years before (Kendon et al. 2022). In general, though, 
river flow trends, like meteorological analyses, shows little compelling evidence (beyond a 
few catchments with significant downward trends) for any pronounced decreases in 
summer, nor for low river flows – i.e. the kind of water availability indicators most relevant 
for drought. This is somewhat at odds with future projections which consistently suggest 
substantial decreases in summer flow, low flows, and associated increases in drought 
severity (e.g. summarised in Lane et al. 2023) for the near future. 

It should of course be noted that these past studies, and the above new analysis, are of 
broad indicators of ‘drought relevant’ seasonal and low flows, rather than analysis of 
droughts per se, using the kind of indicators highlighted in Section 2. Such studies have 
not been carried out in detail at the UK scale, yet, although Pena-Angulo et al. (2022) 
analysed hydrological drought trends between 1962 and 2017 using the SSI, at a 
European scale, and included 474 UK catchments in their study, embracing a range of 
both natural and influenced catchments. They found largely negative trends in drought 
frequency, duration and severity (i.e. towards fewer shorter and less severe droughts) for 
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the UK, albeit also with very mixed patterns. Significant trends towards an amelioration of 
drought severity were more prevalent in northern and western catchments. 

Finally, it is important to underscore that trends are very sensitive to the period of analysis. 
The new results presented here in Figs 3 and 4, alongside previous studies, typically 
analyse linear, monotonic trends in a fixed period. Other studies have adopted a 
‘multitemporal analysis’ to look at sensitivity of trends to start and end point, and find that 
varying the start or end by even a few years can radically change the outcomes, with 
changes in significance and even the direction of change. Hannaford et al. (2021) 
demonstrate this for flood trends for the UK, but a similar comprehensive analysis of 
sensitivity to low flow or drought trends is lacking. Wilby (2006) and Hannaford & Buys 
(2012) showed how varying start years influenced annual, seasonal and low flow trends. In 
general, trends over the typical ‘observational’ period (post-1960s) are often somewhat 
different to those seen in longer hydrological records. The increases in summer and low 
flows seen in many published studies partly reflect the fact that the late 1960s to mid-
1970s was notably dry, and the late 1990s – late 2000s was generally much wetter. 
Murphy et al. (2013) highlight how positive trends are consequently ‘locked in’ by the 
coverage of typical gauged records in Ireland, and the UK picture is very similar. This 
underscores the importance of taking a longer view than the typical gauging station record 
length, as discussed in Section 5.   

This sensitivity to study window arises because of strong interannual and interdecadal 
variability due to a range of large-scale atmospheric/oceanic circulation patterns (see 
Section 6). This is a possible reason behind the apparent discrepancy between 
observational trends and future projections for the near-term: Wilby (2006) highlight that it 
can take very long ‘detection times’ of many decades for a signal of anthropogenic 
warming to be detectable above the noise of interannual and interdecadal variability. In 
this context it is unsurprising that ‘detectable’ (i.e. statistically significant) trends have not 
yet emerged, even if there is an underlying anthropogenic component, and Wilby (2006) 
argues that trends may be practically significant for water managers way before they 
become statistically significant.  

 

5. Historical hydrological droughts – a long 
view 
Recent droughts have inevitably invited comparisons with past drought events (e.g. Parry 
et al. 2022, Turner et al. 2021) and these have shown that 2022 and 2018 droughts rank 
among some of the most significant hydrological droughts of the last 50-years in terms of 
low flows. Previous drought events of the 2000s and 1990s were also extensively 
documented at the time (e.g. 2010 – 2012, Kendon et al. 2013; 2004 – 2006, Marsh et al. 
2007) and again, these events were found to be significant in the context of the typical 
gauged record – that is, from the 1960s/1970s, when the majority of UK gauging stations 
were installed.  
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Despite the half-century coverage of many gauging stations, which is impressive in an 
international context, the ‘instrumental’ record only contains a handful of major drought 
events. To appraise drought risk more fully, many authors have highlighted the need to 
examine droughts over much longer timescales. This is important for water resources 
management, particularly in the context of the deep uncertainty in future climate 
projections. While the past may not be so readily a guide to the future in a warming world, 
at the same time observed historical droughts represent an important benchmark of 
drought risk, given that these events have actually unfolded – they also offer the 
opportunity to learn from past experiences in drought management.  Historical droughts 
have, therefore, always formed a cornerstone of water resource planning. While recent 
developments have moved away from a single ‘drought of record, i.e. a worst drought 
used as a stress test, to considering droughts more severe than the observed envelope 
(using stochastic methods and other approaches) (Counsell et al. 2023), these methods 
are ultimately still dependent on past observations – stochastic methods need to be 
trained on observations. A fuller understanding of historical hydrological droughts is 
therefore of critical importance to practitioners. 

The influential study of Marsh et al (2007) identified major droughts in England and Wales 
back to 1800. This study highlighted the prevalence of major drought events in the pre-
1960 era, and underlined the importance of events such as those of the 1920s, 1930s and 
the ‘long drought’ period spanning the turn of the 20th century, as well as some droughts 
in the 1800s which are relatively poorly understood. Marsh et al. 2007 considered drought 
primarily from a meteorological perspective, given the abundance of long rainfall records – 
although these authors did gather hydrological evidence, where available, and moreover 
documented evidence of impact of past drought episodes. From a hydrological viewpoint, 
such comparisons are challenging given that very few gauging stations captured the 
droughts of the 1920s – 1940s or earlier.  

To fill this gap, there have been several efforts to extend hydrological records through 
reconstruction, primarily using rainfall-runoff models to estimate past river flows given the 
long meteorological records available as input. The earliest work of Jones (1984) was 
updated by Jones et al. (1998) and Jones et al. (2006), and delivered monthly 
reconstructions (hereafter, CRU reconstructions) back to 1860 for 15 catchments in 
England and Wales using a simple statistical water balance model driven by long 
raingauge series. Jones et al. (1998) used the DSI to identify major droughts in these 
records, and highlighted that in no cases were the contemporary droughts of the 1970s – 
1990s the most severe droughts in the longer-term records. 

More recently, as part of the ‘Historic Droughts’ project, Smith et al. (2019) delivered a 
dataset of reconstructed river flows for 303 UK catchments (Historic Droughts 
reconstructions) using the GR4J hydrological model, driven by a newly-updated high-
resolution daily gridded precipitation dataset and Potential Evaporation (PE) reconstructed 
from gridded temperature (using the approach of Tanguy et al. 2018). Barker et al. (2019) 
then used these reconstructions to conduct an analysis of historical hydrological droughts 
and their relative duration and severity using the SSI, for 108 benchmark catchments 
(Figure 5). In common with previous studies, these authors showed that while recent 
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droughts in the well-gauged era (post-1960) rank highly, there are many historical 
episodes that are longer or more severe than those of the recent past. A separate 
reconstruction was conducted for the ‘MaRIUS’ project by Rudd et al. (2017) using a 
distributed model, Grid2Grid, also driven by gridded meteorological inputs, and with 
droughts extracted using a fixed threshold approach. Barker et al. (2019) and Rudd et al. 
(2017) found, unsurprisingly, good agreement with the droughts identified by Marsh et al 
(2007). However, these studies highlight important departures, e.g. the importance of 
droughts in the 1940s that are not well-attested in impact terms due to wartime reporting, 
and the late 1960s and early 1970s – the impacts of which were eclipsed by the 1976 
event. Importantly, both Rudd et al. (2017) and Barker et al. (2019) concluded that there 
were no obvious, discernible trends in hydrological drought (cf. Fig 5) in these centennial 
scale reconstructions. However, no formal trend tests were carried out. 

These studies also provide a consistent and robust way of understanding the relative 
importance of historical hydrological droughts, which is important for water resources 
planning. Barker et al. (2019) quantitatively appraised the relative severity of past 
hydrological droughts (in terms of both duration, three severity characteristics and for two 
different SSI averaging periods, SSI3 and SSI12), and how this varied around the country. 
These authors found the ‘hydrological drought of record’ varies around the country, and 
that this depends also on the ‘type’ of drought, i.e. whether looking at short duration (SSI3) 
or long duration (SSI12) droughts, and which property is being considered (duration or 
intensity) (Fig 6). 

 
Fig 5 – Heat map of SSI-12 for LFBN catchments from 1891 to 2015 (catchments 
arranged roughly from north to south on the y axis, with one row per catchment and 
hydro-climatic regions marked for clarity) with colours according to SSI12 category 
in key. ‘Observed period’ highlights typical maximum record coverage of most 
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gauging stations. ‘pre-observation’ the period with most added value from the 
reconstructions. Reproduced from Barker et al. 2019 

 
Fig 6: Location and number of LFBN catchments, where the top-ranking SSI-12 
event corresponds to major known drought events, for duration (dur), accumulated 
deficit (accDef), mean deficit (meanDef) and maximum intensity (maxInt). Each of 
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the nine maps represents one of the major drought events of Marsh et al. 2007. Each 
point on the maps represents the location of the 108 LFBN catchments. Points are 
coloured pink where the particular event was ranked most severe according to each 
event characteristic. Reproduced from Barker et al. (2019) 

Following on from this theme of identifying ‘droughts of record’ for water resources 
planning, several other noteworthy studies have reconstructed hydrological droughts on a 
regional basis, and then fed these into water supply system models, e.g. for East Anglia 
(Spraggs et al. 2015) and the Midlands (Lennard et al. 2015). Interestingly, in both cases it 
was found that an extended reconstruction of droughts into the 19th Century made little 
difference to water supply yields – that is, the additional 19th century droughts did not test 
water supply systems more than those in the available long rainfall records (generally, 
back to the 1920s). However, these conclusions are regional and system-specific, so 
further research would be needed to see if the Historic Droughts/MaRIUS reconstructed 
hydrological droughts make a significant difference in other parts of the country. 

Finally, although reconstructions have enriched our understanding of past hydrological 
droughts, they still extend only to 1865 (CRU reconstructions) or 1890 (Historic Droughts 
and MaRIUS reconstructions). Reconstructions have not been attempted, yet, for earlier 
periods. This is an opportunity, given recent advances in extending meteorological 
datasets further into the 19th century (Hawkins et al. 2022). Comparable river flow 
reconstructions in Ireland have been developed from 1766 (O’ Connor et al. 2022), 
suggesting credible hydrological drought reconstructions can be made over these very 
long time horizons.  

 

6. Drivers of change in hydrological drought – 
climate factors 
Trends and past variations in river flows such as those described in section 5 and 6 can be 
driven by either climate or non-climate (catchment) factors. Some effort to isolate the 
climate-driven signal has been made through the identification of Benchmark catchments. 
However, having established a ‘control’ network for detecting climate-driven changes, the 
question remains of what mechanism is behind the observed river flow change. Most 
pertinently, the question is whether observed changes are attributable to anthropogenic 
warming, or due to variability in the wide range of natural, internally forced modes of 
ocean-atmosphere variability. More realistically given the extent to which these factors are 
intrinsically linked, the answer is some combination of both, and the question is whether 
the relative roles can be disentangled and quantified. This is not an abstract question, as 
the time evolution of future trends will depend on the balance between ‘thermodynamic’ 
anthropogenic warming, which is unidirectional to all intents and purposes, and circulation-
driven changes which may moderate or counter such trends. Such questions are arguably 
among the most challenging questions in hydrology (several of the ‘twenty three unsolved 
problems in hydrology’ of Bloschl et al. (2019) spring from this, while Wagener et al. 
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(2021) argue that credibly discerning climate impacts on hydrology is one of six key 
knowledge gaps in our understanding of the terrestrial water cycle of Great Britain).  

In this section, we briefly review the literature on the hydroclimatology of UK droughts, i.e. 
on climate-river flows associations, to understand what climate factors have been linked to 
variations in UK river flows. Knowledge of this topic is central to the climate detection and 
attribution debate, and yet is also of practical importance for the development of 
monitoring and seasonal forecasting systems. 

Arguably the most extensively studied climate-hydrological associations are those 
connections, or teleconnections, between river flows and larger-scale, lower frequency 
modes of variability – atmospheric circulation indices such as the North Atlantic Oscillation 
(NAO). The NAO is the leading mode of variability in the euro-Atlantic sector, and as such 
is an obvious candidate for linking with river flows. The NAO, through its strong control of 
the location of the storm track and thus moisture delivery to the British Isles, has long been 
shown to strongly influence UK rainfall, especially in the winter months, and it follows that 
river flow patterns can also be linked to NAO variability. There is a large literature on this 
topic which we will not cover in detail here. But this literature is consistent in showing very 
similar patterns, namely a strong positive association between the NAO Index (NAOI) and 
river flow in the winter months, especially in northern and western areas. However, 
relationships are complex, especially in non-winter months, and especially in the lowlands 
of southern and eastern England, where the effect of the NAO is modest and, again, 
strongly catchment-controlled (e.g. Laize and Hannah, 2010; West et al. 2021). The NAO 
is not the only relevant pattern, and other studies have shown a prominent role of other 
modes of variability (notably the East Atlantic pattern and the Scandinavia pattern, e.g. 
Hannaford et al. 2011; West et al. 2022). West et al. (2022) linked NAO and EA patterns to 
the SPI and SSI, and highlighted the interaction of these modes of variability, throughout 
the year, and note how their relative role varies around the country as well as seasonally – 
as well as the role of propagation from SPI to SSI. While the NAO dominates in winter in 
the north and west, it has far less explanatory power in the south and east in summer, 
when the EA plays a key role in modulating the NAO influence.  

The upshot of the strong control of the NAO, EA and other modes of variability is that the 
time evolution of river flows, and drought indicators to an extent, can be seen to be 
controlled by the variability and interplay of these patterns. A prominent role for the NAO 
has been claimed for explaining trends towards wetter winters (and higher river flows) in 
northern and western UK (e.g. Hannaford et al. 2015, and references therein) over the 
1960s – late 1990s especially when the NAO was primarily positive. However, since then 
the NAOI has been more variable yet trends towards higher winter flows have been 
unabated. The picture is a very complex one, and recent studies have shown strong non-
stationarity in the relationship between the NAO and UK rainfall and river flows (as well as 
groundwater levels) over long timescales (e.g. Rust et al. 2022).  

While the dipole-based NAO, EA, SCA and synoptic scale drivers can explain some 
variability of hydrological drought occurrence, there is arguably even greater benefit from 
zooming out still further to consider the role of larger-scale, slowly varying ocean-
atmosphere drivers - notably (quasi-) cyclical patterns of sea-surface temperature 
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variations such as El Nino-Southern Oscillation (ENSO) or the Atlantic Multidecadal 
Oscillation (AMO) that themselves influence the state of the NAO. Such patterns have a 
reasonable degree of predictability, so uncovering robust links between them and river 
flow could have profound implications for efforts to forecast and project water availability. 
Folland et al. (2015) reviewed the state of knowledge of such links at the time, and 
demonstrated links between ENSO, and a range of other predictors, and UK (specifically, 
lowland England) rainfall – most notably with La Nina events (links which have been long 
established; see references therein). They also showed the impacts of La Nina on river 
flows and groundwater, including drought indicators like the SPI/SSI for the Thames 
region. While links between La Nina events and English lowlands winter half-year droughts 
were uncovered, such relationships are weak and highly non-linear.  

More recently, Svensson and Hannaford (2019) also took a global scale approach to 
explore links between UK regional rainfall and river flows on the one hand, and SST 
patterns in both the Atlantic and Pacific oceans. These authors confirmed an impact of 
Pacific Ocean variability (the Pacific Decadal Oscillation, strongly linked to ENSO), but 
found it was highly modulated by the state of the North Atlantic (Figure 7). Such 
relationships were present not just for the winter, but in summer months, previously 
considered much less promising for forecasting, and yet of the most importance for 
drought management. The implication is that to understand UK river flow variability, and 
hydrological drought, it is necessary to look well beyond WTs or even dipole-like 
circulation indices, and zoom out to take a global view of atmosphere-ocean dynamics.  

 
Figure 7: Relationships between ocean-atmosphere conditions and UK river flows 
(modified from Svensson & Hannaford, 2019). Left: three homogeneous regions 
emerging from cluster analysis. Right: correlations between three-month 
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aggregations of PDO and streamflow, with streamflow lagged three months after the 
PDO, for three different UK regions, 1961–2016. The correlations are stratified on 
AMO phase: AMO < −0.05 (dashed blue line); AMO −0.05 (thick solid red line); all 
AMO regardless of phase (thin solid black line). Significant correlations are circled. 

In general, then, there have been some advances in explaining the drivers of hydrological 
drought through relating various climate/ocean indices to river flow indicators. Few studies, 
however, have linked to drought indicators specifically.  In addition, while such 
relationships have been used to explain observed river flow variability and trends, most 
have been what may be termed ‘soft attribution’ through associations and correlation. 
There have been few ‘hard attribution’ studies (Merz et al. 2012), that is, studies that have 
demonstrated conclusively a causal chain between climate variations and trends in river 
flow (‘proof of consistency’, Merz et al. 2012) and also ruled out other factors (proof of 
inconsistency) – e.g. catchment changes, as discussed in section 7  

A second aspect of attribution is separating any signal of anthropogenic warming from 
internally-forced variations such as ENSO, AMO and so on, discussed above. Formal 
climate detection and attribution studies have been undertaken for UK flood events (e.g. 
for the 2013-2014 floods; Schaller et al. 2016, Kay et al. 2016) but not for meteorological 
drought (e.g. rainfall anomalies) for any UK drought event – although human fingerprints 
on heat extremes are well established, including for the 2022 UK annual temperature 
(Christidis et al. 2023). Given the role of evaporation losses in exacerbating hydrological 
droughts, it is likely that anthropogenic warming has played a role but attribution has not 
been attempted. While formal detection and attribution studies have been undertaken for 
meteorological drought globally (e.g. Chiang et al. 2021), they have not been applied for 
hydrological indicators. A majority are also event-based rather than attributing long-term 
trends. Gudmundsson et al. (2021) claimed global trends in mean and low river flows 
could be attributed to climate warming, but such studies need replicating on a finer scale 
before proven for the UK. 

 

7. Drivers of change in hydrological drought – 
human factors 
As shown in Section 6, there is a substantial and growing literature on the links between 
climate drivers and hydrological drought, motivated by the need to understand the factors 
controlling large-scale water availability. In many UK catchments (in common with many 
other domains, globally), however, river flows patterns sometimes deviate markedly from 
climate variability due to pervasive artificial influences on river flow regimes. While RHNs 
enable climate signals to be discerned, many RHN sites are small, headwater catchments 
in the uplands, and are often some distance away from major population centres. Arguably 
the most important locations are those in the heavily populated, intensively managed lower 
reaches, where understanding climate and human controls on hydrological drought is 
much more challenging.   
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Hence, while RHNs seek to filter out artificial influences as a ‘control’, these influences are 
worthy of study in and of themselves. This has been the spirit of the International 
Association of Hydrological Sciences (IAHS) ‘Panta Rhei’ decade 
(https://iahs.info/Commissions--W-Groups/Working-Groups/Panta-Rhei) that has sought to 
understand and quantify human influences on flow regimes, and that has spawned a 
‘drought in the Anthropocene’ initiative (van Loon et al. 2016, 2016b). Internationally, many 
studies have attempted to quantify the impact of influences such as reservoirs, 
abstractions, discharges and other regulation on flow regimes and, thence, on drought 
characteristics (for example, see the overview of van Loon et al. 2022). Such surveys 
highlight the many challenges in discerning the impact of any particular human influence 
because multiple impacts occur in parallel, are difficult to disentangle and may offset or 
compensate for one another.  

Nevertheless, in spite of these challenges, these are not just academic debates, but topics 
of huge societal import: in the UK, there is a long-standing, and sometimes polarised and 
contentious, debate on the role of abstractions on hydrological drought and low flows, 
especially for Chalk streams, that has attained particular prominence in recent years (e.g. 
CaBa, 2021).   

Despite this growing interest, in both academia and the public eye, there have been 
relatively few UK studies in the scientific literature that have conclusively linked artificial 
influences (or, commonly, a change in artificial influences) with hydrological drought 
responses. Partly, this reflects the challenges of obtaining suitable datasets of artificial 
influences. In the absence of directly available datasets of influences, researchers have 
resorted to indirect techniques. Tijdeman et al. (2018) took a large-sample approach to 
compare the drought regimes of catchments classified according to the presence/absence 
of certain influences, using the NRFA’s Factors Affecting Runoff or FAR codes. While the 
study suggested that deviations in drought regime (i.e. expected response to precipitation) 
could be linked to influences (notably, extended drought durations linked to the presence 
of groundwater abstractions in Chalk catchments; Fig 8), in practice the method was 
primarily a screening approach, and no quantitative proof could be offered in the absence 
of data on impacts.  

Bloomfield et al. (2021) took a large sample approach, using the CAMELS-GB dataset, 
which does incorporate some limited artificial influences data within, to develop statistical 
models to assess the impact of abstractions, discharges and reservoir operations on 
baseflow in 429 catchments. Inclusion of such water management interventions improved 
the statistical models in some cases – especially for groundwater abstractions, suggesting 
a detectable impact, in common with Tijdeman et al. 2018. These authors note that more 
detailed information on water management than is currently available in CAMELS-GB 
would be needed to fully constrain the specific effects of individual water management 
interventions on BFI. Recently, Salwey et al. (2023) took a large sample approach to 
detect reservoir impacts on river flows using hydrological signatures, including low flow 
metrics. They compared signatures from 111 Benchmark catchments with 186 catchments 
modified by reservoirs. They found that reservoirs create deficits in the water balance and 
alter seasonal flow patterns, while low flow variability was dampened by reservoir 

https://iahs.info/Commissions--W-Groups/Working-Groups/Panta-Rhei
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operations. This approach of comparing signatures between Benchmark and impacted 
datasets enabled identification of thresholds above which the reservoir ‘signal’ could be 
isolated from wider hydroclimate variability, and holds promise for discerning the effect of 
other human impacts. 

 
Figure 8: amplification of average monthly streamflow drought duration over 
average monthly precipitation drought duration (top: 1 month precipitation; bottom: 
12 month precipitation) versus BFIHOST for catchments labelled with different 
‘Factors Affecting Runoff’ codes (colours). Ellipse reflects the 95 % confidence 
ellipse for catchments with near-natural flow records (FAR = N). FAR = G 
(groundwater abstraction) shows many catchments have longer droughts than 
expected based on precipitation 

Other studies have adopted paired catchment analyses – e.g. van Loon et al. (2019) who 
compared droughts in two hydrologically-similar catchments in eastern England, with one 
catchment impacted by a water transfer scheme. While differences can be observed in 
drought characteristics, once again there is limited information to prove the effect 
conclusively (‘weak attribution’ in the parlance of Merz et al. 2012).  

It follows that there are few studies that show a change or trend in UK river flows, or 
relevant drought indicators, that can be attributed to artificial influences, beyond the 
observation of Tijdeman et al. (2018) of a tendency towards increased drought anomalies 
over time in many catchments affected by groundwater abstraction. The reverse may also 
apply when abstraction decreases. Clayton et al. (2008) noted an increase in river flows 
since the cessation of a major groundwater abstraction in the river Ver, as part of an 
alleviation of low flow (ALF) scheme, but again noted this could not be confidently 
attributed to that cause alone. Similarly, Tijdeman et al. (2018) show a similar example for 
the Darent, a river with an ALF scheme (Figure 9), although also conclude that such 
relationships need further work to fully elucidate. 
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Figure 9: example of possible change in hydrological drought as a result of 
changing abstractions. Top: hydrological droughts, indexed by the threshold 
method. Bottom: droughts from threshold method from precipitation (averaged over 
12 months). Discrepancies in the droughts of the 1990s likely reflect the impact of 
abstractions, which has subsequently diminished due to low flow alleviation 
measures. Tijdeman et al. (2018) – supplementary information. 

While the literature on artificial influence impacts on drought is relatively sparse, the 
situation is even more acute for the influences of land use or land cover (LULC) change, 
despite this being a long-standing topic in UK (and global) hydrology. This is certainly the 
case for low flow and drought indicators, that have arguably been neglected in comparison 
to floods, for which there have been many studies. Nevertheless, reviews and meta-
analyses show that there is very limited consensus on the extent to which flood indicators 
are conclusively influenced by rural land management (e.g. O’Connell et al. 2007), 
afforestation (Stratford et al. 2017) or Natural Flood Management (Dadson et al. 2017). 
For water resources or drought indicators, there have been no major efforts to synthesise 
the literature in a comparable way.  

At the catchment scale LULC have been very comprehensively investigated, for isolated 
catchments – with the most notable example being the paired catchment studies at 
Plynlimon, mid-Wales (see the review of Robinson & Rodda, 2013). The Plynlimon 
experiment did not investigate drought responses per se, but showed the impact of 
afforestation on catchment evaporative losses and, hence, river regimes, including low 
flows. While there has been growing interest in quantifying the effect of afforestation on 
flood regimes, as a potential mitigation strategy, there have been few studies looking at 
drought or low flows at the larger scale. Recently, Buechel et al. (2022) used (land cover) 
scenarios of potential afforestation applied to a land-surface model (JULES) to quantify the 
effect of afforestation in twelve diverse (and generally large) UK catchments. Surprisingly, 
given vigorous debates on the topic, these authors found little impact on flooding, but 
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much larger impacts at median and low flows. It must be noted this was a scenario-based 
(‘what if’ scenarios) rather than observational study.  

Urbanisation is a major potential impact on streamflow regimes, but again the focus has 
largely been on investigating the effect of urbanisation on flood frequency (e.g. Prosdocimi 
et al. 2017). Few studies have investigated wider streamflow regimes more generally. 
However, in an interesting development, a recent study by Han et al. (2022) investigated 
non-stationarity in observed river flow regimes in twelve urbanising catchments (with 
appropriate datasets of changing urban cover) and found that the strongest signals to 
emerge were for low flows rather than high flows. 

In summary, the impact of human interventions on hydrological drought is, perhaps, a hot 
topic that invites hot takes, but one which rests on a very limited evidence base. One 
major limitation has been the availability of impact datasets. There have been significant 
advances in developing datasets of impacts of abstractions and discharges for England, 
based on the Environment Agency’s data holdings – notably CAMELS-GB (Coxon et al. 
2020) and the gridded dataset of Rameshwaran et al. (2021). Barriers remain to access, 
but these are important community assets and further studies will no doubt emerge using 
them. Even with such data, conclusive attribution will be challenging. The impacts of 
humans on river flows is a key strand of FDRI (Wagener et al. 2021) – an intensive 
campaign of integrated field observation and modelling will be needed to make advances 
in this area.  

 

8. Hydrological drought – fitting UK into a 
European Perspective 
The purpose of this section is to contextualise the UK-focused perspective of the 
preceding sections. The UK has slotted into a very wide range of continental-scale studies 
covering all these topics – from assessments of drought typology/propagation, through 
long-term trends/historical variability into assessments of climate and, to a lesser extent, 
human drivers of hydrological drought.  

The first major European-wide drought assessments were conducted in the 1990s in the 
EU ARIDE Project, which set out to gather a ‘European Water Archive’ of river flow data. 
Several studies span off from this, including studies of the large-scale drivers of 
hydrological drought, in particular the NAO (Shorthouse and Arnell, 1999) and detailed 
studies of drought propagation, including for the 1976 and 1990 drought events (Zaidman 
et al. 2002). A first trends study looking at low flows and drought was published by Hisdal 
et al. (2004). This was consistent with most domestic studies published soon after, in 
finding little evidence for trends in drought in the UK or at the wider European scale.  

A further EU framework initiative, WATCH, led to numerous innovations. A drought 
catalogue, based on a Regional Deficiency Index, was delivered by Hannaford et al. 
(2011), in part also funded by an Environment Agency project looking at spatial coherence 
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of drought across Europe.  The drought catalogues showed how hydrological variability in 
the five UK regions mirrored many of the regions of northern France, the Low Countries 
and southern Scandinavia. This study investigated large scale patterns (NAO, EA and 
SCA) driving hydrological drought in Europe, showing how relationships within the UK fit 
into much wider dipole-like patterns of variations in Europe. Since then studies looking at 
river flow/climate indices (NAO, EA, SCA) on European scale have also further 
demonstrated significant non-stationarities in these relationships with river flow (Lorenzo 
Lacruz et al., 2022).  

WATCH also delivered a near-natural RHN across Europe, which the Benchmark network 
fed into (Stahl et al. 2010). This was used to study trends in river flows – albeit not drought 
indices, per se, but monthly flows and low flows. This showed how patterns in UK were 
comparable with northern Europe: generally, positive trends in river flow were found for the 
UK winter months, in common with most of northern Europe. Negative trends were found 
in summer months for the UK, while very mixed patterns were found for low flows and low 
flow timing. Interestingly, these trends appeared somewhat different to the outcomes of 
national scale studies at the time, notably Hannaford & Buys, 2012 who found little 
evidence of any summer decreases. Such differences point to how weak trends are, and 
how influenced they can be by minor changes in study periods.  

Much more recently, an expanded dataset (in terms of spatial extent, but not an RHN) has 
looked at trends in drought characteristics, using the SSI (Peña-Angulo et al. 2022). This 
study found a generally negative trend towards drought in the UK (as noted in section 4 
above), i.e. towards less severe droughts, and showed (as with Stahl et al. 2010, 2012) 
that this was part of a trend across Europe towards increasing water availability in northern 
latitudes, compared to decreasing water availability, and worsening hydrological drought, 
in the south (Fig 9).  

The dataset used by Peña-Angulo et al. 2022 is notable for including many impacted 
catchments rather than just RHNs. Vicente-Serrano et al. (2021) used the same dataset to 
look at trends in annual runoff, also finding, unsurprisingly, a north-south contrast. These 
authors tried to explain the causes of these variations, through looking a deviations from 
expectation (i.e. where meteorological and hydrological trends diverge). Interestingly, 
these authors attributed the decreases in southern Europe to changes in irrigation and 
natural re-vegetation following land abandonment, as well as meteorological drying. 
Trends in the north were found to be more driven by meteorology, although some isolated 
deviations were noted, but without any attribution. This is another example of a ‘large-
sample’ attribution study with limited recourse to appropriate impact datasets, but points to 
further screening methods that can identify likely hotspots of human impacts. 
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Figure 9: Trends in the severity of drought events from 1962 to 2017. (a) Spatial 
distribution of the magnitude of change in Standardized Streamflow Index (SSI) and 
(b) the corresponding significance of trends (at p < 0.05, p < 0.01) over the same 
period. Each circle represents one gauging station. From Pena-Angulo et al. 2022 
 

9. Summary: what we know and don’t know  
Definitions and Indicators 

• There have been significant advances in the development of indicators and 
indices to characterise hydrological drought, including threshold method and 
standardised indices – we know how to apply these indicators in a UK setting 
and generally when and where they work for what purposes 

• That said, there are still things do not know about the practical application of 
hydrological indices, e.g. the best statistical distributions for the SSI across all 
seasons or environments, the best accumulation periods to represent impacts 
on various sectors. 

• There are still significant divides between hydrological drought definition and 
indicators in research, and that applied in drought management and 
communication. 

• There is no ‘standard’ hydrological indicator, and there is not likely to be 
convergence on such a thing - arguably there should not be. However, we do 
not really know which indicators are best suited to hydrological drought 
applications because there have been only limited efforts to link such indicators 
through to ‘on the ground’ impacts. Linking hydrological indicators to impact 
datasets should be a key priority, and there are opportunities to exploit new and 
emerging datasets to facilitate this.  
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Drought Processes and Propagation 
• We have a good general understanding of how the propagation of 

meteorological to hydrological deficits varies around the UK and some 
understanding of how this is influenced by catchment characteristics. This has 
helped inform the development of improved monitoring and early warning 
systems, and has helped underpin our understanding of how catchment vs 
climate drivers influence changes over time (see section 6 and 7).  

• This understanding mostly emerges from ‘large-sample’ type studies that have 
correlated time series of precipitation and river flow indicators for a range of 
catchments, and then further correlated variations between them with different 
catchment properties.  

• We do not fully understand the variability of catchment responsiveness and what 
catchment processes drive this, nor do we understand how this responsiveness 
varies between drought events (between moderate and severe droughts, say) or 
how propagation can be influenced by human influences on river flow. 

• We have some understanding of spatial coherence in meteorological droughts, 
but this has not yet been fully translated to hydrological drought, which is 
necessary given the complexities of drought propagation. Spatial coherence is 
important underpinning for water management, especially in the context of water 
transfers. 

• Improved understanding of propagation processes will require concerted field 
observation as much as larger-sample statistical hydrology and modelling – 
there will be a major opportunity to explore this in upcoming investments such 
as FDRI (for which drought propagation is a key science priority, Wagener et al. 
(2021)).   

Observed Trends 
• We have a good understanding of how UK streamflow has evolved from the late 

1960s to present, for a very wide range of indicators, emerging from a very rich 
body of research. 

• We know that winter and autumn river flows have increased, and spring flows 
have decreased. Summer shows more mixed trends. We know that these trends 
are in line with meteorological trends.  

• We know that low flows have generally increased in the north and west of the 
UK, and decreased in the south and east – but relatively few trends are 
statistically significant. 

• However, there have been only limited studies that have really sought to 
characterise the basic question of ‘have droughts become more severe’ – the 
answer to this is still, really, we do not yet know (at least, in comparison with 
floods which have been studied more comprehensively). There is limited 
evidence on which to conclude droughts have become demonstrably more 
severe, and more work is needed to answer this fully.  

• There is little compelling evidence that summer flows, nor low flows, have 
decreased significantly. This is somewhat at odds with climate projections for 
the near future. We cannot yet fully explain this (apparent) disparity. We know 
future projections are uncertain. We know past trends are weak and it takes time 
for signals to emerge from interannual variability. But we have not yet fully tried 
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to reconcile past trends with future changes comprehensively, and this should 
be a major priority to enable suitable guidance for water resources planners that 
bridges the gap between relatively short-term observations and very uncertain 
model outcomes.   

Longer-term historical perspectives 
• We know that recent drought events are not necessarily the most severe on 

record if we take a longer historical view of hydrological drought. Long 
reconstructed records show that the hydrological ‘drought of record’ is often one 
that predates gauging station records.  

• We have a good understanding, now, of the likely most severe hydrological 
droughts for given drought types (short or multiannual) and how this varies 
around the country 

• We do not yet have a full understanding of the significance of these historical 
droughts for water supply planning around the UK 

• We do not have a good understanding of hydrological drought evolution and 
dynamics before 1890 – improved meteorological driving datasets provide a 
good opportunity to advance this in future.  

Climate drivers 
• We understand the main drivers of variability in drivers of river flow variability: 

we know that that the NAO and EA are important drivers of streamflow 
variability, and know where and when they are most influential, and how this 
varies by catchment type (in broad terms) 

• However we do not fully understand how these patterns interact to cause 
hydrological drought events, and how this interaction varies and how it is 
modulated by drought propagation 

• We understand that atmosphere-ocean drivers in both the Pacific (ENSO, PDO) 
and Atlantic (AMO and Atlantic SSTs) can influence hydrological droughts, and 
increasingly that there is a need to look globally and at the interaction between 
these phenomena. 

• We do not know, however, the relative importance of all these influences and 
how they affect river flows in different parts of the UK at different times of year. 

• Despite these advances in hydroclimatology of droughts, we do not know to 
what extent the time evolution of river flows (and it follows, hydrological 
droughts) on interannual or interdecadal timescales can be confidently linked to 
variations in these climatic drivers 

• As such, we only have a very weak understanding of the extent to which recent 
variations in river flow reflect internal forcing, anthropogenic warming, or (as is 
most likely) a combination of both. Quantifying these components will be an 
important topic for research given the relative combination of these factors will 
influence future trajectories of UK drought. 

Anthropogenic drivers 
• We have some understanding of likely impacts of certain types of influence (e.g. 

heavy abstraction) on hydrological drought – but this understanding emerges 
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indirectly from either large-sample hydrological studies, or paired catchment 
studies limited to a few sites. 

• We have some understanding of the likely impacts of land use changes and 
interventions, through conceptual understanding as well a few examples of long-
term observational studies and various scenario modelling initiatives. 

• The literature on LULC impacts on drought and low flows is very sparse 
compared to flooding – yet some recent studies hint that the impact of LULC on 
low flows may be more detectable than for high flows.  

• We do not know how such human interventions influence river flow regimes, in 
general, and hydrological drought in particular, across a wide range of UK 
catchment settings. Not only is this a major constraint in itself, for the majority of 
heavily influenced catchments, we also do not know the relative contribution of 
climatic variability versus human interventions in driving variability in 
hydrological drought, and how this varies regionally and nationally, or how the 
balance has changed over time.  

• Very few studies have conclusively proved a link between changes in 
anthropogenic drivers (whether water management, or LULC) and river flow 
responses relevant to hydrological drought, largely due to a lack of data on the 
relevant interventions. However, there have been relatively few efforts to study 
the impact of such interventions on hydrological drought. New, emerging 
artificial influences datasets present a good opportunity to improve on this, if 
accessibility of such datasets can be secured. 

International Perspective 
• Trends in river flow, including low flows and drought, for the UK are broadly 

consistent with neighbouring areas and are part of a wider European picture of a 
(general) dipole between increasing flows in northern Europe and decreasing 
flows in the south, albeit with much finer scale and seasonal variation. The 
climate drivers of UK droughts are also consistent with the wider European 
picture. 

• There are indications that human drivers of low river flows/drought play an 
important role over and above climate in southern Europe, due to irrigation and 
revegetation, but no confidence in discerning these drivers further north 
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Overview 

This report summarises the state-of-the-art in modelling climate change impacts on river 
low flows and streamflow drought for the UK, focussing on 1) modelling approaches, 2) 
projections, 3) remaining knowledge gaps.  

Approaches: 

Most hydrological climate change impact studies follow a ‘top-down’ approach using a 
climate-hydrological modelling cascade. These are underpinned by climate model data, 
which have seen many improvements in recent years. Remaining issues include 
substantial biases in climate model precipitation, disparities between climate and 
hydrological model resolutions, and need for high-resolution, spatially and temporally 
consistent projections from a range of climate models. Hydrological modelling of national-
scale climate change impacts also faces challenges, such as developing model structures/ 
parameters that are robust to non-stationarities, developing seamless parameter fields, 
and incorporating human-water interactions. A major challenge for both climate and 
hydrological modelling is dealing with the cascading uncertainties, ensuring that modelling 
uncertainties are adequately represented and communicated whilst also remaining 
practical for analysis. 

Several alternative ‘bottom-up’ approaches to exploring climate change impacts have also 
emerged. These tend to focus on system sensitivity to change or the robustness of certain 
plans, and can be carried out independently from climate change scenarios. Examples 
include scenario-neutral response surfaces and alternative storylines of past events.   

Projections:  

Climate projections show nationwide increases in temperature, increases in summer 
potential evapotranspiration, and a reduction in summer rainfall; all factors that could result 
in declining flows. However, projections also indicate increased winter precipitation, 
heavier summer downpours and an increased chance of high intensity rainfall events, 
leading to a complex picture for changing river flows and hydrological droughts. 
Projections from hydrological modelling studies tend to show reductions in median flows, 
summer flows and low flows across the UK, although with large uncertainties and local 
variations. Most projections indicate an increase in the severity of future drought events, 
although changes to other drought characteristics such as intensity and duration vary 
regionally. Southeast England emerges as a hot-spot for future multi-year droughts, with 
increases in both drought intensity and duration. 
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Gaps:  

A key issue is adequately representing uncertainties in national climate change impacts. It 
is important that uncertainties are represented in modelling studies to support informed 
decision-making. The evidence for national-scale changes to streamflow drought is largely 
based on the Hadley Centre Climate model, through the weather@home and UKCP18 
Regional projections. This could be leading to a skewed view of UK drought impacts, as 
projections driven by other climate models show smaller changes to drought conditions, 
and even possible reductions in drought occurrence for northern England and Scotland. 
There is therefore a need for high-resolution climate projections from a broader range of 
climate models to underpin future hydrological modelling efforts. Additionally, most 
national-scale studies include a single hydrological model structure with a single set of 
model parameters. But hydrological modelling uncertainties can be very large for low 
flows, particularly in southeast England, and it is therefore important that these are also 
represented.  

Other research gaps include: 1) there is a need for information on possible low-likelihood 
but high-impact events, to ensure adaptation measures are robust to worst-case 
scenarios; 2) there are relatively few studies evaluating climate change impact on UK 
droughts; studies with different driving data and hydrological models are needed to 
comprehensively understand changes to drought duration, intensity, frequency and spatial 
extent at the national scale; 3) further hydrological model development and evaluation is 
needed for models that can robustly simulate low flows under non-stationary conditions; 4) 
there is a need for evaluations of future changes in other environmental/anthropogenic 
factors, such as land-use or abstractions/discharges, in combination with climate change.    
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1. Introduction 
Droughts are a recurrent natural hazard in the UK, with serious impacts that can cover 
extensive areas and persist for long durations (Van Loon, 2015). A drought can be defined 
as a sustained period of below normal moisture conditions and subsequent limitations in 
water availability (IPCC, 2021). Within this broad definition there are many different types 
of drought, including meteorological drought (unusually low rainfall), soil moisture drought 
(unusually low soil moisture), groundwater drought (unusually low groundwater levels) and 
streamflow drought (unusually low river discharge). These different types are all 
interconnected, but this review will focus on streamflow drought and river low flows 
(different types of drought are covered in other reviews, e.g. Bloomfield and Jackson, 
2023; Counsel and Durant, 2023). Streamflow droughts can have serious impacts 
spanning multiple sectors, including water supply, energy and industry (hydropower and 
cooling water), crop production, navigation and recreation (Van Loon, 2015).  

Climate change could exacerbate drought risk for the UK, potentially leading to more 
intense and longer lasting droughts in the future (IPCC, 2021; Rudd et al., 2019; Smith et 
al., 2019). The latest climate projections for the UK indicate warmer, wetter winters, hotter, 
drier summers and an increase in the frequency and intensity of extreme events (Met 
Office, 2019). The impact of these meteorological changes on streamflow drought is 
complex, as streamflow response varies depending on antecedent conditions and 
catchment characteristics. Projections generally indicate a reduction in summer flows and 
more severe droughts, but there are large uncertainties in the magnitude of future changes 
(Kay et al., 2018; Lane and Kay, 2021; Rudd et al., 2019). To manage drought risk and 
build resilient water supply systems, it is crucial that we understand the characteristics of 
extreme drought events and how these may change in the future.  

This review summarises the state-of-the-art in modelling climate change impacts on low 
flows and drought for the UK, highlighting limitations of current methods, gaps in our 
understanding, and opportunities for future research. It aims to address the following 
questions: 

1. What approaches have been taken to model climate change impacts for low flows 
and drought, and what are the key data and methodological limitations with these 
approaches? 

2. What are the projected impacts of climate change for low flows and droughts? 

3. What do we still not know about climate change impacts for low flows and droughts, 
and how can we improve our understanding? 

To answer these questions, the review has been split into 4 sections. Section 2 focusses 
on approaches to model climate change impacts, section 3 reviews the evidence for 
climate change impacts on low flows and droughts in the UK, and section 4 highlights 
remaining knowledge gaps. 
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2. Approaches to model climate change 
impacts  
Most hydrological climate change impact assessments for the UK follow a scenario-led or 
‘top down’ approach (e.g. Charlton and Arnell, 2014; Christierson et al., 2012; Dobson et 
al., 2020; Kay et al., 2021b, 2021a, 2018; Lane and Kay, 2021; Prudhomme et al., 2012; 
Rudd et al., 2019). This usually involves a climate-hydrological modelling chain where 
emissions scenarios are used as input to climate models and the subsequent climate 
projections are then used as input to hydrological models (Chan et al., 2022). There are 
many decisions in the modelling chain, including the choice of emissions scenarios, Global 
Climate Models (GCMs), downscaling method, hydrological models, model parameters, 
and river flow/drought metrics. Each of these choices will impact the subsequent flow 
projections (Wilby and Harris, 2006), leading to a ‘cascade of uncertainty’ with large 
uncertainty ranges in the resultant flow and drought projections (Figure 1). 

 
Figure 1. Overview of the cascade of uncertainty in GCM-driven climate impact 
assessments. Each decision made in the model cascade adds an element of 
uncertainty, resulting in a very wide envelope of uncertainty in the resultant flow/ 
drought impacts. 

This section discusses the approaches used to model climate change impacts, focusing 
on current practice and remaining limitations. This includes the use of climate model data 
(Section 2.1), hydrological models (2.2), drought indicators (2.3), uncertainties in the 
model cascade (2.4) and alternative bottom-up approaches (2.5).   

2.1. Using climate model data for hydrological 
applications 
Approaches to using climate model data 

Most climate impact analyses use data from global climate models (GCMs), often with 
nested higher resolution regional climate models (RCMs), to provide future climate 
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projections. Recent years have seen many advancements to climate modelling capabilities 
including: higher resolution simulations which can better simulate spatial patterns and the 
seasonal cycle of rainfall; larger ensembles to capture climate variability and projection 
uncertainties; and better representation of land surface processes (Flato et al., 2013; 
Gutiérrez et al., 2021; Murphy et al., 2018). For example, the most recent UK Climate 
Projections (UKCP18) produced in 2018 advanced upon the 2009 product through (1) 
increased resolution of the GCM from ~300 to ~60km, (2) increased resolution of the RCM 
from 25 to 12km, (3) inclusion of very high resolution (2.2km) projections, (4) improved 
model processes and parameterisations (Murphy et al., 2018). 

However, despite these improvements there are still substantial biases in climate model 
outputs, and models continue to perform less well for precipitation than for temperature 
(Flato et al., 2013; Gutiérrez et al., 2021). Some studies have applied climate model output 
directly, assuming that the changes between baseline and future climatology are 
meaningful despite biases (Bell et al., 2007). However, most climate impact analyses 
apply some form of bias correction (BC), especially for precipitation. There are a range of 
BC methods available, from simple monthly-mean corrections to more complex quantile-
mapping approaches, with no consensus for best practice (Addor and Seibert, 2014; 
Maraun et al., 2017; Teutschbein and Seibert, 2012).  

BC approaches generally improve the ability of the climate-hydrological model cascade to 
match flow statistics during the baseline period, but many issues have been identified 
(Maraun et al., 2017). Limitations include; 1) BC cannot improve credibility of climate 
model outputs, and could even hide a lack of credibility, 2) BC assumes that model biases 
are nonstationary and therefore the same correction is suitable for baseline and future 
periods, 3) BC relies on observational reference datasets, which have uncertainties 
especially if they have been interpolated into a gridded product, 4) BC can impair the 
relationship between RCM output variables, and alter the spatiotemporal field consistency, 
5) BC usually only corrects for biases in one statistic – e.g. correction of daily precipitation 
distributions may not improve distributions of multi-day precipitation (Addor and Seibert, 
2014; Ehret et al., 2012; Maraun et al., 2017; Muerth et al., 2013). The choice of BC 
method is a relatively small source of uncertainty compared to climate model selection, but 
can still impact the magnitude of future flow changes (Muerth et al., 2013; Smith et al., 
2014; Tian et al., 2013).  Maraun et al., (2017) recommends that BC should be carried out 
based on solid knowledge of the relevant climatic phenomena and the ability of GCMs to 
simulate them, calling for closer collaborations between disciplines. 

There is still a disparity in resolution between climate model output and typical hydrological 
model inputs, although new convection-permitting climate model runs are helping to 
resolve this (Kay, 2022; Kendon et al., 2019). GCM resolutions (~60km+) remain too 
coarse for direct use in hydrological modelling, which usually requires data closer to a 1km 
resolution. Therefore downscaling approaches are often applied, including dynamical 
downscaling (e.g. using a nested RCM) or statistical downscaling (post-processing 
GCM/RCM output). A simple method of downscaling precipitation based on patterns of 
standard-period average annual rainfall (SAAR) has been applied in many UK-based 
climate impact studies (see Table 1), and has recently been shown to perform well (Kay et 
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al., 2023)(Kay et al., 2023). With RCM output being available at increasingly high 
resolutions, some studies do not apply any further downscaling. For example, Lane et al. 
(2022) used 12km RCM output, but limited their analysis to flows in larger (>144km2) 
catchments. Again, the choice of downscaling approach adds a further source of 
uncertainty into the climate-hydrological modelling chain, with no consensus on a best 
method.  

An alternative approach to dealing with issues of biases and coarse resolutions in climate 
model data is the delta-change method. This approach extracts changes in meteorological 
variables from the climate model data and uses these to perturb observed time-series to 
drive a hydrological model, rather than the direct forcing approach which uses time-series 
of climate model data to drive a hydrological model (after any bias correction or 
downscaling has been applied). The perturbation is often based on monthly means (e.g. 
Kay et al., 2021b), but could also be based on other statistics such as quantiles (e.g. 
Smith et al., 2014). The delta change technique produces data at the spatial and temporal 
resolution required for hydrological modelling, as it is based on observational data. It also 
implicitly accounts for any biases in the climate model data by focusing only on changes in 
meteorological variables (although some studies correct for biases before calculating 
these changes). However, only the direct forcing method can capture changes in the 
spatial pattern or temporal sequencing of events, as the delta-change approach is limited 
by the events in the observed time-series. The delta-change approach is also heavily 
reliant on the chosen statistic, for example a study using monthly-mean precipitation 
changes could miss very large increases in extreme precipitation.    

Hydrological model simulations are usually carried out independently (‘offline’) from 
climate model simulations. This means that there may be inconsistencies between the 
climate and hydrological simulations, for example soil moisture levels may be inconsistent, 
and it is not possible to include any feedbacks between the hydrological and climate 
models. The recent increase in resolution of coupled climate models means that they 
could be used to directly simulate river flows.   

Available climate data for the UK 

A range of climate projections are available, and have been used to evaluate climate 
change impacts on low flows/drought, for the UK (See Table 1). Many impact studies were 
based on the UK Climate Projections produced in 2009 (UKCP09), which included a 
perturbed-parameter ensemble (PPE) of RCM projections (~25km), probabilistic 
projections, and weather-generator time-series (Charlton and Arnell, 2014; Christierson et 
al., 2012; Kay and Jones, 2012; Rahiz and New, 2013). A series of studies used a large 
ensemble of 100 time-series for three time periods generated from the weather@home 
system, part of the wider climateprediction.net project, to evaluate changing low flows and 
droughts (Dobson et al., 2020; Guillod et al., 2018; Kay et al., 2018; Rudd et al., 2019). 
Most recently, the UKCP18 projections, which include global projections from a range of 
GCMs, a perturbed parameter RCM ensemble (~12km) and probabilistic projections, have 
been used in a handful of studies (Arnell et al., 2021b; Kay et al., 2021b, 2021a; Lane and 
Kay, 2021). A national dataset of hydrological projections based on the UKCP18 RCM 
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ensemble have also been made available (Hannaford et al., 2022)(Hannaford et al., 2022; 
Parry et al., 2023). The different types of available climate data each have their own 
advantages/limitations, and a combination is recommended to fully understand the range 
of possible impacts (Kay and Jones, 2012).  

A useful feature of the UK Climate Projections is that they include the characterisation of 
climate model uncertainties. Both UKCP09 and UKCP18 include probabilistic projections 
based on a number of different GCMs, as well as a perturbed parameter RCM ensemble 
based on the Hadley Centre Model (Murphy et al., 2018). A few studies have used the 
probabilistic climate projections to assess climate change impacts for river flows 
(Christierson et al., 2012; Kay et al., 2020). However, while the probabilistic projections 
are useful to capture climate uncertainties, they are not spatially coherent, so cannot be 
used to capture widespread events or be used directly as hydrological model input. The 
UKCP18 RCM output is relatively high resolution (12km), and spatially and temporally 
coherent, and therefore is more commonly used for hydrological modelling applications 
(e.g. Hannaford et al., 2022; Kay et al., 2021a; Lane et al., 2022; Lane and Kay, 2021). A 
key advantage of RCM projections is that they can be used to simulate widespread 
events, looking at the changing spatial extent and coincidence of droughts. They also 
indicate climate modelling uncertainties through the use of a PPE, albeit an 
underestimation of total climate uncertainty as all ensemble members are based on a 
single GCM structure and emissions scenario.   

 

Table 1. Summary of modelling decisions in selected studies evaluating climate 
change impacts on low flows and droughts across the UK. 

Reference Spatial 
coverage 

Climate 
product 

Climate data 
processing 

Hydrologic
al Model(s) 

Impacts 
evaluated 

New et al., 
(2007) 

Thames, 
UK 

climatepredict
ion.net 
probabilistic 
(x449) 

Seasonal-mean 
climate data 
linearly 
interpolated to 
monthly change 
factors, 

delta-change 
approach  

CATCHMO
D 

Q05, Q50, 
Q95 

Lopez et al., 
(2009) 

Wimblebal
l water 
resource 
zone, SW 
England 

climatepredict
ion.net PPE 
(x246), 
CMIP3 (x21 
GCMs)  

Monthly climate 
data, quantile-
quantile 
transform 
method (delta-

CATCHMO
D and 
LANCMOD 
water 
resources 

N month 
deficits, 
ability to 
satisfy 
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change 
approach) 

system 
model 

water 
demand 

Cloke et al., 
(2010) 

River 
Medway, 
SE 
England 

UKCP09 
RCM PPE 
subset (x10) 

Distribution 
based scaling 
bias correction 
tested, but 
uncorrected 
RCM output 
used 

CATCHMO
D 

Flow 
quantiles 
(including 
Q95, Q50, 
Q05), 
monthly/ 
seasonal 
flows  

Christierson 
et al. (2012) 

UK – 70 
catchment
s 

UKCP09 
probabilistic 

(x20, sampled 
from 10,000)  

Delta-change 
approach 

PDM and 
CATCHMO
D 

Mean 
annual flow, 
monthly 
flow 

Prudhomme 
et al. (2012) 

Great 
Britain – 
catchment 
modelling 
interpolate
d to 1km 
grid 

UKCP09 
RCM PPE 
(x11) 

Delta-change 
approach 

CERF Seasonal 
mean flows 

Charlton 
and Arnell 
(2014) 

England - 
6 
catchment
s 

UKCP09 
probabilistic 
(x10,000) 

Delta-change 
approach 

Cat-PDM Average 
annual 
runoff, Q5, 
Q50 and 
Q95 

Kay et al. 
(2018) 

Great 
Britain – 
1km grid 

weather@ 

home 

(x100) 

Monthly change 
factor bias-
correction and 
SAAR 
downscaling for 
precipitation  

G2G 2- and 20-
year return 
period 
flows.  

Rudd et al. 
(2019)  

Great 
Britain – 
1km grid 

weather@ 

home 

(x100) 

Monthly change 
factor bias-
correction and 
SAAR 

G2G Standardise
d drought 
intensity, 
duration 
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downscaling for 
precipitation 

and 
severity.  

Dobson et 
al. (2020) 

England 
and Wales 
– 80 
catchment
s 

weather@ 

home 

(x100) 

Monthly change 
factor bias-
correction and 
SAAR 
downscaling for 
precipitation 

DECIPHeR 
(and water 
resource 
system 
modelling) 

Standardize
d indices for 
precipitation
, streamflow 
and 
reservoir 
storage 
volume.  

Drought 
Coincidenc
e Index. 

Kay et al., 
(2021b) 

 

Great 
Britain – 
1km grid 

UKCP18 
Global (x28), 
UKCP18 
Regional 
(x12) 

Delta-change 
approach 

G2G 5- and 20-
year return 
period low 
flows 

Lane and 
Kay (2021) 

Great 
Britain – 
1km grid 

UKCP18 
Regional 
(x12) 

Monthly change 
factor bias-
correction and 
SAAR 
downscaling for 
precipitation. 

G2G 10-year 
return 
period low 
flows 

Hannaford 
et al. (2022);  

Parry et al., 
(2023); 
Tanguy et 
al.,submitte
d)  

 

UK – 200 
catchment
s 

UKCP18 
Regional 
(x12) 

Monthly change 
factor bias-
correction and 
SAAR 
downscaling for 
precipitation. 

G2G, PDM, 
GR4J and 
GR6J 

in progress 

 

2.2. Hydrological modelling for climate change impacts 
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Hydrological models are an important tool for transforming meteorological variables into 
river flow, taking into account the relevant catchment/landscape characteristics. There are 
a wide variety of hydrological models available, and that have been used for climate 
change impact analyses in the UK (e.g. CATCHMOD - Cloke et al., 2010; Lopez et al., 
2009; New et al., 2007; Grid-to-Grid - Bell et al., 2012, 2009; Rudd et al., 2019; 
DECIPHeR - Coxon et al., 2019; Lane et al., 2022; HBV - Bergström, 1992; Smith et al., 
2014; GR4J - Perrin et al., 2003; Tian et al., 2013). These vary in complexity, resolution 
and process representation, ranging from simple lumped catchment-based models to high-
resolution gridded physically-based models. Importantly there is no overall best 
hydrological model, as different models will be fit-for-purpose for different applications 
(Horton et al., 2022).  

Challenges for hydrological modelling of climate change impacts on droughts include: 

Non-stationarities  

Hydrological models are often developed and calibrated with the assumption that climatic 
conditions will not change over time, yet climate change analyses require models to use 
non-stationary climate data. Alongside changing climate, extreme hydrological events can 
profoundly change the nature of the hydrological system itself (Fowler et al., 2022). For 
example, in the context of the Australian Millennium drought, Fowler et al., (2022) found 
that some watersheds experienced a ‘shift’ in hydrological behaviour that models could not 
replicate – leading to models under-predicting drought impacts. In the context of climate 
change, shifting behaviour could amplify the severity of future droughts beyond what is 
predicted by our models. Allowing for non-stationarities in model parameters and physics 
therefore remains an important issue (Slater et al., 2021). Usually, model performance is 
evaluated over a baseline period, as that is when flow data is available (e.g. Kay et al., 
2021a; Lane et al., 2022; Steele-Dunne et al., 2008). However, good model performance 
under the current climate (which models are calibrated and developed for) does not 
necessarily mean good performance under different climate conditions. It is therefore 
important to develop model structures and calibration procedures that can increase 
robustness to non-stationarities (Brigode et al., 2013). 

Differential split sample tests (DSSTs) can be used to evaluate the robustness of 
hydrological model calibration to non-stationary climatic inputs (Coron et al., 2012; 
Klemes, 1986; Seiller et al., 2012). DSSTs select periods in the observational record with 
distinct climate characteristics (e.g. wetter/drier periods). The hydrological model is then 
calibrated and validated for periods with different climate characteristics, to show how the 
model performs under a climate that differs from the calibration period. This can give 
useful insights into potential model biases when simulating climate change. For example, 
Coron et al., (2012) found that calibration over a wetter (drier) catchment led to an 
overestimation (underestimation) of mean simulated runoff, concluding that changing 
climate could introduce significant errors in simulations. Seiller et al., (2012) carried out a 
DSST using 20 lumped conceptual models, finding that while some model structures 
offered a good compromise in terms of model performance and robustness to change, 
others could provide misleading results under a non-stationary climate. Trotter et al., 
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(2023) focused on how well models calibrated for normal conditions could simulate the 
Australian Millennium drought, finding extensive degradation of model performance, 
mainly due to over-estimation of flow, during the drought. Evaluation of hydrological 
models using a DSST is not common practice, but could aid selection of model structures/ 
parameter sets that are more robust to non-stationarities.   

Model structure and parameter selection: 

The choice of hydrological model structure and parameters can have a large effect on low 
flow simulation and subsequent climate change impacts, and it is therefore good practice 
to include multiple hydrological models and/or parameter sets within climate impact 
assessments (Lane et al., 2022; Mendoza et al., 2015; Seiller et al., 2012). Often different 
hydrological model structures or parameter sets have similar performance in a baseline 
simulation, but then simulate different flow responses to climatic changes (Karlsson et al., 
2016; Mendoza et al., 2016, 2015). Inclusion of a single hydrological model structure and 
parameterisation may therefore give an overconfident and potentially misleading portrayal 
of climate change impacts. Including multiple hydrological models/parameter sets allows 
for a more robust assessment (Seiller et al., 2012), and can highlight areas where 
hydrological modelling uncertainties are large (e.g. Lane et al., 2022, Parry et al. in prep).  

However, despite the benefits, there are few national climate impact assessments that use 
multiple hydrological model structures / parameterisations for the UK. Difficulties include; 
the already large computational demand when running national-scale models, varying data 
requirements, and high barriers to implementation of a new hydrological model. Ways to 
overcome these difficulties include; a) collaborative projects, b) multi-model frameworks, c) 
parameter uncertainty frameworks. For example, the recent eFLaG project involved 
collaboration between multiple research centres and groups within UKCEH, producing a 
national dataset of future river flow and groundwater projections from four hydrological and 
two groundwater models (Hannaford et al., 2022). Multi-model frameworks allow users to 
easily switch between hydrological model structures, within a common modelling 
infrastructure. Examples include the Framework for Understanding Structural Errors 
(FUSE - Clark et al., 2008), the Modular Assessment of Rainfall-Runoff Models Toolbox 
(MARRMoT - Knoben et al., 2019) and UniFHy (Hallouin et al., 2021).  

Regional parameterisation/ calibration: 

To capture large-scale droughts and changes in drought extent, we need hydrological 
models that can run in a spatially coherent way across regional to national domains. A key 
challenge for this is model parameterisation, and specifically the generation of spatial 
parameter fields. Usually, catchment-based hydrological models are calibrated against 
river flows at the catchment outlet. When scaling up to the national level, individually 
calibrating models to each catchment can lead to spatial discontinuities between 
catchments, with a ‘patchwork quilt’ effect of parameter fields with unrealistic differences at 
catchment boundaries (Mizukami et al., 2017). A potential way forward is the multiscale 
parameter regionalisation (MPR) technique, which relates parameters to geophysical data 
to create seamless parameter fields (Mizukami et al., 2017; Samaniego et al., 2017, 
2010). The MPR technique has been used within the mesoscale Hydrologic Model (mHM) 
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to evaluate changes in low flows across Europe (Marx et al., 2018). It has also recently 
been implemented for the DECIPHeR model across Great Britain (Lane et al., 2021), and 
used to evaluate climate change impacts on high flows (Lane et al., 2022), but has not yet 
been used for low flow or drought impacts. 

Spatial variability in model performance  

The ability of hydrological models to reproduce river flows varies across the country. Lane 
et al., (2019) evaluated the performance of four lumped hydrological models across Great 
Britain, finding a general pattern of good model performance for the wetter catchments to 
the west, and poor model performance in south-east England. Other model evaluations 
have found similar patterns, with large biases for groundwater dominated catchments in 
the south-east (Coxon et al., 2019). This has implications for our understanding of future 
droughts; the south-east is a hotspot for future droughts but is also often where are 
hydrological model predictions are poorest and have the largest uncertainties (Lane et al., 
2022, 2019).   

Representation of human-water interactions: 

Human-water interactions (e.g. abstractions, discharges, water transfers, reservoir 
operation) can ameliorate/ worsen drought impacts, but are not currently included in most 
hydrological models for the UK. For example, the commonly applied national-scale Grid-
to-Grid model usually simulates natural river flows (Bell et al., 2009), the DECIPHeR 
model does not yet include human influences at the national scale (Coxon et al., 2019), 
and for lumped catchment models these processes are generally accounted for by 
calibration rather than being explicitly included in the model structure. Incorporation of 
abstraction/discharge data into the Grid-to-Grid model has been shown to generally 
improve simulation of river flows, especially low flows, but data availability remains a key 
barrier (Rameshwaran et al., 2022). Furthermore, these national / gridded models usually 
have a relatively limited representation of groundwater, so representation of abstraction in 
groundwater dominated catchments can have large simulation errors.  

2.3. From streamflow to droughts 
It is important that a distinction is made between low flows and drought events. Low flows 
refer to low river discharge. Evaluations of changing low flows often use annual minimum 
time series, which will not reflect a streamflow drought in all years (Van Loon, 2015). In 
contrast, droughts refer to below-normal river flow conditions, often across large areas and 
for long durations, and can be described in terms of event timing, duration, severity, 
intensity and/or spatial extent.   

Droughts are difficult to define quantitatively, due to their slow onset, slow recovery and 
range of impacted sectors, and this has led to a variety of drought indices being developed 
(Van Loon, 2015). There is no consensus on a best index, but the selected index is 
important as different indices could result in different conclusions, especially in a climate 
change impact context.  
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The main approaches include; 1) standardised indices such as the standardised 
precipitation index (SPI) or standardised streamflow index (SSI), or 2) threshold methods 
using time-series of streamflow. The standardised indices represent anomalies from 
normal conditions in a standardised way, enabling regional analysis. For example, the SSI 
fits a distribution to an accumulation of streamflow over a given period to provide a 
normalised value (e.g. Dobson et al., 2020). Threshold methods define drought periods as 
when time-series of hydrometeorological variables are below a pre-defined threshold level 
(Van Loon, 2015). A key advantage of the threshold method is that it can give deficit 
volume (i.e. the ‘lacking’ volume of water below the threshold) which is important for water 
resources management. However, results will be sensitive to the chosen threshold value.  

Droughts can be described in terms of duration (length of time flows are below threshold), 
intensity (magnitude below threshold), and severity (duration multiplied by mean intensity, 
also referred to as accumulated deficit). These are illustrated in Figure 2, using a threshold 
of SSI<1.5 to define drought events. Drought metrics are covered in other reviews 
(Hannaford et al., 2023), so will not be discussed further here. 

 
Figure 2. Conceptual diagram illustrating drought event identification and 
characteristics, reproduced from Barker et al., (2019). 

2.4. Uncertainties 
Large uncertainties are a widely recognised issue for climate impact assessments. Many 
studies have quantified the importance of different uncertainty sources, through carrying 
out climate impact assessments with a range of methodological choices (e.g. different 
GCMs / RCMs / downscaling approaches / hydrological models). These generally find that 
future climate is the largest source of uncertainty, with GCM selection usually the 
dominant uncertainty source and emissions scenario becoming increasingly important 
over time (Addor et al., 2014; Bastola et al., 2011; Chegwidden et al., 2019; Kay et al., 
2009; Vetter et al., 2017). It is now common practice to include a GCM/RCM ensemble to 
represent these uncertainties.   
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However, hydrological models can be an important source of uncertainty for low flow 
impacts. Studies across Europe and North America have found that the spread in 
projections resulting from hydrological model choice can be larger than that from GCM 
choice for some regions (Chegwidden et al., 2019; De Niel et al., 2019; Hagemann et al., 
2013; Meresa and Romanowicz, 2017; Velázquez et al., 2013; Vetter et al., 2017). 
Mendoza et al., (2016) found that hydrological model structure and parameter estimation 
could impact the direction and magnitude of projected changes in the annual water 
balance for catchments in the Colorado River Basin. However, inclusion of hydrological 
modelling uncertainties in national-scale simulations for the UK is still rare. Notable 
exceptions are an application of the DECIPHeR model with 30 different parameter sets to 
investigate changing high flows across Great Britain (Lane et al., 2022), and the eFLaG 
projections of climate change impacts on river flows from four hydrological models 
(Hannaford et al., 2022; Parry et al., in prep.).   

The relative contribution of different uncertainty sources varies between catchments with 
different characteristics (Addor et al., 2014; Mendoza et al., 2015; Yang et al., 2019). For 
example, Lane et al. (2022) find hydrological model parameter uncertainties to be 
particularly large for many catchments in southeast England. These catchments tend to be 
a) relatively dry compared to the rest of the country, with lower precipitation and higher 
PET, b) overlaying chalk aquifers leading to possible groundwater transfers between 
catchments and c) in an area of high population density with abstractions/returns and 
other management impacts river flows. Interactions between different components of the 
modelling chain can also be an appreciable source of uncertainty (Aryal et al., 2018; De 
Niel et al., 2019). 

It is important that uncertainties are adequately represented, to prevent biased or 
misleading conclusions and to support informed decision making (Smith et al., 2018). 
Inclusion of multiple uncertainty sources enables identification of robust regime changes 
that emerge despite projection uncertainty (Addor et al. 2014). However, uncertainty can 
never be quantified comprehensively, so at best we have a partial representation of the full 
range of uncertainties in future drought projections.  

2.5. Alternative bottom-up approaches 
Bottom-up approaches to explore climate change impacts have been developed as an 
alternative to ‘top-down’ approaches that use a climate-hydrological modelling chain. 
Bottom-up approaches can be carried out independently from climate change scenarios 
(often termed scenario-neutral), with a greater focus on catchment sensitivity to climatic 
changes or the robustness of certain plans over time (Chan et al., 2022). These can 
consider a wider range of possible futures, including low likelihood but high impact events 
which may not be fully represented in GCM projections, thus complementing GCM-driven 
approaches. 

One example is the scenario-neutral response surface technique, which has been applied 
to evaluate climate change impact on flood peaks across the UK (Kay et al., 2021c, 2014; 
Prudhomme et al., 2013, 2010) and to low flows for two British catchments (Prudhomme et 
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al., 2015). Response surfaces characterising catchment sensitivity to climatic change are 
generated through hundreds of model runs with incremental changes in 
temperature/precipitation characteristics (Kay et al., 2014; Prudhomme et al., 2015, 2010). 
This enables visualisation of catchment response to a wide range of possible outcomes, 
and can also be used in combination with climate projections by overlaying projections on 
the response surface. Prudhomme et al. (2015) demonstrate that this approach can be of 
great value in understanding future pressures on water resources. Key advantages include 
1) the shape of the response surface highlights changes to which the system is most 
sensitive, enabling management responses that are robust to a wide range of plausible 
climatic changes, 2) understanding system sensitivity can also highlight extremes that are 
possible within current climate variability, 3) new projections can be mapped onto the 
response surfaces when they become available, preventing the need to replicate 
hydrological modelling efforts. 

However, an important limitation of the response surface technique is the unavoidable 
simplification of complex processes. It is generally limited to visualising two dimensions at 
a time, whereas flow changes will be dependent on a complex range of factors, with 
additional response surfaces required to visualise different variables. Quinn et al., (2020) 
also show that decisions made during the design of the scenario-neutral response surface 
technique can influence which policies appear most robust for preventing future water 
scarcity. For example, deciding on the range of changes in temperature and precipitation 
to show on response surfaces, and whether these ranges should be conditioned on 
historical data, paleo data, or climate projections, could impact the robustness rank of 
different policies. They therefore recommend that vulnerability assessments should 
include competing hypotheses of how the future might evolve, with multiple possible 
experimental designs being considered to find policies that perform consistently well.  

Another bottom-up approach is the use of storylines to visualise how observed events 
could have unfolded given different conditions. For example, Chan et al., (2022) explored 
storylines of the 2010-2012 UK drought, with hypothetical changes to precondition 
severity, temporal drought sequence and climate change. The storylines showed that most 
catchments would be vulnerable to a drought with a third dry year, and that climatic 
changes would point towards a worsening of drought conditions across most of the UK 
given a repeat of the 2010-2012 drought sequence. This provided a useful way to stress-
test UK catchments against plausible, but yet unseen, extreme drought conditions.  

 

3. Projections of climate change impacts 
3.1. Climatic changes 
The headline finding from the UKCP18 projections is for “an increased chance of warmer, 
wetter winters and hotter, drier summers along with an increase in the frequency and 
intensity of extremes” (Met Office, 2019). These findings are consistent across the 
UKCP18 range of projections over land, which include: probabilistic projections for the UK 
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covering five emissions scenarios; global projections (60km) from the Hadley Centre 
GC3.05 and CMIP5 GCMs; a perturbed-parameter ensemble of the Hadley Centre RCM 
across Europe (12km); and a convection permitting model (CPM) run at high resolution 
(2.2km) across the UK nested in the RCM ensemble. 

There is high confidence in projections of rising temperatures, with the latest IPCC AR6 
report stating it was ‘virtually certain’ warming will continue across Europe irrespective of 
emissions scenario. For the UK, temperature projections indicate annual mean increases 
of around +1oC to +6oC by the end of the century (Murphy et al., 2018). Temperature 
increases vary spatially, seasonally, and with emissions scenario (see Figure 3), with the 
largest increases over summer and across southern England (Murphy et al., 2018). The 
daily maximum temperatures in summer could see even larger increases, again with the 
largest changes across the south. Alongside increased temperatures, it is very likely that 
the frequency of heatwaves and hot summer days will increase (IPCC, 2021; Murphy et 
al., 2018).  

From a hydrological modelling perspective, changes in potential evaporation (PE) are 
more relevant than changes in temperature. PE is not provided as part of the UKCP18 
projections, but a range of studies have calculated PE using gridded meteorological 
outputs from the UKCP18 RCM ensemble (e.g. Hannaford et al., 2022; Lane et al., 2022), 
and a UKCP18-driven PE dataset has recently been made available (Robinson et al., 
2022, 2021). There are multiple different methods to calculate PE, ranging from simple 
temperature-based approximations to physically-based Penman-Monteith approaches, 
and PE estimation choices will impact the projected changes (Kay et al., 2018; Kay and 
Davies, 2008; Prudhomme and Williamson, 2013; Robinson et al., 2022; Rudd and Kay, 
2016). PE estimates from the UKCP18 RCM ensemble using a Penman-Monteith 
approach have been able to capture the broad regional and seasonal patterns of observed 
PE across Great Britain, with higher values in the warmer and drier south-east, and higher 
values in the summer (Robinson et al., 2022). Robinson et al. (2022) found PE increased 
by around 14-29% by 2060-2080, with the largest increases in summer (18-36%) and only 
moderate increases (or even decreases for some ensemble members) in winter. Lane et 
al. (2022) found that the largest increases to PE were generally in the south-east, further 
amplifying the regional and seasonal differences in PE across GB, although the magnitude 
and spatial pattern of PE change differed between ensemble members (see Figure 4).  

For precipitation, projections generally indicate decreasing summer rainfall and increasing 
winter rainfall for the UK (see Figure 3), but changes are highly spatially variable and 
dependent on climate model resolution and emissions scenario (Guillod et al., 2018; Met 
Office, 2019). The weather@home projections show small increases in precipitation in 
winter but large decreases in summer leading to an overall drying (Guillod et al., 2018; 
Rudd et al., 2019). The UKCP18 probabilistic projections indicate likely reductions in 
summer precipitation (-45% to +5%) and increases in winter precipitation (-3% to +39%) 
by 2070 under RCP8.5, with an uncertain sign of change for annual precipitation (Met 
Office, 2019; Murphy et al., 2018).  

Higher-resolution simulations are better able to capture the spatial patterns and seasonal 
cycle of mean and extreme precipitation (Gutiérrez et al., 2021; Kendon et al., 2014). The 
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UKCP18 Local (2.2km) projections suggest that alongside a general summer drying trend, 
there could be an increase in the intensity of heavy summer downpours, and significant 
increases in hourly precipitation extremes in the future (Met Office, 2019). A change in the 
seasonality of extremes is also projected, with convective storms extending from summer 
into autumn (Met Office, 2019).  

The impacts of these climatic changes for streamflow droughts are complex. On the one 
hand, an increase in temperatures (and subsequently PE) and reduction in summer rainfall 
could lead to reduced river flow in the future. However, these could be offset by increased 
winter precipitation, summer downpours and high intensity rainfall events. Charlton and 
Arnell (2014) find that while changes in high flows are largely driven by precipitation, 
changes in indicators of low flow are sensitive to changes in both summer precipitation 
and temperature. The river flow response to changing climate will also be strongly 
dependent on catchment characteristics and catchment water balance (Charlton and 
Arnell, 2014; Prudhomme et al., 2015). Spatial variation in climatic changes and 
catchment characteristics adds further complexity to projections of drought impacts at the 
national scale, thus requiring a hydrological modelling approach to assess changes to low 
flows/hydrological droughts. 
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Figure 3. Projected climate changes from the UKCP18 probabilistic projections, 
adapted from Murphy et al. (2018). Left: changes in 20-year mean winter (top) and 
summer (bottom) temperature for 2 emissions scenarios (RCP8.5 above, RCP2.6 
below). Columns show results for the 10th (left), 50th (middle) and 90th (right) 
percentile outcomes. Right: changes in the 20-year seasonal mean precipitation 
over winter (top) and summer (bottom).   
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Figure 4. Projected changes in PE derived from the UKCP18 perturbed-parameter 
RCM ensemble (all based on RCP8.5), adapted from Lane et al. (2022). PE was 
estimated using a Penman-Monteith equation parameterised for short grass, and 
bias-corrected using the quantile-quantile method. a) Time-series of GB-average PE 
from 1980 to 2080, for each RCM (coloured lines), and CHESS-PE observations 
(black line) (Robinson et al., 2015). b) Percentage change in annual total PE between 
baseline (1985-2010) and future (2050-2075) periods for each RCM. 

 

3.2. Low flow impacts 
There are now many studies evaluating climate change impacts for river low flows across 
Great Britain (including Charlton and Arnell, 2014; Christierson et al., 2012; Kay et al., 
2021b, 2018; Lane and Kay, 2021; Prudhomme et al., 2012). These use a range of 
different climate projections, bias-correction methods, downscaling approaches and 
hydrological models (see Table 1), all contributing to large ranges in projected flow 
impacts. Direct comparisons between studies are hampered by varying spatial coverage 
(e.g. selection of a different set of catchments, or gridded vs catchment-based modelling), 
selection of different emissions scenarios and/or time horizons, and a focus on different 
flow metrics. Table 2 provides a simple summary of results from the literature, focusing on 
the direction of change in median and low-flow metrics across the UK.  
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Table 2. Summary of the climate change impacts for low flows and droughts by the 
mid- to far-future (2050s onwards), focusing on the direction of change. Upwards 
pointing triangles indicate an increasing trend, and downwards pointing triangles 
indicate a decreasing trend for each metric. Red indicates less water in the future 
(i.e. lower low flows/worsening droughts) while blue indicates more water (i.e. 
increasing low flow magnitudes/ easing of droughts). It is important to note that this 
is a simplified overview of results from the literature, and there may be differences 
in methods, metrics, climate scenarios, hydrological models, time periods, and 
number of studies between regions. (Arnell et al., 2021b; Charlton and Arnell, 2014; 
Christierson et al., 2012; Dallison et al., 2022; Dobson et al., 2020; Forzieri et al., 
2014; Kay, 2021; Kay et al., 2021b, 2021a, 2018; Lane et al., 2022; Lane and Kay, 
2021; Prudhomme et al., 2012; Rudd et al., 2019; Wilby and Harris, 2006) 

 

Projected changes in low flow magnitude 

Projections generally indicate reductions to median (Q50) and summer flows, and an 
uncertain sign of change for winter flows (Table 2). Lane et al., (2022) evaluated changes 
to Q50 across 346 catchments in Great Britain, producing 360 spatially-coherent future 
flow scenarios comprising the 12 regional UKCP18 projections and 30 different 
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parameterisations of the DECIPHeR hydrological model. They found reductions in Q50 for 
nearly all scenarios by 2050-2075, with ensemble-median changes ranging from -50% to 
+1% across regions. Reductions to Q50 were smallest in west Scotland, which was the 
only region to show possible increases within the ensemble spread. Christierson et al. 
(2012) evaluated changes to annual and monthly river flows using an uncertainty 
framework, which included the UKCP09 probabilistic projections and two hydrological 
models. Central estimates showed large reductions in summer flows for the period 2011-
2040 (up to around -40%) and a geographic divide for winter flows, with small increases 
along the west coast and for NI, and decreases in south-east England. Similar patterns 
were found in a more recent analysis using the UKCP18 RCM ensemble, as shown in 
Figure 5 (Kay, 2021).   

Projections for low flow quantiles (e.g. Q90, the water volume exceeded 90% of the time), 
also generally show reductions across the UK. For example, Charlton and Arnell (2014) 
find reductions in Q95 under all climate scenarios by the 2080s, when assessing changes 
for six British catchments using the UKCP09 probabilistic projections. Dallison et al. (2022) 
find reductions in low flow quantiles (Q75, Q90, Q95 and Q99) for catchments across 
Wales by the 2070s, with generally larger reductions for the more extreme low flow 
quantiles. However, Wilby and Harris (2006) demonstrate that changes in Q95 are 
dependent on modelling choices, particularly the choice of GCM. They look at Q95 
changes for the Thames using four GCMs (CGCM2, CSIRO, ECHAM4 and HADCM3), 
finding that most projections indicate declining Q95, except when using the CGCM2 GCM 
where large projected increases in summer rainfall led to Q95 changes of -10 to +80%.     

A number of studies have carried out low flow frequency analysis, to assess changes in 
extreme low flows (Kay et al., 2021b, 2018; Lane and Kay, 2021). These studies fit a 
generalised extreme value (GEV) distribution to the simulated 7-day (or 30-day) annual 
minimum flow, to provide low flow estimates for a given return period. Both Kay et al. 
(2018) and Lane and Kay (2021) found a large reduction in 2- to 20-year return period low 
flows across GB, with reductions in 10-year return periods of around -90% to -25% by 
2050-2080 (Figure 6). Reductions were generally largest in the south, for higher return 
periods, and for later time periods. 
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Figure 5. Percentage change in seasonal mean flow from the pooled ensemble 
(comprised of 12x perturbed-parameter RCM simulations from UKCP18 run through 
the G2G hydrological model), adapted from (Kay, 2021). 

 
Figure 6. Percentage change in 10-year return period 7-day low flows, produced 
using the 12-member UKCP18 RCM ensemble and G2G hydrological model, adapted 
from Lane and Kay, (2021). Plots summarise the projected changes from all 12 
ensemble members, giving the second lowest (left), median (middle) and second 
highest (right) result for each river grid cell. 
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Dependence on time-horizon 

With most studies looking at changes in flow between fixed baseline and future periods, an 
interesting question is how low flows will change over time or at certain global warming 
levels. For instance, gradually declining low flows between the baseline and future periods 
may be easier to adapt to than any sudden large declines in flow if a tipping point is 
reached.  

Many studies report decreasing low flows, with larger reductions for projections further into 
the future. Charlton and Arnell, (2014) find that annual runoff is more likely to decrease for 
later time-periods, as the effects of increased PE begin to outweigh increases in 
precipitation. Kay et al., (2018) also finds larger reductions in low flow extremes in later 
time periods. However, projections further into the future also have larger uncertainties 
(Wilby and Harris, 2006).   

A few studies have looked at transient changes in low flow magnitude, using a moving 
window approach to define the future time-slices (Kay et al., 2021b). Kay et al., (2021b) 
find that 5-year return period 7-day low flows tend to steadily decline over time for most 
regions. However, there are a cluster of projections that show low flows increasing from 
2030-2060 and then sharply declining from 2060-2080 in the West Highlands. There is 
also a cluster of projections for south-west England that show increasing low flows until 
2040, after which they decline sharply. Studies using only a single future period could 
therefore produce misleading projections for regions with non-linear changes through time. 

Arnell et al. (2021a) looked at changes to a set of climate risk indicators, including 
hydrological drought, at levels of warming up to 4oC above pre-industrial levels. They 
found that changes to the proportion of time under drought conditions showed a generally 
linear increase with level of warming. However, for Scotland, most of the impacts occurred 
at low levels of warming, with little difference in impact between 2.5oC and 4oC warming.  

Influence of catchment characteristics 

Projected changes in low flows vary across the UK, because of 1) spatially varying climatic 
changes, 2) differences in catchment properties (e.g. geology, slope, base flow index) and 
3) catchment water balance (i.e. catchment wetness) over the baseline period. Charlton 
and Arnell (2014) modelled changes in median (Q50) and low (Q95) flows with different 
combinations of model parameters and climate forcing, to help explain the variations in 
river flow response across 6 English catchments. Even when all catchments were driven 
with the same climatic changes, large differences in river flow response remained, 
demonstrating the importance of catchment characteristics and baseline climate conditions 
in moderating climate change impact on flows. In particular, catchment permeability was 
found to have a major effect on catchment response to climatic changes, with a slightly 
wider range of low flow responses in the less permeable upland catchments. Catchment 
storage capacity is potentially the most important catchment characteristic for hydrological 
drought development (Van Loon, 2015). Major catchment stores include the soil column, 
groundwater system, peat swamps and bogs, lakes and reservoirs. Catchments with a 
large storage capacity tend to have a longer hydrological memory, which slows the 
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transformation of the drought signal from a meteorological drought to a hydrological 
drought (Van Loon, 2015). Storage capacity of a catchment can be related to geology, 
topography, soil type, land use and vegetation, with no clear dominant factor for explaining 
drought severity (Van Loon and Laaha, 2015).  

For example, Prudhomme et al. (2015) developed response surfaces looking at the 
relationship between changes in temperature, precipitation and the magnitude and 
seasonality of low flows for two contrasting catchments. They focused on the largely 
impermeable, upland Mint catchment in north west England and the drier, groundwater 
dominated Thet catchment in eastern England. For the Mint catchment, there was a clear 
relationship between changes in spring-summer temperature/precipitation and summer 
flows, likely due to the low catchment storage and corresponding short hydrological 
memory of the catchment. For the Thet catchment, which had a delayed climate-to-low 
flow relationship, the picture was more complicated. Changes in spring rainfall had the 
biggest impact on summer flows, but overall the relationship between climatic changes 
and flow couldn’t easily be captured by the 2-D response surface.  

3.3. Drought impacts 
Overall, projections indicate an increase in the severity of future streamflow droughts 
across the UK, with the largest changes for higher warming levels or further into the future, 
as summarised in Table 2 (Cammalleri et al., 2020; Dobson et al., 2020; Feyen and 
Dankers, 2009; Forzieri et al., 2014; Rudd et al., 2019). This is more robust than changes 
in low flows, with studies finding an increase in deficit volumes (i.e. worsening drought 
severity) even in regions where there is little change in minimum flows (Feyen and 
Dankers, 2009). Changes to streamflow drought duration are more spatially variable, but 
catchments in southeast England have been highlighted as potential hot-spots for future 
multi-year droughts, with an increase in drought duration and intensity (Brunner and 
Tallaksen, 2019; Rudd et al., 2019). 

There are relatively few studies evaluating climate change impacts for hydrological 
drought nationally for the UK ( Arnell et al., 2021b; Dobson et al., 2020; Rudd et al., 2019). 
Rudd et al., (2019) evaluated changes in drought duration, intensity and severity (duration 
x intensity), using the weather@home climate projections and a national-scale gridded 
hydrological model. They found nationwide increases in drought severity and the spatial 
extent of droughts into the future. The largest increases in drought severity were for 
regions in the southeast, where projections showed increases in both drought intensity 
and duration. Central regions (e.g. Northwest England, Humber, and southern Scotland) 
showed a decrease in peak drought intensities, despite an increase in overall drought 
severity. Furthermore, they found a change in the seasonality of drought events, with a 
shift towards the largest drought events occurring later in the summer (August – October), 
and fewer occurring earlier in the year (Jan – July).  

Dobson et al. (2020) evaluated changes to droughts and water scarcity across England 
and Wales, using climate simulations from the weather@home project combined with 
hydrological and water resource system models. Their projections showed a worsening of 
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extreme streamflow droughts for all 80 modelled catchments, leading to the probability of a 
year with water use restrictions doubling by 2050.  

Arnell et al. (2021b) evaluated climate change impact on streamflow droughts using the 
UKCP18 global projections, applied using the delta change approach. They focused on 
the proportion of time river flows were in drought conditions, characterised as the time with 
SSI < -1.5, accumulated over 12 months. Interestingly, projections using the Hadley 
Centre climate model showed large increases in the proportion of time under drought 
conditions for all regions except West Scotland and Northwest England. However, 
projections underpinned by the CMIP5 models showed relatively small changes to drought 
conditions, with the ensemble range spanning ‘no change’ for most regions, and the 
ensemble median showing reduced time in drought conditions for northern England and 
Scotland. This large difference in drought projections between GCMs, all using the 
RCP8.5 emissions scenario, is likely due to the Hadley Centre model sampling the warmer 
range of possible outcomes (Lowe et al., 2019), and further demonstrates the large 
uncertainties in future climate projections.  

 

4. Knowledge Gaps 
Remaining knowledge gaps for modelling climate change impacts on low flows and 
droughts include: 

Representation and communication of uncertainties 

As discussed above, there are large uncertainties when modelling climate change impacts 
on river flows, cascading through the climate-hydrological modelling chain. A key issue is 
ensuring that projections reflect uncertainties, and that these are clearly communicated to 
end users. This is challenging for large-scale studies, where model simulations can be 
computationally expensive and thus inclusion of multiple uncertainty sources (e.g. 
emissions scenarios, GCMs, hydrological models, bias-correction and downscaling 
approaches) is infeasible. Given that it is not possible to represent the full range of 
uncertainties, more pragmatic approaches to uncertainty are needed, which include 
consultations from decision makers on how to best meet their needs (Smith et al., 2018).    

The majority of national-scale UK climate impact assessments are based on the Hadley 
Centre climate model, which underpins UKCP09, UKCP18 Regional and 
climateprediction.net/weather@home, albeit with substantial model improvements over 
time. GCMs are a large source of uncertainty in climate impact studies, and over-reliance 
on a single GCM can lead to misleading conclusions. For example, Arnell et al. (2021b) 
found large increases in future drought for most regions of GB using the Hadley Centre 
GCM, but only small changes when basing projections on the other CMIP5 GCMs. There 
is therefore a need for more studies including and contrasting UK-wide drought impacts 
from the Hadley Centre and other GCMs within a common framework. This could be 
enabled by the EuroCORDEX-UK projections, which are extending the UKCP18 suite of 
climate projections with high-resolution climate projections from a broader range of climate 
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models (Chandler, 2023). Hydrological modelling uncertainties may be particularly relevant 
for low flows and droughts, but are usually not included in national climate impact studies 
for drought. Developing frameworks to support the use of multiple model structures could 
help facilitate multi-model studies in the future.   

Understanding possible low-likelihood but high-impact events 

Given large uncertainties in future projections, many studies focus on the most likely 
changes within the ensemble, for example reporting changes in an ensemble mean. 
However, it is also useful to understand possible extreme events which are within the 
envelope of current or future natural variability. These can be used to stress-test systems 
and ensure adaptation measures are robust to worst-case scenarios. Large climate 
ensembles currently under development, for example Single-Model Initial-condition Large 
Ensembles (SMILEs) within the CANARI project (NCAS, 2023), could help to facilitate 
projections of low-likelihood but high-impact drought events. Bottom-up approaches, such 
as scenario-neutral response surfaces or storylines of extreme scenarios (e.g. from UK 
Climate Resilience Programme, 2023), could also help to better understand the plausible 
drivers and pathways of low-likelihood, high-impact droughts.  

Understanding climate change impacts on drought duration, intensity, 
frequency and spatial extent at the national scale 

There are many studies evaluating climate change impact on seasonal and low river flows 
across Great Britain, but few studies evaluating changes to streamflow drought over 
multiple seasons. The two recent studies to evaluate climate impacts on streamflow 
drought from RCM projections at a national scale (Dobson et al., 2020; Rudd et al., 2019) 
both use weather@home simulations, so while they capture uncertainties due to climate 
variability, they are based on a single GCM structure. Arnell et al. (2021b) applied multiple 
GCMs, but the use of a delta-change method meant that it was not possible to assess 
changes in drought spatial coherence or the sequencing of events. Further studies using a 
range of climate projection products are required to give a more complete picture of 
changing drought risk across the UK.   

Improving hydrological modelling of low flows 

Possible improvements to ensure hydrological models are suitable for simulating climate 
change impacts on low flows include: 1) adding/improving representation of human-water 
interactions, 2) calibration and evaluation focused on low flow / drought representation, 3) 
developing model structures/ parameterisations that are robust to a non-stationary climate, 
including hydrological system shifts that can occur following extreme droughts, 4) including 
multiple model structures/parameter sets for more robust future flow projections.   

Understanding climate change impacts in the context of other changes 

This review has focused on how climate change may impact future river flows and 
droughts. However, other factors such as land-use change and changing 
abstractions/discharges will lead to altered flows in the future. The development of more 
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holistic scenarios of future changes in a range of environmental drivers could help facilitate 
modelling studies looking at changes in climate, population and land-cover changes within 
a consistent framework. For example, the SPEED project is producing spatially-explicit 
projections including future climate, socioeconomic pathways and land use change 
(UKCEH, 2023).  

 

5. Summary 
Streamflow droughts could be exacerbated by climate change, with serious consequences 
spanning multiple sectors. In order to develop robust adaptation measures, we need to 
understand how the characteristics of streamflow droughts could change in the future. This 
review summarised the state-of-the-art in modelling climate change impacts for low flows 
and streamflow drought across the UK, with a focus on remaining limitations.   

Approaches to model climate change impact on UK droughts were found to be generally 
‘top-down’ in nature, using a climate-hydrological modelling cascade. However, there have 
also been applications of ‘bottom-up’ approaches focusing on system sensitivity to change 
and plausible future extremes, which can complement climate model-driven studies. 
Ongoing methodological difficulties include: 1) representation and communication of 
modelling uncertainties, which can be very large for future river flow / drought projections; 
2) using climate model data for hydrological applications, coping with disparities in 
resolution and biases in key hydrological variables; 3) development of national-scale 
hydrological models which can robustly simulate low flows under non-stationary climate 
conditions, and include other environmental or anthropogenic changes such as land-use 
change and changes to licensed abstractions and discharges. 

Projected changes in low flows and droughts were found to vary across the UK, due to 
spatially varying climatic changes, differences in catchment properties such as storage 
capacity, and the catchment water balance over the baseline period. However, projections 
generally showed a reduction in median flows, summer flows and low flows, with larger 
reductions further into the future. Changes to winter flows were less clear, with generally 
increasing flows across Scotland, northern England and Northern Ireland, and a mixed 
picture elsewhere. For droughts, most studies found that climate change led to increased 
drought severity across the UK, but changes to drought intensity and duration varied 
regionally. Southeast England was highlighted as a hot-spot for future multi-year droughts, 
with projected increases in drought severity, intensity and duration. 

The need for national-scale drought impact studies comparing and contrasting results from 
a range of climate models was highlighted as a key research gap, as most UK-wide 
studies are based on the Hadley Centre climate model. Other research gaps identified 
were: representation of hydrological modelling uncertainties in national scale climate 
change impact studies; developing scenarios of low-likelihood but high impact events to 
ensure adaptation measures are robust; developing hydrological models that can robustly 
simulate low flows under non-stationary conditions; and further understanding changes to 
drought duration, intensity, frequency, spatial extent and coincidence at the national scale.  
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Overview 

The Environment Agency commissioned a series of essays in 2022 aiming to review the 
state of understanding of drought as it affects different components of the terrestrial water 
cycle in England, including lessons from the past and both current and future impacts, to 
provide new insights and a common basis for management and planning. The essays 
collate the latest understanding about drought in England, with reference to the wider 
literature. This essay is part of the series and addresses droughts in the groundwater 
component of the terrestrial water cycle in England. A series of knowledge gaps are 
identified that frame future research needs.  

Groundwater droughts, which have had major impacts on groundwater resources in 
England, are episodic and primarily driven by deficits in precipitation. However, their 
characteristics are a function of a wide range of catchment characteristics, including 
hydrogeology, and consequently they are challenging to forecast. Future predictions of 
groundwater drought are complicated further by long-term changes in the environment and 
changes in water resource management.  

The essay is composed of four main sections, the first of which provides an overview of 
the state-of-the-art with respect to groundwater drought research. Because hydrological 
drought, including groundwater drought, is typically defined as a “lack of water” compared 
to some reference, how it is defined is an important question. Groundwater drought is 
often defined using groundwater levels, but there is a need to consider the value of 
different definitions and how these could be better used to support drought management 
and regulation. The methods that have been used to characterise groundwater drought 
generation, propagation, and termination are discussed, and issues relating to the 
inconsistent use of approaches to characterise drought highlighted. Both the catchment 
and hydrogeological controls on groundwater drought, and the spatio-temporal impacts of 
groundwater drought, are not well understood. The need for research on these topics is 
highlighted.  

The second main section discusses the observational evidence for groundwater drought in 
England. Information on groundwater drought is often omitted from historical drought 
analyses and summaries. Whilst recent research has described past groundwater drought 
events, there is a need to gather groundwater-specific information related to droughts into 
a single resource. Furthermore, there has been no systematic longitudinal overview and 
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analysis of groundwater droughts in the observed record for England and how they related 
to the driving climatology. The studies that have been undertaken based on the observed 
record in England, and the related data and information services, are discussed.  

The penultimate main section considers modelling and forecasting of groundwater 
droughts and their impacts. Compared with other types of hydrological drought, there is 
only a limited international peer-reviewed literature related to modelling of aspects of 
groundwater droughts. However, within England there is a body of work undertaken by 
water companies and the consultancy sector to better constrain groundwater availability 
during droughts. The modelling studies that have been published are diverse in both their 
research aims and the approaches and methods they adopted. So, it is difficult to identify 
consistent research themes related to groundwater modelling of droughts. However, there 
is a clear need for a thorough review of modelling requirements related to groundwater-
aspects of drought in England with particular emphasis on the most appropriate 
approaches to integrate groundwater processes into linked models of drought dynamics, 
and the observational data needed to evaluate their skill. There is certainly a lack of 
knowledge about hydrogeological and river-aquifer interaction processes operating during 
drought because of the limited availability observational data at the required spatio-
temporal scales. There is also a need to produced better integrated models that capture 
the processes operating in, interactions between, and responses of different components 
of the terrestrial water cycle, and which couple with representations of the anthropogenic 
use and management of water.  

The final main section summarises and tabulates the knowledge or research gaps 
identified in the essay. For each knowledge or research gap, opportunities for future 
research are identified and given a relative priority. 
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Summary 

The Environment Agency commissioned a series of essays in 2022 aiming to review the 
state of understanding of drought as it affects different components of the terrestrial water 
cycle in England, including lessons from the past and both current and future impacts, to 
provide new insights and a common basis for management and planning. The essays 
collate the latest understanding about drought in England, with reference to the wider 
literature. This essay is part of the series and addresses droughts in the groundwater 
component of the terrestrial water cycle in England. A series of knowledge gaps are 
identified that frame future research needs. 

Groundwater droughts, which have had major impacts on groundwater resources in 
England, are episodic and primarily driven by deficits in precipitation. However, their 
characteristics are a function of a wide range of catchment characteristics, including 
hydrogeology, and consequently they are challenging to forecast. Future predictions of 
groundwater drought are complicated further by long-term changes in the environment and 
changes in water resource management. 

The essay is composed of four main sections, the first of which provides an overview of 
the state-of-the-art with respect to groundwater drought research. Because hydrological 
drought, including groundwater drought, is typically defined as a “lack of water” compared 
to some reference, how it is defined is an important question. Groundwater drought is 
often defined using groundwater levels, but there is a need to consider the value of 
different definitions and how these could be better used to support drought management 
and regulation. The methods that have been used to characterise groundwater drought 
generation, propagation, and termination are discussed, and issues relating to the 
inconsistent use of approaches to characterise drought highlighted. Both the catchment 
and hydrogeological controls on groundwater drought, and the spatio-temporal impacts of 
groundwater drought, are not well understood. The need for research on these topics is 
highlighted. 

The second main section discusses the observational evidence for groundwater drought in 
England. Information on groundwater drought is often omitted from historical drought 
analyses and summaries. Whilst recent research has described past groundwater drought 
events, there is a need to gather groundwater-specific information related to droughts into 
a single resource. Furthermore, there has been no systematic longitudinal overview and 
analysis of groundwater droughts in the observed record for England and how they related 
to the driving climatology. The studies that have been undertaken based on the observed 
record in England, and the related data and information services, are discussed. 
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The penultimate main section considers modelling and forecasting of groundwater 
droughts and their impacts. Compared with other types of hydrological drought, there is 
only a limited international peer-reviewed literature related to modelling of aspects of 
groundwater droughts. However, within England there is a body of work undertaken by 
water companies and the consultancy sector to better constrain groundwater availability 
during droughts. The modelling studies that have been published are diverse in both their 
research aims and the approaches and methods they adopted. So, it is difficult to identify 
consistent research themes related to groundwater modelling of droughts. However, there 
is a clear need for a thorough review of modelling requirements related to groundwater-
aspects of drought in England with particular emphasis on the most appropriate 
approaches to integrate groundwater processes into linked models of drought dynamics, 
and the observational data needed to evaluate their skill. There is certainly a lack of 
knowledge about hydrogeological and river-aquifer interaction processes operating during 
drought because of the limited availability observational data at the required spatio-
temporal scales. There is also a need to produced better integrated models that capture 
the processes operating in, interactions between, and responses of different components 
of the terrestrial water cycle, and which couple with representations of the anthropogenic 
use and management of water. 

The final main section summarises and tabulates the knowledge or research gaps 
identified in the essay. For each knowledge or research gap, opportunities for future 
research are identified and given a relative priority. 

 

1. Introduction 
The Environment Agency (EA) commissioned a series of essays in November 2022 with 
the aim of reviewing the state of understanding of drought as it affects different 
components of the terrestrial water cycle in England, including lessons from the past and 
both current and future impacts, to provide new insights and a common basis for 
management and planning. The essays consist of collations of the latest information and 
understanding about drought in England, with reference, where relevant, to the wider UK 
and international literature. The essays seek to answer the following high-level questions: 

• What is known about droughts? 
• What is unknow about droughts but may be pertinent to current water resource 

management approaches and to future planning and decision making in England? 
• How can understanding of drought be improved to address current and future 

needs? 

Drought is a phenomenon that affect the entire terrestrial water cycle and can have wide-
reaching environmental and societal impacts and feedbacks and consequently are best 
understood in a whole-system context. Notwithstanding that, this essay focusses on 
droughts in the groundwater component of the terrestrial water cycle in England. 
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Groundwater droughts have had major impacts on groundwater resources in England and 
on the livelihoods of those who use groundwater resources. They can also have significant 
impacts on the sustainability and health of groundwater-dependent terrestrial ecosystems, 
including, for example, high baseflow rivers and groundwater-fed wetlands. Groundwater 
droughts are episodic and primarily driven by deficits in precipitation, although they may 
be exacerbated by heatwaves (Bloomfield et al., 2019). However, their onset, 
development and termination are a function of a wide range of catchment characteristics, 
including the nature of the underlying hydrogeological systems, and consequently they are 
challenging to forecast and predict. Future predictions of groundwater drought are 
complicated further by long-term changes in the environment. Changes in water resource 
management practices may also influence the dynamics of groundwater droughts. 
Changes in climate are already affecting the frequency, magnitude, intensity and duration 
of episodes of groundwater droughts (Bloomfield et al, 2019) and climate change is 
expected to continue to change the nature and impacts of groundwater droughts in an 
uncertain manner into the future (Jackson et al, 2015; Watts et al., 2015). This essay will 
review the literature on all these aspects of groundwater drought. 

The aims of this essay on groundwater drought are three-fold, to: document the current 
state-of-the-art understanding of groundwater droughts in England based on the peer-
reviewed literature; highlight key gaps in knowledge of groundwater drought processes, 
data, and forecasting and modelling, with a particular emphasis on those gaps that have 
implications for current approaches to groundwater drought management and to future 
planning and decision making in England related to groundwater droughts; and, to identify 
opportunities and priorities for future research. 

The essay is structured as follows: Section two is an overview of the state-of-the-art with 
respect to groundwater drought research with a focus on temperate groundwater systems 
in England. It includes discussion of definitions and characterisation of groundwater 
droughts, drought propagation and termination processes, and a brief note on the impacts 
of groundwater drought. Section three is an overview of observational evidence for 
groundwater droughts in England. This includes a summary of the data and evidence 
available to characterise groundwater droughts, and an overview of major episodes of 
groundwater drought in the observational and reconstructed records from the present back 
to ~1900, including documented changes associated with climate change and other 
anthropogenic changes to catchments. The section is concluded with a note on currently 
available data and information services related to groundwater droughts in the UK. Section 
four is an overview of groundwater modelling and forecasting methodologies in the 
literature related to groundwater droughts and an assessment of the current challenges 
and limitations related to the modelling of groundwater droughts. The section also includes 
a note on approaches to modelling changes in groundwater droughts under climate 
change and other environmental impact modelling studies. Section five summarises the 
knowledge gaps identified in the previous sections and describes the opportunities and 
priorities for future groundwater drought research. It is concluded with a series of 
recommendations. 
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2. Groundwater drought 
2.1. Definitions of groundwater drought 
Drought, including groundwater drought, is an episodic natural hazard that impacts people 
globally, both directly and indirectly, for example though the effects on water supplies, food 
production, industry, power production, and recreation (Mishra and Singh, 2010). The 
environmental impacts of drought are equally profound and diverse, including changes in 
ecosystem structure and function over a wide range of spatio-temporal scales (Van Loon, 
2015).  

Droughts have been conceptualised as effecting different components of the water cycle, 
e.g. meteorological drought and hydrological drought, the latter including groundwater 
drought (Mishra and Singh, 2010), or by their impact on different compartments of the 
environment or society, e.g. ecological drought (Slette et al., 2019) or agricultural drought 
Orimoloye (2022). 

Groundwater drought is usually conceptualised as a type of hydrological drought (Van 
Loon 2015), where, citing Tallaksen and Van Lanen (2004), Van loon (2015) defined 
hydrological drought as: “a lack of water in the hydrological system, manifesting itself in 
abnormally low streamflow in rivers and abnormally low levels in lakes, reservoirs, and 
groundwater”. 

An important element of this definition is that hydrological drought, including groundwater 
drought, is a relative, not absolute concept, i.e. groundwater drought is defined as a “lack 
of water” compared to some reference state, or as an “abnormally low level” of 
groundwater: again compared to some measure of normal (Chang and Teoh, 1995; Eltahir 
and Yeh, 1999).  

Note that some workers have suggested that droughts may also be a linked hydro-
meteorological-social construct (Lange et al., 2016) or that they should be framed by 
large-scale, long-term environmental changes such as those associated with the 
Anthropocene (Van Loon et al, 2016). Both of these concepts are out of scope for this 
essay and the focus is on meteorologically driven groundwater droughts in the 
observational record and as reconstructed and forecast out to centennial time scales. 

As groundwater systems are affected by droughts, initially groundwater recharge 
decreases leading to supressed groundwater levels and finally to reduced groundwater 
discharge. Consequently, some researchers have defined groundwater drought in terms 
groundwater recharge droughts, groundwater storage droughts, and groundwater 
discharge droughts, the latter including the concept of groundwater baseflow droughts 
(Hellwig and Stahl, 2018; Hellwig et al, 2021). Peters and co-workers developed this 
concept in a series of landmark papers in the early 2000s when simulating groundwater 
drought distribution and propagation in an idealised Chalk catchment (Peters et al., 2003; 
2005) and applied this conceptualisation to the Pang catchment, Berkshire (Peters et al., 
2006). These definitions are occasionally used, for example: 



130 of 669 

• Barthel et al. (2021) identified the importance of understanding recharge in the 
context of the typically small, low storage groundwater systems in Sweden and 
highlighted the challenge that groundwater recharge studies are typically site 
specific and that transferability of findings from one setting to another is 
challenging. 

• Wossenyeleh et al. (2022) investigated groundwater recharge droughts in the 
context of wider drought propagation process in semi-arid regions of Ethiopia. 

• The concept of a groundwater discharge drought has been particularly useful to 
those working on karst systems with major spring outflows. For example, Fiorillo 
and Guadagno (2010, 2012) defined groundwater drought in a karst system in 
southern Italy based on low flows in spring discharge timeseries. 

However, because the negative impacts of groundwater storage depletion can be felt well 
before total groundwater storage is depleted (Van Lanen and Peters, 2000), most studies 
of groundwater drought have focussed on droughts as defined by abnormally low 
groundwater levels in unconfined aquifers (Mishra and Singh, 2010). An additional benefit 
of characterising groundwater drought based on changes in groundwater level is that 
these data are typically readily available for most groundwater systems. For simplicity, 
throughout the rest of this essay ‘groundwater drought’ should be taken to refer to 
droughts defined by groundwater (heads) levels in unconfined aquifers unless otherwise 
stated. 

Knowledge gap 1: Which, if any, EA regulatory functions or processes require or would 
benefit from a formal definition of groundwater drought? Is there a need or benefit in 
discriminating between groundwater recharge, storage and discharge droughts in different 
regulatory settings? How would such formal definitions of groundwater drought relate to 
wider formal definitions of drought that may also be used in a regulatory context? 

2.2. Overview of methods and approaches used to 
characterise and quantify groundwater droughts 
There are two broad approaches to quantifying hydrological droughts: threshold level 
approaches and standardised index approaches. In addition, there are other simpler 
approaches, such as simple ranking or percentile approaches (Chang and Teoh, 1995), 
that are typically used in reporting groundwater resource status including during periods of 
groundwater drought (e.g. as part of BGS-UKCEH’s Monthly Hydrological Summaries 
(UKCEH, 2023a), or the EA’s Water Situation Reports (Environment Agency, 2022). 
However, as Van Loon (2015) notes, there is no ‘best’ hydrological drought index or 
approach and the choice of approach or use of specific index and the detail of their 
implementation are important as they can affect the results and conclusions of a given 
study or analysis. 

The threshold level approach enables droughts and their characteristics to be defined for 
hydrological time series for a give threshold level which may either be fixed or time 
variable (Beyene et al., 2014). As the threshold level approach uses absolute levels it is 
possible to quantify absolute drought magnitudes that can directly inform drought 
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management decisions. It also has the benefit that thresholds can be used as ‘trigger 
levels’ as part of drought management plans and, consequently, Van Loon (2015) 
recommends that “ideally … threshold level should be related to drought impacted 
sectors/systems, e.g. irrigation water requirements”. For example, absolute levels of 
groundwater under drought conditions is an important factor in the healthy functioning of 
groundwater dependent terrestrial ecosystems (GWDTEs) (Wossenyeleh et al., 2021) and 
in this context threshold approaches to quantifying the impact of groundwater droughts on 
wetlands might be considered to have more utility than standardisation approaches for a 
given site. However, information related to water resource management to constrain 
suitable thresholds (for example, in the case of a GWDTE a critical groundwater level 
required to sustain good ecosystem status) is commonly lacking and it is much more 
common for studies to set thresholds using percentiles (Heudorfer and Stahl, 2017). 

The threshold level approach using percentile thresholds has been used in studies of 
hydrological drought propagation, including propagation of drought through groundwater 
systems (Peters et al., 2006; Tallaksen et al., 2009). However, there are disadvantages to 
this approach. Unlike the standardised index approach described below, as no standard 
drought classes are calculated it is problematic to directly compare drought response 
between sites or over the large areas effected by major episodes of drought with large 
spatio-temporal footprints and particularly across highly heterogeneous catchments. In 
addition, Van Loon (2015) notes “subjective choices cannot be avoided, for example on 
the threshold level [percentile] to use”. In a comparison of different threshold level 
methods (different threshold percentiles and constant threshold versus temporally variable 
thresholds) for drought propagation analysis in Germany, Heudorfer and Stahl (2017) 
concluded that there is potential for diverging inferences in drought phenomena depending 
on the details of the chosen threshold method. For example, using the variable threshold 
method they found a substantial increase in short droughts and a minor increase in long 
droughts relative to a constant threshold. 

A few groundwater studies have used the threshold approach for groundwater drought 
definition and characterisation. For example, Chang and Teoh (1995) assessed the 
sensitivity of modelled drought characteristics based on a range of constant percentile 
thresholds. Peters and co-workers used the approach to examine spatial variation in the 
propagation of modelled droughts in the Chalk of the Pang catchment, UK (Peters et al., 
2003; 2006), and the performance of models in predicting drought propagation to 
groundwater (Peters et al. 2005). Fendekova and Fendek (2012) applied the threshold 
approach to groundwater baseflow in the Nitra River, Slovakia to identify droughts. 
Wossenyeleh et al. (2021) recently applied the variable threshold approach to a study 
drought propagation (groundwater recharge and groundwater discharge) and its impact on 
groundwater hydrology of a small (~10km2) wetland (Doode Bemde, Belgium). However, 
due to the previously mentioned challenges associated with applying the approach, use of 
the threshold level method to characterise groundwater droughts has been relatively 
limited and the use of standardised index approaches are much more common. 

Standardised drought indices consist of measures of departures or anomalies from the 
‘normal’ situation. Such indices have the benefit of enabling regional comparison of 
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droughts, important since major droughts have large spatio-temporal footprints, and the 
comparison of drought status between different components of the terrestrial water cycle 
where standardised drought indices are estimated for precipitation, groundwater level and 
streamflow. However, unlike the threshold approach to defining episodes of drought, the 
standardised approach has the drawback that the severity of a drought event is expressed 
only in relative terms and the approach has reduced utility where operational decisions 
may require absolute values of water deficits compared with ‘normal’ conditions (i.e., 
deficit volumes) to be identified. In addition, where vertical heterogeneity in aquifer 
characteristics effects groundwater heads, or in confined aquifers where there is a spatial- 
and or temporal-disconnect with the driving climatology standardised groundwater indices 
may be of limited use in understanding the response of groundwater systems to 
meteorological droughts. As with the threshold method, there are other additional 
methodological challenges summarised below. 

Standardised drought indices follow from the work of McKee et al. (1993) who developed 
the Standardized Precipitation Index (SPI) (World Meteorological Organization, 2012). The 
SPI uses long-term records and fits distributions to monthly values of precipitation. These 
fitted distributions for each month are then re-scaled or transformed to a normal 
distribution with a mean of zero and a unit standard deviation and the standardised 
monthly values recombined to give the full standardised time series. SPI is typically 
computed over a range of time scales (accumulation periods), e.g. 1, 3, 6, 12 and 24 
months, to enable the effects of accumulating precipitation deficits (or excesses) to be 
investigated (Van Loon, 2015). There are two main methodological challenges related to 
the SPI. The approach requires long records, typically of 30 years or more of monthly 
precipitation totals, and the choice of fitted probability distributions can have a significant 
effect on the resulting estimates of SPI (Stagge et al., 2015a; Van Loon, 2015). 
Notwithstanding these challenges, it is one of the most widely used drought indices and 
has inspired related indices such as the Standardized Precipitation and Evapotranspiration 
Index (SPEI) (Vincente-Serrano, et al., 2009), the Standardised Streamflow Index (SSI) 
(Vicente-Serrano et al., 2012), and the Standardised Groundwater level Index (SGI) 
(Bloomfield and Marchant, 2013). 

There are a number of standardised groundwater indices that have been used in 
groundwater drought and water resources studies. For example, Bhuiyan et al, (2006) 
described a Standardised Water-level Index (SWI) developed to quantify seasonal water 
stress in Rajasthan, India. The SWI is estimated by dividing the difference between the 
seasonal water level and its long-term seasonal mean by the standard deviation of the 
observations. Seasonal water levels, rather than monthly levels, are used since cycles in 
regional groundwater resources in Rajasthan are dominated by the relative strength of the 
seasonal monsoon. Mendicino et al. (2008) developed the Groundwater Resource Index 
(GRI) to normalise the retention of groundwater in a water balance model of Calabria, 
Italy, and estimated the GRI as the difference between the modelled monthly groundwater 
retention and the long-term mean value divided by the standard deviation of the modelled 
values. Fiorillo and Guadagno (2010; 2012) applied the SPI method to karstic spring 
discharges from sites in Southern Italy to identify and characterise groundwater droughts. 
More recently, Thomas et al. (2017) have extended the water balance approach of 
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Mendicino et al. (2008) to apply it to evaluate groundwater droughts based on data from 
NASA’s Gravity Recovery and Climate Experiment (GRACE) satellite mission, where 
normalized GRACE-derived groundwater storage deviations are defined as the GRACE 
Groundwater Drought Index (GGDI). 

However, the most extensively used groundwater index in drought studies is the 
Standardised Groundwater level Index (SGI) (Bloomfield and Marchant, 2013). The SGI is 
similar to the SPI although SGI uses a non-parametric approach to rescaling monthly 
groundwater levels. A non-parametric approach to standardisation is preferable for 
groundwater level time series since Bloomfield and Marchant (2013) demonstrated that 
typically there was no consistent distributions that could be fitted to groundwater level data 
between sites or even between months at a given site. Note that notwithstanding this 
observation, some studies still fit distributions to estimate SGI in a manner similar to the 
SPI method (e.g. Guo et al., 2021 fitted a log normal distribution to standardise monthly 
groundwater levels in the USA). Marchant and Bloomfield (2022) have further refined the 
SGI method by combining it with groundwater level data pre-processing and modelling 
steps that remove data outliers and generate a regular monthly groundwater level time 
series prior to estimation of the SGI. They illustrated their workflow with data from six sites 
in the UK (Marchant et al., 2022). In addition, methods have been developed to lengthen 
(reconstruct) groundwater level time series to provide sufficiently long time series to apply 
the SGI method (Jackson et al., 2016) (see section 4). 

In the absence of systematic observations of groundwater levels and SGI data, the use of 
SPI to infer groundwater drought status has been investigated using data from Germany 
and the Netherlands by Kumar et al. (2016). However, due to catchment and aquifer 
specific response of groundwater systems to precipitation deficits, it was not possible for 
Kumar et al. (2016) to find a uniform SPI accumulation period (n) that enabled a 
satisfactory correlation to be established between SPIn and SGI and they concluded that 
there is a “need for more groundwater observations and accounting for regional 
hydrogeological characteristics in groundwater drought monitoring”. 

As noted previously, although threshold and standardisation methods are usually used to 
quantify groundwater droughts, other simpler approaches, such as simple ranking or 
percentile approaches are used to report groundwater resource status including during 
times of drought (UKCEH, 2023a; Environment Agency, 2022). These approaches lend 
themselves to simple graphical presentations of resource status and are typically 
developed for non-specialist users to aid the communication of hydrogeological status, 
including droughts, but generally have limited applicability to the quantification of 
groundwater droughts. 

Regardless of whether groundwater droughts are identified using a threshold or 
standardised index approach, individual episodes of groundwater drought can be 
extracted from groundwater level or standardised time series and quantified by their start 
and end, duration, magnitude (total drought deficit in absolute or standardised terms), and 
intensity (Mishra and Singh, 2010; Van Loon, 2015; Parry et al. 2016). Characteristics of 
multiple groundwater droughts experienced at an observation well can be investigated as 
can the relative frequency of droughts (e.g. Bloomfield et al., 2015, Figure 11), and 
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changes in drought characteristics over time can be investigated (e.g. Bloomfield et al. 
2019). These groundwater drought characteristics have been used to explore and quantify 
major episodes of groundwater drought at a site or across multiple sites to investigate 
responses of different catchments and aquifers to regional driving climatology (Bloomfield 
and Marchant, 2015; Marchant and Bloomfield, 2018) as described in the following 
sections. 

Knowledge gap 2: No guidance is currently available for EA staff and their contractors 
regarding the different methods to characterise and quantify groundwater droughts, 
including the pros and cons of the different methods, the implications for the nature of any 
groundwater droughts so defined, and the suitability of a given method for specific EA 
regulatory procedures or requirements. 

Knowledge gap 3: Within water company drought management plans in England, there is 
no consistent approach to groundwater drought quantification and characterisation, and in 
particular to the setting of drought trigger levels. Consequently, it is not possible to assess 
if water companies are using consistent trigger levels in response to an episode of 
drought. What are the implications of this for drought management planning; what would 
be the benefits, if any, of encouraging the use of consistent definitions of groundwater 
droughts across water company drought management plans; and, what would be the most 
suitable approaches to drought definition, e.g. use of SGI? 

2.3. Groundwater drought generation, propagation and 
termination 
Hydrological droughts are primarily generated as a result of deficits in precipitation (Mishra 
and Singh, 2010) but may be modulated by other factors such as periods of abnormally 
high evapotranspiration. The generation of groundwater droughts is a function of the 
propagation of precipitation deficits to groundwater recharge deficits and so is a function of 
catchment setting, for example the depth to groundwater level within a catchment (Peters 
et al., 2006), soil properties and antecedent conditions such as soil moisture conditions 
(Van Loon, 2015), and of unsaturated and saturated aquifer characteristics, i.e. the 
responsiveness of aquifers to those propagating deficits (Bloomfield et al, 2015). For 
example, for relatively high storage aquifers that are dominated by autumn and winter 
recharge groundwater droughts are typically generated by two or more relatively dry 
annual recharge seasons and usually become evident in late winter or spring of the 
second year. In responsive, typically low storage aquifers groundwater recharge droughts 
may be generated within a season in response to relative short-term precipitation deficits 
and may occur at any time of the year. The ‘memory’ within a given groundwater system, 
as expressed by the autocorrelation structure of the groundwater level or SGI time series, 
is a good indicator of the relative nature of groundwater drought generation. Bloomfield 
and Marchant (2013) demonstrated that fewer droughts are generated in aquifers with 
relatively long SGI autocorrelation ranges compared to those aquifers with shorter SGI 
autocorrelation ranges. 
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Changnon (1987) and Eltahir and Yeh (1999) introduced the concept of drought 
propagation through components of the terrestrial water cycle, including through 
groundwater, and Van Loon (2015, Figure 3) provided a detailed overview of the concept. 
The conceptual model describes the propagation of a water deficit from rainfall deficit 
(meteorological drought) through soil moisture deficit (soil moisture drought) to deficits in 
groundwater recharge, to low groundwater storage, and to low groundwater discharge 
(groundwater drought). Streamflow droughts may be associated with the early stage of the 
meteorological and soil moisture droughts in low baseflow systems where run-off is 
dominated by surface and shallow soil processes but may be associated with later stages 
of droughts in high baseflow systems where the majority of the streamflow is provided by 
groundwater discharge. 

As Eltahir and Yeh (1999) described, while discharge from unconfined aquifers to streams 
as baseflow provides a mechanism for the dissipation of wet anomalies, the nonlinear 
dependence of groundwater discharge on groundwater levels may explain why droughts 
can be significantly more persistent than floods. They attributed the nonlinearity to 
increasing disconnection between unconfined aquifers and stream networks as droughts 
develop. However, Bloomfield et al. (2018a) noted the nonlinear dependence of 
groundwater discharge on groundwater levels is also present in catchments when there is 
effectively no groundwater surface water interaction and that the nonlinear behaviour can 
also be explained by factors such as vertical variations in aquifer properties. 

As drought deficits propagate, the groundwater system acts as a low pass filter changing 
the nature of the original drought signal and, relative to the driving meteorological drought, 
groundwater droughts, particularly those defined by groundwater levels and spring 
discharges, may be pooled, lengthened, lagged and attenuated (Van Loon, 2015, Figure 
4). This phenomenon can be seen for example in the plot of SPI, SSI (Standardised 
Streamflow Index) and SGI for the regional English Lowlands series (Folland et al., 2015, 
Figure 5). However, to date there have been no integrated observational studies of the 
spatio-temporal dynamics of drought propagation in permeable catchments representative 
of much of England. In this context, it is worth noting that during the NERC-funded Historic 
Droughts project (UKCEH, 2023b), the project team were unable to identify a single 
gauged catchment in the UK with suitable long, co-located observational records of driving 
meteorology, soil moisture, groundwater, and surface flows to investigate and characterise 
drought propagation through the terrestrial water cycle.  

The termination of hydrological droughts, including groundwater droughts, has received 
relatively little attention compared with drought generation and propagation. Following a 
review of the drought termination literature, Parry et al. (2016) provided the first systematic 
framework to define and characterise drought termination. They framed the concept as a 
period during which a drought ends (rather than a specific date) and defined drought 
termination start and end dates, durations, rates and magnitudes (Parry et al., 2016, 
Figure 3). They applied their methodology to the drought of 2010-2012 in the UK and 
noted the relatively rapid termination of that drought in the Chalk (four to six months) 
compared with a more prolonged termination in Permo-Triassic sandstones. Parry et al. 
(2018) subsequently used historical data comprising ‘current rate’ and ‘historical 
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ensemble’ approaches to assess the prospects of groundwater level recovery and tested 
this using data from England and Wales for 2017-2018. Parry et al. (2018) considered 
neither approach satisfactory on their own. For example, if current events are outside the 
envelope of historical events than the historical ensemble approach cannot provide any 
information on groundwater drought termination and recovery, and if a groundwater 
drought has yet to enter the drought termination phase then the current rate approach 
cannot provide any useful information on drought termination. Lumped groundwater 
models driven by forecasts of precipitation and temperature offer a better approach to the 
short-term (up to a season ahead) prediction of groundwater drought termination (Mackay 
et al., 2015) (see section 4). In an analysis of groundwater recovery from drought in 
unconfined aquifers across the USA, Schreiner-McGraw and Ajami (2021) documented 
average recovery times of three years (and up to 15 years in some aquifers) and found 
that recovery times were primarily a function of drought intensity at the beginning of the 
precipitation drought and the mean annual recharge. 

Knowledge gap 4: There is no high storage catchment in England with long, co-located 
observational records of driving meteorology, soil moisture, groundwater recharge, storage 
and discharge, and surface flows to investigate processes associated with drought 
initiation, propagation through the terrestrial water cycle, and termination in a groundwater-
dominated catchment. 

2.4. Catchment and aquifer controls on groundwater 
droughts 
Meteorological droughts are dependent on large-scale atmospheric circulation patterns 
that typically cover large areas, however, hydrological droughts, including groundwater 
droughts, usually affect smaller areas as they are influenced by catchment characteristics 
(Van Loon, 2015). For example, Zaidman et al. (2002) and Hannaford et al. (2011) 
documented this effect for streamflow droughts in NW Europe. In the context of 
groundwater droughts, spatial variability in aquifer characteristics may also result in 
reduced spatial footprints and spatio-temporally varying groundwater drought 
characteristics. 

The National Rivers Authority (a precursor agency to the Environment Agency) 
commissioned the BGS to assess how much water was stored in the Chalk aquifer (NRA, 
1993). The BGS developed a national 3D model of the Chalk to estimate the total volume 
of water in the Chalk aquifer, the volume stored within the zone of natural water level 
fluctuation, and the volume between minimum water level but above Ordnance Datum. 
This model was built using and shown to be sensitive to spatially and depth varying values 
of specific yield and specific storage for the Chalk. Although it was not used to estimate 
available groundwater resource under drought, an updated model based on a similar 
modelling approach would potentially be a useful management and communication tool 
during future droughts. 

Bloomfield and Marchant (2013) demonstrated a positive approximately linear relationship 
between maximum drought duration and the autocorrelation range (or ‘memory’) of the 
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SGI for a given site. Although they only analysed 14 sites from the Chalk, Permo-Triassic 
Sandstone, Lower Greensand and Lincolnshire Limestone aquifers, they noted that 
Permo-Triassic Sandstone sites typically had relatively long SGI autocorrelations and 
experienced long groundwater droughts, whereas there was a relatively wide range of SGI 
autocorrelations and characteristic drought lengths for the Chalk sites analysed. For Chalk 
sites, Bloomfield and Marchant (2013) also demonstrated a positive linear relationship 
between the autocorrelation range or groundwater ‘memory’ and unsaturated zone 
thickness. Note that since unsaturated zone thickness is also a function of the position of 
an observation borehole in the catchment, with thicker unsaturated zone present in the 
headwaters of Chalk catchments, this is consistent with potential variations of in-
catchment Chalk drought characteristics modelled by Peters et al. (2006). Peters et al. 
(2006) noted that models of the spatial distribution of groundwater droughts in hydraulic 
heads predict that short groundwater droughts are more likely near streams and discharge 
points, whereas longer droughts are more likely near groundwater divides. 

In a study of 74 standardised hydrographs from the unconfined and confined Chalk, 
Lincolnshire Limestone, and the confined Spilsby Sandstone aquifers of Lincolnshire, 
Bloomfield et al. (2015) demonstrated spatially coherent responses between the different 
unconfined aquifers in response to a series of common forcing meteorological droughts. 
For example, the sites in the unconfined Chalk aquifer exhibited notably fewer, longer, less 
intense groundwater droughts than sites in the Lincolnshire Limestone. 

In an analysis of SGI time series for 948 sites on the Chalk of England, Marchant and 
Bloomfield (2018) identified seven clusters showing similar temporal responses features. 
Two of these clusters were interpreted as being associated with long-term trends 
associated with local over abstraction and groundwater rebound, and a third showed no 
significant temporal trend or correlation with driving climatology. The remaining four 
clusters were spatially coherent and were interpreted as primarily reflecting regional 
differences in the hydrogeology of the Chalk aquifer that consequently resulted in regional 
differences in response to meteorological droughts. They demonstrated, for example, the 
relatively long autocorrelation of the SGI time series for the drift covered Chalk of East 
Anglia and Lincolnshire and hence the tendency to fewer but longer droughts in the region 
compared with more southern Chalk. However, the principal novelty of the work was that 
for the first time it was possible to map on a monthly timestep the status of groundwater in 
the Chalk aquifer at a national scale. For example, Marchant and Bloomfield (2018) 
mapped the spatial variation in groundwater drought defined by SGI from August 1975 to 
February 1977 (Marchant and Bloomfield, 2018, Figure 14). This mapping showed that 
during the 1975-77 drought, groundwater drought was most severe in the Chalk of the 
Wessex Basin and Berkshire Downs, in part due to the relatively rapid response of this 
part of the Chalk (compared to, for example, the Chalk of East Anglia) to the driving 
meteorological drought. 

Knowledge gap 5: It is evident from several studies that groundwater response to large 
meteorological droughts is spatially variable, particularly in the Chalk aquifer, and that 
there is spatial variation in the sensitivity of groundwater to meteorological droughts of 
different durations and magnitudes. However, unlike groundwater flooding, there is no 
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mapping of the spatial variation in groundwater susceptibility or sensitivity to drought 
across England. There is currently no national volumetric assessment of Chalk storage 
and the sensitivity of storage to drought. 

2.5. Impacts of groundwater drought 
The impacts of groundwater droughts are varied and can be significant. They include, for 
example, reduced yields from public and private supply boreholes (Ascott et al., 2019), 
reduced baseflow to groundwater supported streams and wetlands with adverse impacts 
on ecology and reduced amenity value, reduced availability of groundwater for irrigation, 
and reduced availability for industrial supply (Ascott et al., 2021). However, there is very 
limited systematic information to quantify the impacts of groundwater droughts (as 
opposed to meteorological or other hydrological droughts). 

At the European scale there is some systematic information on the impacts of 
meteorological droughts in the European Drought Impacts Inventory (EDII) (Stahl et al., 
2015; European Drought Centre, 2022) in 15 pre-defined categories, including, for 
example: public water supply, agriculture and livestock farming, freshwater ecosystems, 
and tourism. In the UK, a series of data outputs from the Historic Droughts project 
including inventories of water resources, regulations, agricultural media and newspaper 
articles from the 1800s to 2014 are available through the UKCEH website 
(https://www.ceh.ac.uk/our-science/projects/historic-droughts-data) and the UK Data 
Service (https://ukdataservice.ac.uk/). These contain some references to the impacts of 
groundwater droughts but that information has not been systematically extracted and 
analysed. 

Stagge et al. (2015b) used logistic regression to model relationships between SPI (and 
SPEI) and drought impacts documented in the EDII for data from five European states 
including the UK. They found that over all agricultural impacts were best explained by 2 to 
12 SPI anomalies, whereas public water supply and freshwater ecosystem impacts were 
explained by more complex combinations of short (1–3 month) and seasonal (6–12 month) 
SPI anomalies. They also noted that “among the five European countries analysed, the 
United Kingdom consistently had the slowest drought response, likely due to its slow 
responding groundwater storage [of the Chalk]”. 

In the UK work on the impacts of groundwater drought have to date typically focussed on 
the reduced availability of groundwater for public supplies. Beeson et al. (1997) and 
Misstear and Beeson (2002) developed a methodology to enable the assessment of 
declines in borehole yield under drought. The methodology requires historical data on 
drawdown at different pumping rates, for example from step-drawdown tests or operational 
monitoring, preferably during groundwater droughts. These yield-drawdown data are used 
to construct a drought-bounding curve that indicates what the reliable pumping rate can be 
expected to be for any given drawdown during droughts. If this yield-drawdown drought-
bounding curve intersects a critical groundwater level constraint (e.g. such as a pump 
intake level or top of a major inflow horizon), then the intersection point defines the 
‘deployable output’ for that abstraction borehole. Ascott et al. (2019) have recently used 
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this methodology to explore the relative importance of aquifer heterogeneity and climate 
change on theoretical drought yields for representative boreholes and found that variation 
in hydraulic conductivity is as significant a control on drought yields as future UK climate 
scenarios. One of the practical challenges, however, with application of the yield-
drawdown curve approach is that it is dependent on yield-drawdown data being available 
from step tests performed under suitable (extreme) drought conditions. For many 
abstraction boreholes these data are very limited and typically only available for moderate 
drought episodes. 

Knowledge gap 6: There is no typology for groundwater drought impacts for the UK (or 
internationally) and no institution or group is actively collating and maintaining a record of 
groundwater drought impacts in an inventory either for regulatory or research purpose. 
This is an essential precursor to any future quantitative assessment of the links between 
driving climatology, groundwater drought status and impacts of groundwater drought. 

Knowledge gap 7: There is generally a poor understanding of borehole yields during 
episodes of major droughts. 

 

3. Observational evidence for groundwater 
droughts in England 
Information related to historical episodes of groundwater drought in England is typically 
available through reports and peer-reviewed papers describing individual major 
meteorological and hydrological droughts (e.g. Marsh and Parry, 2012), although 
information on groundwater aspects of droughts is often omitted altogether (see for 
example the description of the 2012 drought by Kendon et al., 2013). To date 
groundwater-specific information related to droughts has not been gathered together into a 
single resource with accompanying groundwater-specific narrative. However, the drought 
inventory produced by the recent NERC-funded Historic Droughts project does include 
description of the groundwater aspects of 17 major episodes of drought in the UK since 
1890 (UKCEH, 2023b). As part of that project BGS produced reconstructed monthly 
groundwater levels and SGI time series at 54 sites across the UK for the period 1890 to 
2015 (Bloomfield et al., 201b; 2018c), however, episodes of drought were not extracted 
from those reconstructed time series and analysed. 

The only studies to date to extract and analyse groundwater droughts in England have 
been by BGS (Bloomfield and Marchant, 2013; Bloomfield et al, 2015; Marchant and 
Bloomfield, 2018). These have focussed on: 

• the development of a methodology for groundwater drought definition (Bloomfield 
and Marchant, 2013); 

• an investigation of aquifer and catchment and aquifer controls on groundwater 
drought propagation (Bloomfield et al, 2015; Marchant and Bloomfield 2018); and 
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• analysis of droughts at Chilgrove House and Dalton Holme and their association 
with climate warming (Bloomfield et al., 2019) 

It is only the Bloomfield et al. (2019) study (described below) that attempted a systematic 
analysis of changes in groundwater drought characteristics with time, and then only at two 
observation boreholes on the Chalk. 

Notwithstanding these comments, based on the Historic Droughts Inventory and 
information in the published literature it is evident that at least parts of England experience 
groundwater droughts at a frequency of typically once a decade, with groundwater 
droughts documented for the following periods: 1890-1910; 1913-1914; 1920-21; 1933-34; 
1940s; 1962-64; 1973; 1975-76; 1984; 1988-93; 1995-98; 2003; 2004-06; and 2010-2012, 
and more recently, 2017-19; and 2022. Each of these episodes of groundwater drought is 
notable for its unique spatio-temporal character. For example, some having a northern or 
southern focus and some being relatively short-lived (less than a year) and others 
enduring for multiple years. 

Knowledge gap 8: Despite the available data, there has been no systematic longitudinal 
overview and analysis of groundwater droughts in the observed record for England and 
how they related to the driving climatology. This is a significant omission given the 
importance of understanding and developing ‘benchmark groundwater droughts’ for 
reference for planning responses to future drought. 

There have been few long-term, large-scale systematic observational studies on the 
effects of climate change or other anthropogenic changes to catchments on changes in 
groundwater droughts in England (Watts et al, 2015). This is due to a number of reasons, 
as follows: 

• There is a paucity of long observational records to constrain temporal trends in 
hydrological time series, including groundwater levels (Jackson et al, 2015).  

• By their very nature, groundwater droughts, like other droughts, are episodic and so 
there are typically few episodes in most groundwater level time series available to 
quantify and characterise changes in the nature of the droughts. 

• Even if changes in groundwater drought characteristics can be identified there is 
the challenge of understanding the controls on any observed changes in 
groundwater drought characteristics. Long-term changes in groundwater drought 
characteristics, like any changes in groundwater dynamics, are potentially 
influenced by multiple factors, such as changes in: 

o land cover or land management practices,  
o in water resource management practices, or 
o changes in the driving climatology. 

Notwithstanding these caveats, a couple of studies focussing on decadal and longer 
changes in groundwater droughts. 

Changes in driving climatology may be associated with climate change or may simply 
reflect decadal or longer changes in large scale atmospheric circulation or teleconnections 
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(Rust, 2018; 2019; 2021; 2022). For example, Rust (2022) showed that there was a 
dominant 7.5 year periodicity in water resource extremes (including in groundwater levels) 
in the UK associated with the North Atlantic Oscillation (NAO), that the relationship 
between NAO and precipitation was non-linear over the analysis period of that study (1930 
to 2020), and that multiannual NAO-precipitation relationships have modulated historical 
water resource anomalies “to an extent that is comparable to the projected effects of a 
worst-case climate change scenario [for the UK]”.  

Jackson et al. (2015) reported on Mann-Kendall trend tests for seven long SGI time-series 
from the Chalk aquifer and noted that there was some evidence to indicate long-term 
declines in groundwater levels in the Chalk of the UK but that as with other hydrological 
time-series (Wilby, 2006), it was not possible to ascribe the declines groundwater levels to 
in climate change. Subsequently, Bloomfield et al. (2019) analysed changes in 
groundwater drought characteristics at the two longest observation boreholes in the Chalk 
of the UK, at Chilgrove House and Dalton Holme and identified increases in the frequency 
and intensity of individual groundwater drought months, and increases in the frequency, 
magnitude, and intensity of episodes of groundwater drought. In addition, they 
documented an increasing tendency for both longer episodes of groundwater drought and 
for an increase in droughts of less than one year in duration. In the absence of long-term 
changes in land use/cover or in precipitation deficits over the same period, they inferred 
that the changing nature of groundwater droughts at these two sites is due to changes in 
evapotranspiration (ET) associated with anthropogenic warming and that this is due to the 
relatively thick capillary fringe associated with the Chalk. 

Wendt et al. (2020) investigated the effect of groundwater use (abstraction) on 
groundwater droughts in the Chalk and Permo-Triassic sandstone aquifers using 
groundwater level data from the Chilterns, Lincolnshire, the East Midlands, and 
Shropshire. They documented two responses to abstractions: in systems where the long-
term annual average groundwater abstractions are smaller than recharge an increase in 
the frequency of shorter groundwater drought events was observed, whereas where 
groundwater abstractions exceeded recharge a lengthening and intensification of 
groundwater droughts was observed. Consequently, they concluded that human-modified 
droughts differ in frequency, duration, and magnitude, depending on the long-term balance 
between groundwater use and recharge. The analysis period for the study was 30 years 
(1984-2014) and Wendt et al. (2020) noted that during that period regulated groundwater 
abstractions had reduced and that at the majority of sites analysed rising groundwater 
trends were observed.  

Knowledge gap 9: There is evidence that a number of decadal-scale changes influence 
the occurrence and nature of droughts in England. These include decadal-scale changes 
in atmospheric circulation, anthropogenic climate change, and changes in water resource 
management practices in England. However, to date there has been no work to synthesise 
this evidence, to investigate the relative magnitude of these effects, to investigate if these 
effects are compounding (for example are they additive or multiplicative?), and if and how 
understanding of the change-drivers should inform future modelling, forecasting, planning 
and operational management activities related to groundwater droughts. 
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3.1. Data and information services 
Drought monitors are available in a number of countries to inform decision making and 
planning responses to droughts, for example see the US Drought Monitor 
(https://droughtmonitor.unl.edu/), the European Drought Observatory 
(https://edo.jrc.ec.europa.eu/edov2/php/index.php?id=1000), and the Australian Drought 
Monitor (https://www.nacp.org.au/drought_monitor). Notably, all of these use complex, 
compound indices of ‘droughtiness’ that typically do not specifically include measures of 
groundwater drought status. 

There is no dedicated equivalent drought monitor in the UK. However, UKCEH maintain 
the UK Water Resources Portal that provides near real-time access to water resource 
status information as raw data, including a limited number of groundwater observation 
boreholes, but importantly also includes the data rescaled to drought indices. The latter 
consists of area averaged SPI for accumulation periods of 1 to 24 months, SSI and SGI. 
Currently, SGI data are available for ~40 observation wells across the UK. Groundwater 
status information is also available in the Monthly Hydrological Summaries produced by 
UKCEH and BGS and the monthly Water Situation Reports for England produced by the 
Environment Agency, both available as static PDF files. Although these are retrospective 
reports, they include some commentary on hydrologically significant events such as 
groundwater droughts. 

Knowledge gap 10: Although a near-real time UKCEH web portal is available to monitor 
and visualise water resource status in the UK (including groundwater resources), and 
monthly, retrospective commentaries are available on water resources in the UK, there is 
no specific resource or web-service that brings data, information and knowledge together 
in near real-time related to droughts (including groundwater droughts), i.e. England does 
not have an on-line drought monitor. 

 

4. Modelling and forecasting groundwater 
droughts and their impacts 
Compared with other types of hydrological drought, there is only a limited international 
peer-reviewed literature related to modelling of aspects of groundwater droughts and in 
particular a very limited literature specifically related to groundwater droughts in England 
(note, however, that there has been work by a number of water companies and the 
consultancy sector to develop models to better constrain groundwater availability during 
droughts, e.g. HR Wallingford (2020) but that work is out of scope of the current review). In 
addition, those modelling studies that have been published are diverse in both their 
research aims and the approaches and methods they adopted. So, it is difficult to identify 
consistent research themes or challenges related to groundwater modelling of droughts. 
Some examples of national- or larger-scale groundwater drought modelling studies 
include: 

https://droughtmonitor.unl.edu/),
https://edo.jrc.ec.europa.eu/edov2/php/index.php?id=1000
https://www.nacp.org.au/drought_monitor
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• Li and Rodell (2015) used Catchment Land Surface Models (CLSM) to estimate 
groundwater drought status in observation-poor areas at the continental scale. They 
generally obtained satisfactory results, however model parameters that control the 
depth to the water table, including bedrock depth, were shown to strongly influence 
the evolution and persistence of modelled groundwater droughts. 

• Hellwig et al. (2020) employed a high-resolution transient groundwater model to 
investigate groundwater drought dynamics across Germany. Model performance 
was poorer in mountain regions where resolution was too low to represent local 
valley aquifers. They found that optimal precipitation accumulation times varied 
from few months in the Central German Uplands to several years in the porous 
aquifers in northern Germany and that in turn corresponded with regionally distinct 
groundwater drought dynamics.  

• Schuler et al. (2022) used machine learning techniques (Random Forests 
regressor) to model groundwater memory at 114 sites across Ireland as a precursor 
to developing a groundwater drought susceptibility assessment for the country. 
They found relative and absolute topography and overburden thickness were the 
key explanatory variables of groundwater memory.  

• There are multiple challenges in providing timely groundwater drought resource 
status mappings and forecasts at an appropriate spatial resolution to reflect the 
heterogeneous response of groundwater systems to continually changing climate 
drivers. To address this challenge, Brakkee et al. (2022) tested the use of impulse-
response time series models to reconstruct the spatio-temporal development of the 
2018–2019 groundwater drought in the south-eastern Netherlands. They found that 
the time series modelling was a useful tool to reconstruct regional groundwater 
drought development, however, they noted that “the use of time series simulations 
rather than direct measurement series [for groundwater drought monitoring] can 
bias drought estimations, especially at a local scale, and underestimate spatial 
variability”.  

Given the significance of drought propagation through the different components of the 
terrestrial water cycle, it is expected that there will be an increasing need to develop 
integrated surface water-groundwater models of water cycle dynamics under drought. A 
recent example of such a linked groundwater-surface water model of drought dynamics is 
that of Kang and Sridhar (2019) who modelled droughts in the Chesapeake Bay 
catchment, USA. Kang and Sridhar (2019) coupled a VIC model with MODFLOW and 
assessed a range of model structures to investigate which was most effective at modelling 
a Multivariate Standardized Drought Index (MSDI) and concluded that “the coupled 
framework including surface and groundwater conditions is useful for considering surface 
and groundwater dynamics while assessing the impact of changing hydrology on drought 
predictions”. Mortazavi-Naeini et al. (2019) used a coupled modelling system that 
combined hydrological models of streamflow and quality and abstraction to assess the 
impact of climate change, change in demand, and land‐use change on the reliability of 
public water supplies in the Thames Basin under low flows. However, as Ascott et al. 
(2021) noted, groundwater was represented very simplistically in the modelling scheme 
used by Mortazavi-Naeini et al. (2019) and Ascott et al. (2021) identified the need to 
ensure appropriate representation of groundwater process in future integrated models of 
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low flows and drought. Recent research that supports this conclusion is the unpublished 
PhD study of Rodriguez-Yebra (2020). This study undertook detailed modelling of the 
drought response of an adited Chalk groundwater supply source adjacent to a river in 
England where there were good local observations; MODFLOW-USG and the Connected 
Linear Network package were used to simulate the aquifer and the source’s boreholes and 
adits. It was demonstrated that river-aquifer connectivity varied greatly during the 
development and period of termination of the 2010-2012 drought and that the drought 
response could not be reproduced using existing conceptual models of river-aquifer 
interaction within the MODFLOW code. A new conceptual model of river aquifer interaction 
at the site was developed, which has implications for the understanding of the timing of the 
impact of abstraction on river flows. The study highlighted the lack of knowledge about 
hydrogeological and river-aquifer interaction processes operating during drought because 
of the limited availability observational data at the required spatio-temporal scales. 

Knowledge gap 11: Modelling of groundwater droughts in England (and more widely) is 
immature compared with that of floods. A variety of methods are potentially available from 
stochastic and data-led, lumped parameter and distributed groundwater models, to 
machine learning approaches. However, the respective utility and applicability of such 
models to a range of groundwater drought-related research and management questions is 
unclear. In addition, coupled models of water resources, drought, climate change and 
water supply been developed for research purposes, and these invariably represent 
groundwater in the most simplistic manner. There is a need for a thorough review of 
modelling requirements related to groundwater-aspects of drought in England with 
particular emphasis on the most appropriate approaches to integrate groundwater 
processes into linked models of drought dynamics, and the observational data needed to 
evaluate their skill. 

In the UK a number of groundwater-specific modelling studies have reconstructed or 
forecast groundwater level or SGI time series at monthly to centennial time scales. 
Although not the main focus of the studies, they are potentially of significance in enabling 
changes in groundwater drought frequency and characteristics over time to be 
investigated. However, to date, analyses of their outputs have not been published in this 
context. For example: 

• Jackson et al. (2016) described a lumped-parameter groundwater model to 
reconstruct groundwater levels at observations boreholes and illustrated it by 
applying it to six sites in England: Skirwith, Swan House, New Red Lion, Bussels 
No. 7a, Chilgrove House, and Lower Barn Cottage. Groundwater levels were 
reconstructed from 2012 back to 1910 so making the hydrographs potentially 
amenable to and analysis of droughts and their changing characteristics over that 
period (although that analysis was not undertaken). 

• Jackson et al. (2015) summarised the work of the Future Flows project 
(Prudhomme et al., 2012) where lumped parameter models for a number of 
hydrographs at observation boreholes across England used UK Met Office’s 
UKCP09 probabilistic climate predictions to forecast monthly groundwater levels out 
to the 2050s. 



145 of 669 

• The work of (Prudhomme et al., 2012) has recently been updated as part of the 
eFLaG project with model forecasts for 54 observations boreholes (Hannaford et 
al., 2022) and a national groundwater recharge model for the UK (Hughes et al, 
2021) driven by UK Met Office’s UKCP18 out to the 2080s. An analysis of droughts 
in the river flow and groundwater level projections from the eFLaG project has been 
undertaken and submitted for publication (Parry et al, 2023.); this has indicated 
some differences between changes in projected low river flows and groundwater 
levels to future climate due to differences in the response of surface water and 
groundwater systems to summer and winter rainfall, which has important 
implications for water resources management planning. 

• As previously mentioned in section 3, as part of a study to investigate historical 
episodes of drought, Bloomfield et al. (2018b; 2018c) used the methodology of 
Jackson et al. (2016) to reconstruct groundwater level hydrographs for 54 
observation boreholes across the UK and reported the data as levels and SGI time 
series. However, groundwater droughts have not been extracted from the 
reconstructions. 

Given the infrequency of major episodes of groundwater drought, there would be benefit in 
bringing together reconstructed data, observational data and forecasted data for 
groundwater level and SGI time series at observation boreholes across England to assess 
the evidence for changes in groundwater drought frequency and characteristics over the 
period covered, i.e. for almost two centuries from the 1890s to 2080s. This analysis would 
of course need to take into account the associated uncertainties with the reconstructed 
and forecast data.  

Knowledge gap 12: Despite almost two centuries of reconstructed, observed and 
modelled groundwater level and SGI time series being available for over 50 observation 
boreholes across the UK, a globally unique data resource, there has been no attempt to 
date to extract and analyse groundwater droughts from long observed/modelled records 
and no assessment of the evidence they provide in constraining changes in groundwater 
drought frequency and characteristics over this period. 

Wendt et al. (2021) recently reported on a socio-hydrological modelling study of the effects 
of a range of water resource management strategies on groundwater drought outcomes 
using idealised virtual catchments based on climate data, water resource management 
practices and drought policies representative of England. A water balance model was 
used to test four scenarios separately and in combination, as follows: increased water 
supply, restricted water demand, conjunctive use, and maintenance of environmental flows 
through restrictions to groundwater abstractions. They demonstrated “mitigated droughts 
for both baseflow and groundwater droughts in scenarios applying conjunctive use, 
particularly in systems with small groundwater storage” and “low sensitivity of … drought 
management strategies to different hydrogeological conditions”.  It is clear from this study 
and other work (Ascott et al, 2021) that more needs to be done to understand the impacts 
of water management practices on groundwater drought propagation. One factor holding 
such modelling studies back is the challenge of obtaining information on abstractions and 
discharges for real catchments (Ascott et al, 2021). Some long-term, catchment-averaged 
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information is now available for selected water management practices (abstractions, 
discharges and reservoir storage) in the CAMELS-GB open-source dataset (Coxon et al., 
2020a; 2020b), however this is the exception and much more needs to be done to make 
such information more freely available. 

Knowledge gap 13: Despite evidence for the importance of including water resource 
management data in models of groundwater drought dynamics, there is limited freely 
available information on abstractions and discharges from and to managed groundwater 
systems or information on specific water resource management responses during 
episodes of drought other than that published in water company Drought Plans. 

 

5. Summary of research gaps and 
opportunities and priorities for future 
research 
There have been a couple of recent opinion pieces in the peer-reviewed literature relevant 
to research needs related to groundwater droughts in England (Ascott et al., 2021; 
Wagener et al., 2021).  

Ascott et al. (2021) recently reported on a day-long workshop as part of the NERC-funded 
Drought and Water Scarcity Programme considering the current status and future priorities 
for research on groundwater supplies during droughts in England. They identified four 
primary needs, as follows: 

1. integration of definitions of drought, 
2. enhanced fundamental monitoring of drought stressed groundwater systems, 
3. integrated modelling of groundwater in the water cycle, and 
4. better information sharing. 

As noted in the Introduction, this essay has focussed on groundwater aspects of drought 
and Knowledge gaps 1 to 3 (tabulated below) relate to the first Ascott et al. (2021) primary 
research needs, i.e. to drought definition. Ascott et al. (2021) call for integration of drought 
definitions across all aspects of the terrestrial water cycle and that view is endorsed here. 
Ascott et al. (2021) call for enhanced fundamental monitoring of drought stressed 
groundwater systems. This call is also endorsed here in Knowledge gap 4, with a 
particular emphasis on the requirement for joined-up monitoring across the terrestrial 
water cycle from the monitoring of precipitation, soil moisture and discharge to 
groundwater storge, discharge and stream flow in common catchments. The need for 
integrated modelling of groundwater in the water cycle (Ascott et al., 2021) is also 
identified here (Knowledge gap 11). Ascott et al. (2021) also called for better information 
sharing. This is also identified here as Knowledge gap 13 with a particular emphasis on 
the need for improved access to data related water resource management practices for 
inclusion in models of groundwater drought dynamics. 
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Wagener et al. (2021) identified a series of knowledge gaps that they believe need to be 
addressed if we are to develop a coherent perceptual model of the hydrology (including 
hydrogeology) of Great Britain. The first of these was to be able to account for 
groundwater fluxes to close open water balances in regions of highly permeable aquifers – 
a particular challenge under conditions of groundwater drought. They highlighted the need 
for “nationally consistent perceptual understanding of catchment and aquifer controls on 
spatio-temporal variation in recharge and groundwater discharge to rivers” – this relates 
closely to Knowledge gap 4 listed below. They also highlighted the need for a better 
understanding of climate change impacts on hydrology across Great Britain and 
particularly emphasised the importance of a good perceptual model of the role 
groundwater in drought propagation and the sensitivity of aquifer such as the Chalk to 
groundwater drought, asking questions such as “which catchments will see the drought 
signal move through soil moisture and groundwater stores more quickly than others, and 
which catchments will recover first when the drought subsides?”. These research 
challenges map directly onto Knowledge gaps 4, 5, 8, 9, and 12 below. To help address 
these and other research challenges that they identified they emphasised the need for 
improved access to hydrological data and particularly data related to “soils, on land cover, 
on groundwater, and on human activities (especially abstractions and reservoir 
management)”, mirroring our Knowledge gap 13 below. 

The knowledge or research gaps identified in this essay are tabulated below. For each 
knowledge or research gap, opportunities for future research have been identified and 
given a relative priority. 

Knowledge or research gap Opportunity for future research Priority 

Knowledge gap 1: Which, if any, EA 
regulatory functions or processes 
require or would benefit from a formal 
definition of groundwater droughts? Is 
there a need or benefit in 
discriminating between groundwater 
recharge, storage and discharge 
droughts in different regulatory 
settings? How would such formal 
definitions of groundwater drought 
relate to wider formal definitions of 
drought that may also be used in a 
regulatory context? 

Review which EA regulatory 
functions use the concept of 
‘groundwater drought’ and identify 
if it is possible and desirable to 
discriminate between groundwater 
recharge, storage and discharge 
droughts in different regulatory 
settings. 

 

 

H 

Knowledge gap 2: No guidance is 
currently available for EA staff and 
their contractors regarding the 
different methods to characterise and 
quantify groundwater droughts, 
including the pros and cons of the 

Commission a systematic review 
of methods used to define 
meteorological, hydrological and 
other droughts. To include pros 

H 
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different methods, the implications for 
the nature of any groundwater 
droughts so defined, and the 
suitability of a given method for 
specific EA regulatory procedures or 
requirements. 

and cons of each method and 
implications for droughts defined. 

Knowledge gap 3: Within water 
company drought management plans 
in England, there is no consistent 
approach to groundwater drought 
quantification and characterisation, 
and in particular to the setting of 
drought trigger levels. Consequently, it 
is not possible to assess if water 
companies are using consistent 
trigger levels in response to an 
episode of drought. What are the 
implications of this for drought 
management planning; what would be 
the benefits, if any, of encouraging the 
use of consistent definitions of 
groundwater droughts across water 
company Drought Management Plans; 
and, what would be the most suitable 
approaches to drought definition, e.g. 
use of SGI? 

Review drought definitions in water 
company Drought Management 
Plans. Scope of review to include 
documentation and assessment of 
the methods used, suitability for 
meeting regulatory needs, 
recommendations for consistent 
methodology. 

L 

Knowledge gap 4: There is no high 
storage catchment in England with 
long, co-located observational records 
of driving meteorology, soil moisture, 
groundwater recharge, storage and 
discharge, and surface flows to 
investigate processes associated with 
drought initiation, propagation through 
the terrestrial water cycle, and 
termination in a groundwater-
dominated catchment. 

Establish, in catchments 
representative of the range of 
hydrogeological settings in the UK, 
instrumentation to characterise 
drought propagation through the 
full terrestrial water cycle. 

Note that this is an explicit aim for 
the new UKRI/NERC-funded 
Floods and Droughts Research 
Infrastructure (FDRI) initiative 
(UKCEH, 2023c). 

 

H 

Knowledge gap 5: It is evident from 
several studies that groundwater 

Map the sensitivity of groundwater 
systems in England to drought. 

H 
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response to large meteorological 
droughts is spatially variable, 
particularly in the Chalk aquifer, and 
that there is spatial variation in the 
sensitivity of groundwater to 
meteorological droughts of different 
durations and magnitudes. However, 
unlike groundwater flooding, there is 
no mapping of the spatial variation in 
groundwater susceptibility or 
sensitivity to drought across England. 
There is currently no national 
volumetric assessment of Chalk 
storage and the sensitivity of storage 
to drought. 

 

Using observational data, quantify 
the spatio-temporal relationships 
between SPI and SGI (i.e. 
significant SPI accumulation 
periods, SPI-SGI cross-
correlations, and lags in drought 
propagation and termination) and 
map these across England. (see 
also Knowledge gaps 8 and 12). 

Produce an updated Chalk storage 
model for England (based on the 
approach outlined in NRA, 1993) 
to address the question “how 
much water is left” and act as a 
management and communication 
tool during future droughts 

Knowledge gap 6: There is no typology 
for groundwater drought impacts for 
the UK (or internationally) and no 
institution or group is actively 
collating and maintaining a record of 
groundwater drought impacts in an 
inventory either for regulatory or 
research purpose. This is an essential 
precursor to any future quantitative 
assessment of the links between 
driving climatology, groundwater 
drought status and impacts of 
groundwater drought. 

Establish a typology for 
groundwater drought impacts for 
the UK as a precursor to 
developing an inventory of 
groundwater drought impacts. The 
inventory should be populated, 
where possible with the available 
historical data and maintained to 
record future impacts. It should be 
a part of a wider drought impact 
inventory for England with a 
consistent typology. 

H 

Knowledge gap 7: There is generally a 
poor understanding of borehole yields 
during episodes of major droughts.  

Undertake step tests for a range of 
abstraction borehole in a variety of 
hydrogeological contexts under 
extreme drought conditions. 

L 

Knowledge gap 8: Despite the 
available data, there has been no 
systematic longitudinal overview and 
analysis of groundwater droughts in 
the observed record for England and 
how they related to the driving 
climatology. This is a significant 
omission given the importance of 

See Knowledge gap 12. H 



150 of 669 

understanding and developing 
‘benchmark groundwater droughts’ for 
reference for planning responses to 
future drought. 

Knowledge gap 9: There is evidence 
that a number of decadal-scale 
changes influence the occurrence and 
nature of droughts in England. These 
include decadal-scale changes in 
atmospheric circulation, 
anthropogenic climate change, and 
changes in water resource 
management practices in England. 
However, to date there has been no 
work to synthesise this evidence, to 
investigate the relative magnitude of 
these effects, to investigate if these 
effects are compounding (for example 
are they additive or multiplicative?), 
and if and how understanding of the 
change-drivers of groundwater 
drought should inform future 
modelling, forecasting, planning and 
operational management activities 
related to groundwater droughts. 

Undertake a review of the relative 
importance, and interaction of the 
multiple drivers of change in 
groundwater dynamics at the 
decadal time scale and asses the 
implications for future modelling, 
forecasting, planning and 
operational management activities 
related to groundwater droughts.  

M 

Knowledge gap 10: Although a near-
real time UKCEH web portal is 
available to monitor and visualise 
water resource status in the UK 
(including groundwater resources), 
and monthly, retrospective 
commentaries are available on water 
resources in the UK, there is no 
specific resource or web-service that 
brings data, information and 
knowledge together in near real-time 
related to droughts (including 
groundwater droughts), i.e. England 
does not have an on-line drought 
monitor. 

Establish a near real-time web 
portal that delivers groundwater 
drought status and associated 
information as part of a 
comprehensive drought monitoring 
service for England 

M 

Knowledge gap 11: Modelling of 
groundwater droughts in England (and 

Review modelling approaches that 
enable groundwater processes to 

M 
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more widely) is immature compared 
with that of floods. A variety of 
methods are potentially available from 
stochastic and data-led, lumped 
parameter and distributed 
groundwater models, to machine 
learning approaches. However, the 
respective utility and applicability of 
such models to a range of 
groundwater drought-related research 
and management questions is unclear. 
In addition, coupled models of water 
resources, drought, climate change 
and water supply been developed for 
research purposes, and these 
invariably represent groundwater in 
the most simplistic manner. There is a 
need for a thorough review of 
modelling requirements related to 
groundwater-aspects of drought in 
England with particular emphasis on 
the most appropriate approaches to 
integrate groundwater processes into 
linked models of drought dynamics, 
and the observational data needed to 
evaluate their skill. 

be incorporated in water resource 
modelling systems and identify 
best practice for coupled models 
applied to the estimation and 
prediction of low flows and 
droughts. The review should 
include an assessment of current 
operational water resource 
management models that have an 
application in the context of 
droughts, the extent to which 
those models currently incorporate 
groundwater information, and 
recommendations for the improved 
representation of groundwater 
systems in such models. 

Knowledge gap 12: Despite almost two 
centuries of reconstructed, observed 
and modelled groundwater level and 
SGI time series being available for 
over 50 observation boreholes across 
the UK, a globally unique data 
resource, there has been no attempt to 
date to extract and analyse 
groundwater droughts from long 
observed/modelled records and no 
assessment of the evidence they 
provide in constraining changes in 
groundwater drought frequency and 
characteristics over this period. 

(see also Knowledge gap 8) 
Combine groundwater level and 
SGI data from representative 
observation boreholes with 
published reconstructed levels and 
SGI time series (from Jackson et 
al, 2016) Bloomfield et al. (2018b; 
2018c) and with forecasts from 
groundwater levels from the 
eFLaG project. Taking into 
account model uncertainties, 
define and extract groundwater 
droughts in the combined 
modelled / observed time series. 
Characterise the extracted 
droughts in terms of their 
frequency/return period, drought 
characteristics (e.g. magnitude, 

H 



152 of 669 

intensity and duration), and how 
they vary spatially and by aquifer 
type. Investigate the spatio-
temporal relationships between 
the extracted groundwater drought 
and the driving climatology and 
how this has and will change in the 
future. 

Knowledge gap 13: Despite evidence 
for the importance of including water 
resource management data in models 
of groundwater drought dynamics, 
there is limited freely available 
information on abstractions and 
discharges from and to managed 
groundwater systems or information 
on specific water resource 
management responses during 
episodes of drought other than that 
published in water company Drought 
Plans. 

Water companies, environmental 
regulators and research 
community work together to make 
water resource management data 
more freely available for the 
purposes of improving 
groundwater drought forecasts 
more accurate and reliable and to 
improve the effectiveness of 
drought planning process. 

M 
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Overview 

Extreme low flows and long dry periods are predicted to have major impacts on river and 
lake water quality, as transfers of nutrients and pollutants from the catchment land surface 
to the waterbody will be minimised, and the impact of point source inputs will tend to be 
magnified due to the lack of dilution in the river or low flushing rates in lakes. The long 
residence times and often increased water temperatures and nutrient concentrations can 
also result in high algal and bacterial biomass and rapid biogeochemical cycling in rivers 
and lakes, which have important impacts on water quality and dissolved oxygen 
concentrations.   

In general, droughts are expected to increase conductivity, water temperature, biological 
activity/biomass and point-source pollutants such as soluble phosphorus, metals, 
pharmaceuticals and personal care products. However, pH, overnight dissolved oxygen 
concentration and suspended sediment concentrations are likely to decrease.    

Most of the individual biogeochemical processes that will occur during drought periods are 
largely understood and well-studied. However, droughts can result in many complex and 
competing processes. For instance, the lack of rainfall reduces nutrient and pollutant 
transfer from the catchment surface to the waterbody, thereby reducing concentrations. 
Conversely, reduced river flow and rates of lake flushing can cause anoxia in the bed-
sediment, which can release P and metals into the waterbody, increasing concentration. In 
rivers dominated by continuous point-source inputs, pollution and nutrient loads will tend to 
become more concentrated as flow declines. However, increasing phosphorus and metal 
concentration in the water column will affect the equilibrium with the bed-sediment, 
increasing the sequestration by the bed and thereby reducing dissolved concentrations. 
How these processes and feedback loops interact is currently unknown.   

Other competing relationships can potentially result in sudden step changes in water 
quality. For example, the relative proportion of groundwater to rivers and lakes will 
increase as the drought progresses, with the waterbodies progressively assuming the 
characteristics of the groundwater. However, during a prolonged and severe drought, the 
water table will continue to fall and eventually loose connectivity to the river of lake, 
producing a break point and sudden likely change in water quality. This can also lead to 
fragmentation of headwaters and stagnation of ephemeral rivers, resulting in sudden 
physical and chemical changes in water quality. Other sudden step changes in water 
quality can be triggered by lake stratification and sediment anoxia and related releases of 
pollutants and nutrients. The impacts on algae, cyanobacteria and the wider aquatic 
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ecology are relatively uncertain. It is largely assumed in the scientific literature that algae 
and plant growth rates and biomass will tend to increase during droughts, but relationships 
between flow, water temperature and the interacting components of aquatic communities 
are difficult to predict.    

To address the uncertainties in water quality and phytoplankton discussed above, the 
water quality of the River Thames and two of its contrasting tributaries were investigated 
(2009 – 2022), to determine the impacts of the 2022 summer drought. Water temperatures 
were the highest observed in all three sites in summer 2022. Total phosphorus (P) and 
dissolved organic forms of P were elevated in the Thames. The drought had little impact 
on nitrate and ammonium concentrations, and suspended sediment concentrations 
remained low. Dissolved oxygen concentrations steadily declined in the Thames through 
July and August 2022, dipping to 70% following a small algal bloom crash. The summer 
2022 drought produced the highest observed chlorophyll and diatom concentration in the 
lower Thames, and a community shift towards smaller-sized pico-chlorophytes and 
cyanobacteria during this period of low flows and high water temperatures.     

Targeted and comprehensive monitoring needs to be in place to capture the impacts of 
future droughts, from pre-drought conditions through to the recovery period. It would 
provide robust data for setting up and further-developing models. It would also provide the 
much-needed evidence to determine if the predictions of potential drought impacts are 
accurate, and in which waterbodies they occur. It would allow the characteristics of 
drought-resilient and drought-vulnerable catchments to be identified, which would inform 
catchment managers how to increase resilience in vulnerable catchments through land-
use change, water quality improvements and river restoration. 
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1. Introduction 
UK freshwaters are under increasing stress from population growth, agricultural 
intensification, inputs of an ever-growing range of emerging contaminants, and climate 
change. Current climate change projections for the UK predict wetter winters and drier, 
warmer summers, which are likely to increase the incidence of summer droughts, and 
these droughts are likely to cover a greater spatial extent, and be longer in duration 
(Johnson et al., 2009). Extreme low flows and long dry periods are predicted to have major 
impacts on water quality, as transfers of nutrients and pollutants from the catchment land 
surface to the waterbody will be minimised, and the impact of point source inputs will tend 
to be magnified due to the lack of dilution in the river or low flushing rates in lakes. The 
long residence times and often increased water temperatures and nutrient concentrations 
can result in high algal and bacterial biomass and rapid biogeochemical cycling in rivers 
and lakes, which have important impacts on water quality and dissolved oxygen 
concentrations. 

In this study, we will 

• Review the latest state of understanding of the impacts of drought on water quality 
and phytoplankton, including drought termination. 

• Determine if, and to what extent, these predictions occurred across the River 
Thames catchment during the 2022 summer drought. 

• Identify knowledge gaps that could help us to manage water quality and resources 
more effectively in the face of increasing drought risk. 

1.1. Definitions and scope 
This study will address how droughts can affect river and lake water quality. It will focus on 
physical, chemical and biological impacts, as these are strongly interlinked within 
waterbodies and across their catchments. The study will focus on recent (post 2010) 
drought monitoring and modelling studies from the UK and internationally, building on a 
previous review by Whitehead et al. (2009). It will also include low-flow events, and not be 
limited to official droughts. We cover parameters of environmental concern, such as 
macronutrients (phosphorus and nitrogen), metals, pollutants and solutes, electrical 
conductivity, pH, dissolved oxygen, sediments, and phytoplankton. 

We also address water temperature, as hydrological drought conditions and their often-
associated high air temperatures, can impact water quality via their direct effect on water 
temperature: the combination of shallower depth and slower water velocity tends to lead 
towards higher stream temperatures (Booker and Whitehead, 2022). Higher water 
temperatures directly impact water and sediment chemistry, dissolved oxygen 
concentrations, and biological biomass and metabolic activity, which can all have major 
impacts on water quality. 

The second part of this study is a case study that reviews water quality data from the River 
Thames and two contrasting tributaries through the 2022 summer drought, to determine 
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the magnitude and extent of the drought impacts that have been predicted in the scientific 
literature. 

 

2. Drought impacts on river and lake water 
quality 
Drought periods and their associated lack of precipitation result in low river flows, 
decreasing lake volumes and a reduced connectivity with the surrounding catchment and 
groundwater. This can have significant impacts on the relative sources of pollution and 
nutrients reaching the waterbody, and thereby affect concentrations and the chemical form 
of pollutant. This impact is likely to vary, depending on the hydrology, morphology, 
catchment land-use and pollution sources. 

2.1. Nutrients 
Drought and low flow 

Rivers that are dominated by diffuse, rain-related inputs of nutrients (phosphorus and 
nitrogen) will tend to have reduced loads and/or concentrations throughout a drought 
period, due to the reduction or cessation of catchment inputs. Rich sources of nutrients, 
such as fertilisers and animal manures will not be transported from the catchment surface 
into rivers or lakes via field drainage, overland flow etc. Groundwater inputs (which can be 
a major source of nitrate in the UK) can also reduce as the water table falls, but the 
proportion of the total river flow that constitutes groundwater may increase as other water 
sources decrease. Other diffuse inputs of nutrients will be derived from subsurface flow 
and release from internal sources such as river/lake sediments and organic matter 
decomposition. 

In contrast, rivers dominated by nutrient inputs from sewage treatment works (STW) 
effluent will tend to have increased nutrient concentrations during drought low-flow 
periods, because the STW point source inputs remain relatively constant, and the reduced 
river flow means that there is less baseline dilution capacity (Bowes et al., 2014; Naden et 
al., 2015). The relationship between nutrient concentration and river flow for the Thames 
catchment, and how this varies according to the proportion of STW effluent inputs, is 
shown in Figure 1. These weekly data from 2009 to 2014 did not include an official drought 
period, but show how tributaries receiving significant STW point source inputs have higher 
total phosphorus (TP) concentrations as flows reduce, whereas catchments that have low 
population densities and few sewage inputs (River Pang) have declining TP 
concentrations as flows decline. 
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Figure 1. Typical total phosphorus concentration / flow relationships derived from 
STW point source dominated (R. Ray, Oxfordshire), mixed source (R. Enborne) and 
diffuse dominated (R. Pang) catchments (Naden et al., 2015). 

Nutrient concentration is not merely a product of the load of nutrient being input into a 
waterbody and the dilution effect of the river flow or lake flushing rate. Nutrient dynamics 
within rivers and lakes are complex and interacting, including processes such as biological 
uptake, sequestration by sediments, and transformation into different nutrient forms by 
chemical and biological reactions. These processes tend to be at their maximum during 
low flow periods, when water residence time is at its maximum, nutrient concentrations can 
be at their peak and water temperatures often high. Under these extreme conditions, 
macrophytes, periphyton and phytoplankton can grow rapidly, resulting in the depletion of 
phosphorus, nitrogen and dissolved silicon from the water column and bed sediment. The 
low flow conditions, with reduced water depth and slower flow velocities, results in 
dissolved phosphorus being in greater contact with the bed, thereby potentially increasing 
the rate of adsorption to the sediment and loss from the water column (Bowes and House, 
2001). Consumption of aquatic biomass / organic matter by microbes, and algal 
respiration, can reduce oxygen concentrations, particularly at night, and cause anoxic 
conditions in bed sediments and the lower water layers. This can result in sudden releases 
of phosphorus and ammonium into the overlying water, thereby increasing the risk of 
eutrophication (Jarvie et al., 2020). These effects are particularly marked in thermally-
stratified lakes, where the lower layers of the lake become anoxic. 

Drought periods and high temperatures also affect the uptake and release of nutrients 
from the catchment soils. High temperatures can increase organic phosphorus soil 
mineralisation, and soil drying can result in phosphorus release via the oxidation of soil 
carbon, aluminium and iron (Forber et al., 2018). Conversely, other studies have shown 
that mobile nutrients are more likely to be retained within soils during drought periods 
(Costa et al., 2022). 

Drought cessation 

Catchment characteristics and relative nutrient sources can have a large impact on water 
quality during the first storm events following a low flow or drought period (Outram et al., 
2016). The previous prolonged period without rainfall means that nutrients from animal 
manures, fertilisers and organic matter will have accumulated on the catchment surface. 
The first rainfall events often rapidly-mobilise this stored nutrient and transport it into the 
waterbody, thereby increasing the loads and potentially the concentrations. Long-term 
water quality monitoring studies, such as the Defra Demonstration Test Catchments and 
UKCEH Thames Initiative have shown large peaks in phosphorus concentration during 
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these first storms following a prolonged dry spell (Bowes et al., 2015a; Bowes et al., 
2015b; Ockenden et al., 2016), and similar patterns have been observed elsewhere for 
phosphorus (Bieroza et al., 2019; Lisboa et al., 2020) and nitrogen (Loecke et al., 2017). 

In river catchments receiving STW final effluent discharges throughout the low flow or 
drought period, the first storms often produce large clockwise hysteresis loops, with much 
higher than expected phosphorus concentrations on the rising hydrograph for a given river 
flow (see purple section of Figure 2, lower graph). These data points do not coincide with 
increased inputs of nitrate or ammonium, and they are therefore from a rapidly-mobilised 
source, in close proximity to the river monitoring point, that consists primarily of 
phosphorus and not nitrogen. This suggests that much of the continuous phosphorus 
inputs from STW effluents over the low-flow period are stored within the bed-sediment, 
and the first few storm events disturb the bed, mobilising phosphorus-rich sediments and 
pore-waters into the water column. The subsequent storm events often result in lower P 
concentrations as this source of rapidly-mobilised bed-sediment P becomes depleted and 
catchment P inputs become more significant as the catchment connectivity with the river 
increases as it wets-up (brown section in Figure 2; lower graph). 
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Figure 2. Total reactive phosphorus concentration / flow relationship for the River 
Enborne, Berkshire (Bowes et al., 2015b)((Bowes et al., 2015b). 

 

Nutrient modelling 

The relationship between river nutrient concentration and flow can be modelled, using the 
Load Apportionment Model (LAM) (Bowes et al., 2008), to estimate the relative quantities 
of P and N coming from continuous (point source) and rain-related (diffuse) sources. 
These established concentration/flow relationships can then be used to estimate the 
nutrient concentrations resulting from low flow and drought conditions. This LAM method 
was applied to the Future Flows Climate dataset, which provided daily mean flows for 115 
rivers across England, for 11 climate predictions generated by the Hadley Centre Regional 
Climate Model (HadRM3-PPE) (Prudhomme et al., 2012). This enabled phosphorus 
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concentrations to be predicted under these 11 climate scenarios, at daily resolution, until 
2098 (Charlton et al., 2018). This Environment Agency study predicted that for some 
rivers, there would generally be small increases in annual ortho-phosphorus 
concentrations, and increases in summer concentrations in particular, due to climate 
change and associated reduced summer flows, and this could increase future 
eutrophication risk (Environment Agency, 2016). A modelling study of the Seine River in 
Paris predicted average increases of 19% and 32% in nitrate and phosphate respectively 
during extreme low flow periods, (Raimonet et al., 2018). 

Various INCA (Whitehead et al., 1998) modelling studies have also suggested that climate 
change projections for the Thames catchment are likely to have very little impact on 
predicted nitrogen (Jin et al., 2012) and phosphorus (Wade et al., 2022) concentrations 
and loads. Others Thames studies have suggested that by 2050, nitrate may reduce due 
to increased in-stream denitrification rates and phosphorus concentration would increase 
by 12% due to reduced dilution of effluents (Bussi et al., 2017). The INCA-N model has 
also been applied to the rural River Wye in Wales, which predicted little change in the 
upper catchment, but increased nitrate concentrations and loads in the lower catchment 
(Bussi et al., 2018). 

2.2. Metals 
There are many potential sources of metal inputs to rivers and lakes, including the natural 
weathering of bedrock and soils, anthropogenic sources from road and agricultural runoff, 
and point source inputs from sewage and industrial effluents (Pulley et al., 2016). Metal 
contamination of rivers can be potentially toxic to aquatic biota and result in failure to meet 
regulatory water quality targets, particularly in the many areas of high population densities 
and historic mining activity across the UK. 

Droughts and low flows 

The impact of low flows on heavy metal concentrations and seasonality will vary greatly, 
depending on catchment sources and which metallic element is being observed. Where 
the major source of metal pollution is from continuous sewage and industrial effluents, 
waterbodies will have highest metal concentrations during low flows, when dilution is at a 
minimum. Areas with abandoned metal mines may also have significant metal inputs 
during low flows, due to the relatively high proportion of metal-rich groundwater and soil 
leaching (Byrne et al., 2020). However, under severe drought conditions, these 
groundwater inputs may cease as water tables drop, reducing the river concentration and 
load. Conversely, periods of rainfall will wash metals from land and road surfaces, and 
mobilise mine waste from soils and spoil heaps, thereby increasing river loads as flow 
increases. 

Dissolved metal sorption by waterbody bed-sediments converts dissolved metals to 
particulate-bound forms. Contact between dissolved metals and bed sediments will be 
highest under low flow conditions, due to low flow velocities, high residence times and a 
greater relative contact with the bed as river levels fall. However, this flow-related pattern 
is further complicated by redox and pH effects, with rises in pH during droughts (e.g. due 
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to reduced inputs from upland acidic soils and peat) resulting in possible release of metals 
from the sediment to the overlying water column (Byrne et al., 2020; Pulley et al., 2016). 
This complexity in metal source, speciation and internal geochemical cycling means that 
there is no clear pattern in metal concentration during drought conditions. However, a 
literature review by Mosley (2015) showed that droughts usually resulted in increased 
metal concentrations in both rivers and lakes. A study of the River Meuse in Belgium 
showed that during drought conditions, metals with high adsorption affinity with sediments 
(such as lead, chromium, mercury and cadmium) had low river water concentrations, 
whereas those metals with low adsorption affinities (selenium, nickel, barium) had 
increased concentrations at low flows (van Vliet and Zwolsman, 2008). The reduced lake 
flushing rates and higher water temperatures associated with droughts can increase 
incidence and duration of lake thermal stratification. This can lead to anoxia in the 
hypolimnon, which has been shown to release metals such as iron and manganese from 
the bed sediment into the overlying waters (Mosley, 2015). 

Drought cessation 

The storage of metals within the bed sediment of rivers and lakes during low flow and 
drought conditions, through absorption of dissolved metals and sedimentation of 
particulate-bound metals can provide a major source for metal remobilisation when the 
drought comes to an end. Large increases in metal concentrations in the first storms 
following a drought have been observed (Hrdinka et al., 2012), but there have been very 
few studies investigating drought recovery of stream biogeochemistry (Lake, 2011). 

2.3. Solutes and pollutants 
Rivers and lakes receive a complex mixture of substances from domestic and industrial 
wastewaters, and diffuse inputs from groundwater, soils, agriculture, septic tanks and 
runoff from urban surfaces. This vast mixture of solutes and pollutants, derived from a 
wide range of sources with a variety of transport pathways and chemistries, will all react 
differently to droughts. They will also vary spatially, based on waterbody type, catchment 
characteristics, physical and chemical conditions, biological interactions and hydrological 
connectivity. 

It would be impossible to predict drought impacts for such complex systems, but 
generalisations can be made. Pollutants that are primarily routed into rivers and lakes via 
sewage treatment works final effluent, such as pharmaceuticals, personal care products, 
synthetic hormones, plasticisers, flame retardants and microplastics, are likely to be at 
their highest concentrations during low flows (Kamjunke et al., 2022; Watkins et al., 2019), 
and these concentrations are predicted to increase with increasing drought frequency and 
intensity in the future (Whelan et al., 2022). In contrast, pollutants that are associated with 
diffuse pollution, such as pesticides, herbicides and road runoff, would be expected to be 
at low concentrations during drought periods, due to lack of connectivity between the 
catchment surface and the waterbody. At drought cessation, it would be expected to see 
these accumulated diffuse pollutants producing significant concentration peaks within the 
waterbody. 
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Electrical conductivity (EC) provides a proxy for inorganic solute concentrations within a 
waterbody, and can be a good indicator of pollution concentration. Studies have shown 
that during severe low flows, EC is elevated (Burt et al., 2015; Hellwig et al., 2017; Jones 
and van Vliet, 2018), due to lack of dilution of sewage effluents, and increasing solute 
concentration through evaporative losses. Other studies have also observed reduced pH 
and acidification during droughts (Jones and van Vliet, 2018; Mosley et al., 2014), but 
many monitoring studies have shown no pH impact (reviewed in Mosley (2015)). 

2.4. Dissolved oxygen 
Droughts in the UK are often associated with periods of warm weather, and the combined 
effect of low flow and increased water temperature can result in low dissolved oxygen 
(DO) concentrations in waterbodies (Whitehead et al., 2009). Low DO can cause problems 
for the fish (Warren et al., 2015) and invertebrate (Parr and Mason, 2003) communities, 
and the potentially anoxic conditions can also result in poor water quality (Gomez-Gener et 
al., 2020). 

The solubility of oxygen in water decreases with increasing temperature, and therefore DO 
concentration would be expected to decrease as water temperature rises. Low flows result 
in reduced turbulence, which limits re-aeration of the waterbody from the atmosphere 
(Warren et al., 2015). In severe droughts, longitudinal connectivity of rivers can be lost, 
particularly in ephemeral headwater streams, and this can cause significant reductions in 
DO in these stagnant waterbodies (Dollar et al., 2012). Increasing temperatures can also 
lead to increases in bacterial concentrations and rates of respiration. Additionally, the low 
flows and lack of dilution of sewage-derived organic pollution sources and high biological 
productivity within the waterbody can result in high biological oxygen demand (BOD), 
which can further reduce DO concentrations (Johnson et al., 2009). Algal and plant 
photosynthesis can be greatly elevated during summer drought periods, due to increased 
residence time resulting from the reduced flows, and the associated sunny and warm 
conditions that often occur, and this can counteract any reductions in DO. However, when 
the algal bloom ends, respiration dominates (due to the sharp reduction in photosynthesis 
and the bacterial consumption of algal biomass), and this can result in oxygen sags 
(Martin et al., 2013). In lakes, increasing water temperatures and reduced flushing rates 
can increase lake stratification, which can often lead to oxygen depletion in lake 
hypolimnia (Hering et al., 2010). The review by Mosley (2015) showed that droughts 
caused reductions in DO in rivers and lakes in most cases. 

Routine regulatory monitoring of rivers and lakes during the day usually records oxygen 
oversaturation (DO% >100%) during these periods. However, high-frequency sub-daily 
monitoring shows that there are large diurnal fluctuations in DO concentration during 
periods of high algal biomass, which could lead to low DO and associated ecological 
problems overnight (Halliday et al., 2015), such as loss of invertebrate taxa and increased 
fish mortality (Chessman, 2015; Warren et al., 2015). Low night-time oxygen 
concentrations are particularly apparent in headwater catchments, for example in 
urbanising areas (McGrane et al., 2017) where problematic levels can be seen in colder 
conditions as well as in summer. In small rural rivers similarly low concentrations are 
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observed (e.g. Hutchins et al. (2021)). Present day summer DO concentrations in larger 
rivers are higher (typically 8.0-8.5 mg/L outside of depleted conditions during bloom 
crashes). A review of response to droughts showed mixed effects to dissolved oxygen 
(Mosley, 2015). A few studies revealed DO increases attributable to enhanced primary 
productivity, whereas for the majority, declines are reported due to increased water 
temperature and these are especially apparent in point source dominated systems. 
Following droughts, the delivery of accumulated labile carbon in post-drought flushes can 
give rise to further deoxygenation. 

Dissolved oxygen modelling 

Process-based modelling studies can quantify impacts of droughts on oxygen levels and 
offer mechanistic explanations. In addition to simulating seasonal variations, the 
QUESTOR model reproduces observed diurnal fluctuations of dissolved oxygen and key 
drivers (water temperature and chlorophyll) successfully (Hutchins et al., 2021; Pathak et 
al., 2021). Elevated photosynthesis during algal blooms enhances dissolved oxygen but 
depletion can occur following crashes in prolonged dry periods (Waylett et al., 2013). In a 
model sensitivity analysis of river water in the south-east, Hutchins and Hitt (2019) 
addressed the effects of reductions in flow and increases in water temperature which are 
key features of UK summer droughts. It was found that reduction in river flow by 20% in 
summer will likely deplete dissolved oxygen by up to 0.9 mg l-1. Separately, an increase in 
summer water temperature of 2 ⁰C will deplete dissolved oxygen by up to 0.5 mg l-1. 
Modelling suggests the combined effects are less than the additive expectation but would 
still deplete levels by more than 1.0 mg l-1. 

Prediction of water quality under projected future climate conditions (derived from 
HadRM3-PPE data) (Prudhomme et al., 2012) reveals a likely worsening of dissolved 
oxygen conditions, with increased incidence above present day frequency of 
concentrations below 6 mg l-1 by 7-13 days per year in the River Thames. Such future 
deteriorations appear more likely in drier parts of the south-east where increased 
incidence of undesirable conditions broadly equates to reduction in typical summer DO 
levels by as much as 3 mg/L. In other parts of the country (e.g. rivers in Yorkshire and 
south-west) change in summer DO is likely to be less severe (< 1 mg l-1) (Miller and 
Hutchins, 2017). In summary, much of the adverse effects of droughts and likely future 
changes (attributable to the integrated effects of drier and warmer conditions) are 
manifested in terms of consequences of algal bloom crashes, enhanced heterotrophic 
respiration and reduced oxygen holding capacity of warmer waters. 

Raimonet et al. (2018) predicted the oxygen sags would occur and increase in magnitude 
at the end of spring algal blooms in the lower River Seine during extreme low flows. Here, 
models also identified the predominance of benthic processes in controlling carbon 
dynamics and enhanced oxygen consumption at low flows (Vilmin et al., 2016). Deep 
learning models also provide insights and can successively predict low levels in rivers (< 
7.5 mg l-1) under high temperatures typical of droughts and where oxygen consuming in-
channel transformations are identified (Zhi et al., 2021). However oxygen response in 
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rivers is closely related to river hydrodynamics and where such information is lacking this 
can hamper prediction of low concentrations in droughts. 

2.5. Sediment 
Suspended sediment concentrations in waterbodies are closely related to rainfall, river 
flow velocities and lake flushing rates. Rainfall and snowmelt allow surface sediment to be 
washed into the river or lake. The higher river flows, lake flushing rates and turbulence 
keep more of the sediment inputs suspended in the water column. The higher flow 
velocities re-suspend finer bed-sediments. Therefore, during droughts, sediment inputs to 
the waterbody and bed-sediment resuspension will be expected to be at a minimum 
(Hrdinka et al., 2012). Low flow velocities will increase the rate of deposition, and result in 
finer, organic-rich sediments being deposited on the bed (Dollar et al., 2012). This can 
have major impacts on dissolved oxygen and water quality, as the increased microbial 
biodegradation of this fine organic matter, under increased water temperature conditions 
of the drought, can cause anoxia of the bed sediment (Mosley, 2015), leading to 
phosphorus and ammonium releases to the overlying water (Jarvie et al., 2020; van Vliet 
and Zwolsman, 2008). 

The first storms following a drought period can produce high suspended sediment loads 
(Bieroza et al., 2019; Burt et al., 2015), due to the remobilisation of fine bed sediments that 
have accumulated over the drought period, and due to the in-wash of material that had 
accumulated across the catchment. 

2.6. Phytoplankton 
Drought periods are generally predicted to increase algal bloom risk in rivers and lakes 
(Whitehead et al., 2009). Low river flows and reduced lake flushing rates produce longer 
residence times that allow phytoplankton biomass to increase (Bowes et al., 2012; Bowes 
et al., 2016; Forber et al., 2018; Reynolds, 2006). The warmer temperatures and 
increased light availability that are often associated with droughts are also predicted to 
increase gross primary production in rivers and lakes (Desortova and Puncochar, 2011; 
Hosen et al., 2019). Increased phytoplankton biomass can increase water column turbidity 
and excessive epiphytic algal growth can cover plant leaves, resulting in macrophyte 
community shifts towards emergent species, or the potential loss of macrophytes, due to 
light limitation (Hilton et al., 2006; O'Hare et al., 2018). This shift or loss of plant habitat 
can have damaging impacts on the invertebrate and fish communities. 

Conversely, very low flow-velocities and low turbulence can result in the sedimentation of 
the larger phytoplankton and a reduction in biomass within the water column (Kamjunke et 
al., 2022). In a 30-year study of the Loire River, France, Minaudo et al. (2021) showed that 
despite increases in water temperatures and extreme low-flow periods, phytoplankton 
biomass has decreased 10-fold, which was attributed to major reductions in phosphorus 
concentrations and increased grazing rates by the presence of an invasive filter-feeding 
clam. High water temperatures in the River Thames have also been shown to regularly 
end chlorophyll blooms (Bowes et al., 2016). However, the majority of recent studies have 
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generally observed increased algal biomass in both rivers and lakes as a consequence of 
drought (Mosley, 2015). 

The community composition of phytoplankton is also likely to be affected by climate 
change. The low flow conditions during droughts can shift the phytoplankton community 
towards smaller chlorophytes and cyanobacteria, as the larger phytoplankton, such as 
diatoms, settle out of the water column. Cyanobacteria are known to often dominate the 
phytoplankton community when water temperatures are high (Paerl and Huisman, 2008), 
and are also relatively salt tolerant, and so not affected by increasing conductivity due to 
evaporation loses (Reichwaldt and Ghadouani, 2012). Most recent studies have observed 
increases in cyanobacterial biomass in lakes (Havens et al., 2019; Ji et al., 2017) and 
rivers (Piano et al., 2017) during drought periods, but some studies have not seen any 
impact (Minaudo et al., 2021). 

Modelling 

A 5-year niche-modelling study of the middle River Thames, southern England, has shown 
that chlorophyll blooms occur during periods of low flow, high sunlight and warm water 
temperatures (Bowes et al., 2016). However, chlorophyll blooms collapse when flow is 
exceptionally low (<10 m3 s-1) and water temperatures exceed 19oC. Therefore, 
developing droughts could significantly increase phytoplankton biomass, but droughts with 
extremely low river flows and potentially high temperatures could actually decrease 
phytoplankton biomass and alter the timing of blooms. 

Bussi et al. (2016) applied the INCA model (Whitehead et al., 1998) to the same River 
Thames dataset, alongside cell abundances of five phytoplankton groups, which predicted 
that average phytoplankton concentrations were likely to increase under future climate 
change scenarios, with cyanobacteria in particular showing a significant increase. 
Raimonet et al. (2018) predicted that phytoplankton biomass will increase by an average 
of 31% in the lower Seine River as a result of extreme low flows and associated 
phosphorus and nitrate increases. 

UK lake modelling studies have also predicted high abundance of cyanobacteria during 
drought periods with high water temperatures and low flushing rates (Carvalho et al., 
2011; Elliott, 2010). 

 

3. River Thames case study: summer 2022 
drought 
The weekly water quality and phytoplankton data from the UKCEH Thames Initiative 
(Bowes et al., 2018) was used to assess the impact of the 2022 drought in southern 
England. This provides an opportunity to determine if the patterns and predictions made in 
the recent research literature was accurate for this particular catchment, and how the 
impact varied in rivers of different scales, population density, and land use. 
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This case study focussed on the lower River Thames at Runnymede, and two contrasting 
tributaries; The Cut and the River Kennet (Figure 3; Table 1). The Thames at Runnymede 
has a relatively high population density (371 people km-2), and flows through the major 
urban areas of Swindon, Oxford, Reading and Maidenhead. It is therefore nutrient 
enriched from the large amounts of STW effluent it receives. Much of the catchment is 
rural, dominated by arable land use. The Cut is a highly urbanised (1644 people km-2), 
highly modified river with low base flow index (BFI). The River Kennet is a largely arable, 
groundwater-fed chalk stream, with high base flow index and lower population density 
(114 people km-2). In addition, we also utilise the water quality data from the EA / UKCEH 
automatic monitoring station on the River Thames at Taplow, Maidenhead (Figure 3). This 
provides hourly data for water temperature, conductivity, pH, ammonium, turbidity, 
dissolved oxygen, chlorophyll, and nitrate. 

Table 1. Catchment statistics for Thames study sites. 

River name / 
monitoring location 

 River Kennet at 
Woolhampton 

The Cut at Paley 
Street 

River Thames at 
Runnymede 

Grid reference  SU572667 SU869762 TQ006723 

Catchment area (km²)  845 63 7170 

Distance to source 
(km) 

 79 21 240 

Base flow index  0.87 0.46 0.72 

% Land cover Grassland 30.0 32.7 34.0 

 Arable 48.7 9.8 40.4 

 Urban / 
semi-urban 

4.4 35.3 10.5 

STW PE  96,380 103,600 2,661,370 

STW PE density 
(PEkm-²) 

 114 1644 371 
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Figure 3. Map of River Thames catchment with location of weekly monitoring sites 
on The Cut at Paley Street, Kennet at Woolhampton and Thames at Runnymede (red 
circles) and automated water quality monitoring station at Taplow (yellow circle) 
 
 

3.1. Water temperature 
All three rivers had their highest recorded water temperatures during the 2022 drought, all 
peaking on the same sampling day; 18th July (Figure 4). Maximum observed temperatures 
varied greatly between the study rivers, with the highest being in the lower Thames 
(26.9oC), followed by The Cut (23.2oC) and River Kennet (21.3oC). The lower 
temperatures in the Kennet are probably related to the greater input of cooler groundwater 
to this Chalk river. 



176 of 669 

 
Figure 4. Weekly river water temperatures at Thames case study locations. 

 

Therefore, the predictions that drought periods (especially if they tend to coincide with 
periods of hot weather) will increase river water temperature (Booker and Whitehead, 
2022) appears to be correct in the Thames catchment. The pattern in this observational 
data suggests that drought temperature impacts will increase as river length increases and 
BFI decreases. 
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3.2. Nutrients 
Phosphorus 

Most of the current literature and modelling studies predict that phosphorus 
concentrations, particularly in urbanised catchments, would increase during drought 
periods, due to a lack of dilution of continuous sewage effluent inputs. The data from the 
study rivers confirm that both The Cut and the River Thames do indeed have a regular 
annual pattern with highest P concentrations in the summer and early autumn of each year 
(Figure 5). The only exception to this is in 2011 – 2012, where the pattern is reversed due 
to the winter 2011 drought and 2012 summer floods. However, the drought in summer 
2022 did not produce the magnitude of peaks that would be expected during such a low-
flow period. Soluble reactive phosphorus (SRP) concentrations were relatively typical of 
previous summer concentrations, although total P concentrations in the Thames were 
much higher than previous years. This suggests that the phosphorus load, and the 
dissolved P load in particular, is being reduced by within-channel processes, such as 
uptake by bed-sediments, bioaccumulation by macrophytes and algae, and deposition of 
colloidal phosphorus. As expected, the River Kennet did not produce a seasonal pattern in 
phosphorus, as its P inputs are predominantly from diffuse sources, rather than point 
source sewage effluents. 

 
Figure 5. Weekly total phosphorus and soluble reactive phosphorus concentrations 
at Thames case study locations. 

At the drought cessation, which occurred with some showers in September 2022, followed 
by heavier rain and some flooding into December 2022, there were major TP peaks of 497 
and 445 μg l-1 in the Thames and Kennet respectively. This probably resulted from the 
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transport of P that had accumulated across the catchment during the long period of dry 
conditions to the river, and the mobilisation of P that had been stored within the channel 
itself. This supports the conclusions of past UK low-flow studies (Bowes et al., 2015a; 
Ockenden et al., 2016). The TP concentration in The Cut did not peak during this drought 
cessation period. This is likely to be due to The Cut having a small catchment, which 
would minimise diffuse P inputs, a short distance to source, meaning limited area for 
storing in-channel phosphorus, and its P load continuing to be dominated by point source 
STW inputs. The Cut is also heavily modified and canalised in sections, which could 
reduce its connectivity with the floodplain and limit the areas for sediment accumulation. 

The form of phosphorus changed during drought conditions. The concentrations of 
dissolved hydrolysable phosphorus (DHP, equivalent to dissolved organic phosphorus; 
calculated by subtracting the SRP from the total dissolved P (TDP)) was elevated during 
the 2022 summer drought for both the River Thames and The Cut (Figure 6). This 
suggests that available nutrients are being rapidly taken up by biota, and re-released in 
organic form due to elevated rates of microbial decomposition during the high-temperature 
and low-flow conditions. 

 
Figure 6. Weekly particulate-bound phosphorus and dissolved hydrolysable 
phosphorus (DHP) concentrations at Thames case study locations. 

The River Thames had high concentrations of particulate phosphorus (PP; calculated by 
subtracting TDP from TP) of up to 170 μg-P l-1 during the 2022 drought period (Figure 6). 
Much of this is likely to be bio-accumulated P within the phytoplankton. During the drought 
cessation from September to December 2022, the River Thames and River Kennet had 
peaks in particulate P, probably due to the remobilisation of P-rich sediments that had 
been deposited onto the river bed during the period of exceptionally-low flows, and the 
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flushing of accumulated organic material from the river channel, and input of PP from the 
catchment. 

Nitrogen 

 
Figure 7. Weekly ammonium concentrations at Thames case study locations. 
 

Despite predictions that ammonium concentrations can be elevated during droughts, due 
to the lack of dilution and release from anoxic sediments, the ammonium concentrations 
were extremely low at the height if the drought in August 2022 in the Thames and The Cut 
(Figure 8). The Kennet had very low ammonium concentrations in July, but had a peak of 
0.13 mg-N l-1 in early August, which could indicate that ammonium was being periodically 
released from bed sediments. At drought cessation, the first rainfall in the first week of 
September caused a large ammonium peak (0.16 mg-N l-1) in the Kennet. In the Thames 
and the Cut, ammonium concentrations increased to a more typical concentration, but 
there were no major peaks until 12th December in The Cut, reaching 2.06 mg-N l-1. 
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Figure 8. Weekly ammonium concentrations at Thames case study locations. 

For nitrate, the time-series exhibited the annual patterns suggested in the literature, with 
the highest concentrations in the summer low flow periods for the sewage-dominated 
Thames and Cut. In contrast, the Kennet showed the opposite pattern, with highest nitrate 
concentrations in the winter and spring high-flow periods, due to the nitrate inputs being 
dominated by diffuse, agricultural sources. During the July and August 2022 period, the 
Thames and Cut nitrate concentrations were very steady and consistently high at 
approximately 8 and 30 mg NO3-N l-1 respectively). At Drought cessation in September 
and October, The Cut had the two highest nitrate concentrations of the entire 12-year 
dataset at 37 mg nitrate-N l-1, followed by a sudden reduction to 7.2 mg-N l-1 within the 
two weeks to the end of October 2022. This indicates that the rainfall mobilised catchment 
and within-river N sources, but these were rapidly exhausted, and then the extra flow was 
merely diluting the sewage nitrate inputs. The Thames at Runnymede showed a similar 
pattern with an increase in nitrate from 8 to 9 mg N l-1, and then a sudden reduction to 
6.25 mg-N l-1 by the end of October. The diffuse-dominated Kennet showed the opposite 
pattern, with a steady increase in nitrate from the end of October as the catchment wetted 
up. 

3.3. Solutes 
Electrical conductivity showed a marked seasonal pattern in The Cut, with highest EC 
during summer and early autumn low-flows (Figure 9), due to the dominance of continuous 
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solute inputs from sewage effluents. The River Thames showed a similar but less marked 
seasonal pattern, due to its lower population density, whereas the largely-rural River 
Kennet had a relatively consistent EC value. The Cut and River Thames had the highest 
observed EC values during the 2022 drought period, whereas EC in the River Kennet was 
unaffected. 

 
Figure 9. Weekly electrical conductivity data at Thames case study locations 

The hourly EC data for the River Thames at Taplow showed an increase over the course 
of the drought period, from 650 to 750 μS cm-1, but EC declined during periods of high 
phytoplankton biomass and chlorophyll concentration (Figure 10). At drought cessation, 
the storm events diluted the solutes at all four study sites (Figure 9; Figure 10). 
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Figure 10. Hourly electrical conductivity and pH data from the River Thames at 
Taplow, Maidenhead 

The hourly pH data of the River Thames at Taplow generally reduced during the drought 
period, from 7.94 at the start of April to 7.65 in late August (Figure 10), showing that the 
drought was increasing acidity, as observed in some previous studies. However, the two 
phytoplankton blooms in mid-April-late May and mid-July resulted in elevated pH values of 
up to 8.7, due to the high rates of photosynthesis reducing the CO2 concentration in the 
river. 

3.4. Suspended sediment 
The Cut and River Kennet study sites had very low suspended solids concentrations 
throughout the drought period, and the whole of 2022 (Figure 11). The Thames had a 
suspended solids peak of ca. 30 mg l-1 in May 2022, which corresponded with a peak in 
chlorophyll, indicating that the suspended solids were predominantly comprised of 
phytoplankton (mainly diatoms) rather than sediment. These observations support the 
prediction that suspended sediment load will be low through droughts, due to reduced 
catchment inputs and siltation within the river channel. 
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Figure 11. Weekly suspended solids concentrations at Thames case study locations 

 
Figure 12. Hourly turbidity data from the River Thames at Taplow, Maidenhead 
(2022). (Data supplied by the Environment Agency) 

The Thames high-frequency monitoring station at Taplow produced similar data (Figure 
12), with the turbidity (a proxy for suspended solids) generally declining from April to 
October 2022, with a turbidity peak in April – May due to the increased phytoplankton load 
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(as indicated by the chlorophyll concentration). The storms and higher flows in November 
resulted in higher turbidities, resulting from inwash of sediment and particulates from the 
catchment and re-suspension of bed sediments that had accumulated throughout the 
drought. 

3.5. Dissolved oxygen 
Many studies predict that droughts can result in low dissolved oxygen concentrations, due 
to increased water temperatures and subsequent reduction on oxygen solubility, high rates 
of bacterial respiration, and a lack of turbulence reducing re-aeration rates. In the case of 
the River Thames during the 2022 drought, the dissolved oxygen levels remained 
supersaturated (up to 190%) during periods of high chlorophyll concentrations (Figure 13). 
Although there was a large amplitude in the diurnal DO cycling, the oxygen concentrations 
remained highly oversaturated overnight. The River Thames is relatively long and slow 
flowing, and therefore is able to develop a significant phytoplankton biomass in its middle 
and lower reaches through the spring and summer periods. Shorter, faster-flowing rivers 
are less likely to have the algal and macrophytes biomass to produce similar rates of 
photosynthesis, but could still have high rates of microbial respiration, which may result in 
oxygen depletion during droughts. 

 
Figure 13. Hourly dissolved oxygen and chlorophyll concentrations in the River 
Thames at Taplow, through 2022 (Data supplied by the Environment Agency). 

Previous studies have also predicted sags in DO concentration when phytoplankton 
blooms collapse. The Thames dataset demonstrates this, with DO concentrations falling 
below 100% at the end of the April-May and July chlorophyll peaks (Figure 13). DO 
concentrations fell to 70% in late July, when chlorophyll concentrations were low and 
water temperatures were at their highest, which supports many of the monitoring and 
modelling study predictions. 

3.6. Chlorophyll 
The 2022 drought produced the highest observed peak in chlorophyll concentration in the 
lower River Thames at Runnymede, although the chlorophyll bloom period was relatively 
short (7 weeks) (Figure 14). The bloom ended at the end of May 2022, and chlorophyll 
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concentrations remained low (<10 μg l-1) throughout July and August, when the drought 
conditions were at their maximum. In contrast, the River Kennet and The Cut did not 
experience a chlorophyll bloom during 2022, and were unaffected by the drought. 

Previous Thames studies have demonstrated that chlorophyll concentrations are directly 
related to diatom abundance (Moorhouse et al., 2018). These chlorophyll blooms have 
been shown to commence in the middle and lower Thames when flows are low, there is 
lots of sunlight and water temperatures are between 9 and 19oC (Bowes et al., 2016). It is 
likely that the chlorophyll bloom began and developed rapidly due to the relatively low flow 
(which increases diatom residence time) and dry sunny weather in the spring period of 
2022. 

 
Figure 14. Weekly chlorophyll concentration data at Thames case study locations. 

The increasing severity of the drought may have brought the chlorophyll bloom to an early 
termination, as diatoms decline rapidly at exceptionally-low flows, due to lack of turbulence 
resulting in deposition of the diatoms. This shows that the predicted increase in river 
chlorophyll blooms due to drought can happen. The low flow can result in more rapid 
growth rates, but can also terminate the bloom. It is likely that the timing of these blooms 
will change in the future, due to the predicted changes in hydrology and temperature. 
Consequently, the timing of the drought will have great bearing on algal biomass and 
community composition. 
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3.7. Phytoplankton 
The UKCEH Thames Initiative monitoring incorporates weekly flow cytometry analysis for 
each study site. This provides cell abundances per ml for a range of 11 groups of 
phytoplankton (Read et al., 2014). For this case study, we present data for diatoms, nano-
chlorophytes, pico-chlorophytes and total cyanobacteria groups. This phytoplankton 
abundance data indicates that there was no increase in phytoplankton population in either 
The Cut or the River Kennet throughout the 2022 drought period ( 

Figure 15, Figure 16). The data confirms that the high chlorophyll concentration in the 
Thames was due to high diatom cell abundance in April to May 2022, with the highest 
recorded diatom cell densities observed in the 11-year data record (Figure 17). 

All sites showed a shift to pico-chlorophytes and cyanobacteria as the drought progressed, 
which is due to these groups being able to maintain their position in the water column 
under severe low-flow conditions, and also favouring higher water temperatures. 
Cyanobacteria as known to proliferate when water temperatures are high, and this data 
provides clear evidence for this, with cyanobacteria only proliferating when water 
temperatures were > 20oC (Figure 18). However the record water temperatures observed 
in the summer of 2022 in all three rivers did not produce record cyanobacteria cell 
abundances, as may have been expected. This demonstrates that other multiple 
parameters (light, nutrients, flow) are important in controlling cyanobacterial blooms, but 
increasing drought risk and water temperatures are likely to increase the risk of harmful 
cyanobacterial blooms in the future. 
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Figure 15. Weekly phytoplankton and cyanobacterial cell abundances in The Cut, 
analysed by Flow Cytometry. 
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Figure 16. Weekly phytoplankton and cyanobacterial cell abundances in the River 
Kennet, analysed by Flow Cytometry. 
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Figure 17. Weekly phytoplankton and cyanobacterial cell abundances in the River 
Thames, analysed by Flow Cytometry. 
 

 
Figure 18. Relationship between water temperature and cyanobacterial cell 
abundance. 
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4. Remaining research gaps 
It is clear that droughts can directly impact a wide range of physical, chemical and 
biological water quality parameters. There is an urgent need to increase the spatial and 
temporal scale of long term monitoring to allow the research community to gain new 
insights into drought impacts when they occur. The NERC Floods and Droughts Research 
Infrastructure that is currently being implemented could provide the data required when 
droughts next affect the UK. 

One of the commonly-predicted changes in rivers and lakes in the future is that there will 
be an increase in algal and cyanobacterial bloom risk. To capture the underpinning data 
required to understand this, there is a need to increase phytoplankton monitoring. High-
frequency chlorophyll probes are now reliable and available, and should be deployed in 
our larger UK rivers where algal blooms can be a problem. Additional phytoplankton 
community composition data is also vital, using flow cytometry or specialist fluorimeters 
that can quantify the concentrations of different photosynthetic pigments. One of the major 
reasons that there is concern over the potential increase in cyanobacterial populations 
during periods of drought and heat waves is that they can produce neurotoxins that can 
poison livestock and pets, and can cause problems for drinking water supplies. Monitoring 
these neurotoxin compounds in at-risk waterbodies is a really important step to develop 
understanding of the conditions in which these cyanobacteria proliferate, and what causes 
them to produce these toxins. 

Environmental flows (e-flows) indicate both the quantity and quality of water required to 
sustain river and water-dependent ecosystems. Although the definition of e-flows 
incorporates water quality, almost all approaches have focused on water quantity and flow 
regime, with few covering water quality. Water quality experts have set many standards 
which are not formally linked to e-flows. Yet, most rivers are exposed to multiple stressors 
from human activities, of which water quality is one, which are difficult to disentangle; 
environmental flow assessments need to consider stressor interactions (Laize et al., 
2021). There is a need to investigate the impact of droughts on WQ and river ecology 
together rather than separately. 

The Thames case study has shown that the 2022 drought has had varying impacts on 
different waterbody types. More work is urgently needed to assess which waterbody types 
are most vulnerable to drought conditions, and which are most resilient. This could provide 
vital insights into how rivers and lakes could be best managed to increase their resilience 
to future climate change. 

There are many mitigation options available to catchment managers to reduce drought 
impacts, such as reducing water use, flow-support schemes, cooling of rivers by riparian 
tree planting, improved wastewater treatment etc. It is important to try to capture how 
these interventions reduce the impact of drought on water quality and eutrophication risk, 
to provide the evidence and support modelling activities. 
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5. Opportunities and recommendations 
Targeted and comprehensive monitoring needs to be in place to capture the impacts of 
future droughts, from pre-drought conditions through to the recovery period. Commencing 
monitoring once a drought has been declared is too late. Hopefully the NERC Floods and 
Droughts Research Infrastructure programme will provide this platform over the coming 
decades for a range of typical UK catchments. 

Capturing full biogeochemical datasets through future droughts is vital, as it provides the 
much-needed evidence to determine if the predictions of potential drought impacts 
discussed in this report do actually occur, and how widespread and severe these impacts 
are. 

It is vital to establish the river and lake typologies whose water quality and ecology are 
most likely to be affected by droughts, as this will allow the UK to target mitigation 
resources. Important lessons can be learnt from identifying drought-resilient catchments, 
as this can inform how to increase resilience in vulnerable catchments through land-use 
change, water quality improvements and river restoration. 

Existing water quality data sets from regulators and the academic community through the 
summer of 2022 and previous drought periods should be compiled and interrogated to 
determine levels of impacts and the spatial pattern in drought impacts. 

Finally, appropriate biogeochemical monitoring, alongside system understanding and 
modelling, could provide early warning systems to alert the presence / development of 
poor water quality, low DO, and the development of algal and cyanobacterial blooms. This 
would be of great value to the Environment Agency, allowing them to protect aquatic 
ecosystems and human health during periods of drought stress, and be extremely useful 
to Water Companies and human water supply.  
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Overview 

Overview  

High river water temperature extremes have been widely reported during droughts, with 
major ecological and management implications. However, the extent to which different 
meteorological (e.g., high air temperatures) and hydrological processes (e.g., shifting flow 
hydraulics and water source contributions) interact during droughts to govern river 
temperature dynamics, and how this varies between environmental contexts, remains 
poorly understood. In this context, we review mechanisms operating across three ‘process 
sets’ governing river temperature extremes during droughts: (i) energy flux dynamics 
governing heat transfer processes; (ii) reach-scale habitats mediating heat flux effects, 
including hydraulic (e.g., residence time) and physical conditions (e.g., riparian vegetation 
coverages, wetted perimeters); (iii) water source contributions (surface water and 
groundwater) as advective heat and water flow controls. 

 



199 of 669 

Key findings  

We identified high river temperature extremes during nationally iconic droughts (e.g., 
1976, 1995, 2018). However, wider drought-river temperature associations have been 
inconsistent, reflecting the sensitivity of water temperature to environmental controls 
beyond low-flows experienced during droughts.  

UK studies examining the mechanisms governing drought-induced river temperature 
dynamics have largely stemmed from studies with broader focuses (e.g., annual thermal 
dynamics). Such evidence is therefore disjointed and spatially biased (a focus on SW 
England and NE Scotland). Notwithstanding, we have conceptualised key changes to 
thermal drivers during droughts based on a process-based understanding.  

Solar radiation represents the primary heat input elevating river temperature during 
droughts. Shading and groundwater inputs can offset radiative heat inputs, but their 
cooling influences varies markedly within and between river catchments. Enhanced 
modelling capabilities are providing greater evidence-based guidance for riparian planting 
management practices. Specifically, research has indicated that afforesting slower flowing 
headwater systems can be most effective in reducing high river temperature extremes 
during low-flow conditions.   

Recommendations  

Processes – Our scientific thinking on river temperature extremes during drought (and 
heatwaves) needs to be re-conceptualised so that energy flux dynamics, reach-scale 
habitat (hydraulic and riparian) influences and water source contributions (advective flows 
and heat) are considered and their interactions quantified.  

Data - Large-scale, high frequency river temperature monitoring networks spanning 
different environmental gradients are required to more accurately model river temperature 
dynamics during future droughts and at unmonitored sites. Drought effects of different 
temperature drivers across multiple process sets are also needed across various 
river environments to better support model predictions.  

Models - Hydrological information that better characterise drought conditions should 
be more widely incorporated within river temperature models that are often based on 
climate and landscape controls. 

Decision making - An evidence-based approach that utilises river temperature data and 
models is required to better inform management interventions capable of mitigating 
high temperature extremes. 
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Abstract 

High river water temperature (Tw) extremes have been widely reported during drought 
conditions as extreme low-flows often coincide with high atmospheric energy inputs. This 
has significant ramifications for freshwater ecosystem health and sustainable river 
management practices worldwide. However, the extent to which different meteorological 
(e.g., high air temperatures) and hydrological processes (e.g., shifting flow hydraulics and 
water source contributions) interact during droughts to govern Tw dynamics, and how this 
varies between environmental contexts, remains poorly understood. In this context, we 
review evidence on the mechanisms underpinning Tw dynamics during droughts across 
the UK, and supported this with study findings from other temperate, maritime 
environments globally. From the literature reviewed and raw data presented, we evidence 
that Tw spikes have widely occurred during nationally iconic droughts (e.g., 1976, 1995, 
2018). However, such trends were inconsistent, reflecting the sensitivity of drought-
induced Tw dynamics to variable environmental controls. To better understand these 
interacting processes and provide more generalisable knowledge, we reviewed 
mechanisms operating across three ‘process sets’ governing Tw extremes during 
droughts: (i) energy flux dynamics; (ii) reach-scale habitat conditions (e.g., hydraulic and 
riparian habitat conditions); (iii) and water source contributions (i.e., surface water and 
groundwater). After reviewing natural and anthropogenic influences of Tw dynamics 
across these process sets (‘What do we know?’) and highlighting fundamental knowledge 
gaps (‘What don’t we know?’) with this, we outline how new scientific evidence can 
underpin modelling efforts predicting Tw to present-day and future drought conditions. 
From a management perspective, we recommend that: our scientific thinking around river 
temperature extremes during drought (and heatwaves) needs to be re-conceptualised so 
that energy flux dynamics, reach-scale habitat (hydraulic and riparian) influences and 
water source contributions (advective flows and heat) are considered and their interactions 
quantified (processes); large-scale, high frequency river temperature monitoring networks 
spanning different environmental gradients are implemented more widely to more 
accurately model river temperature dynamics during future droughts and at unmonitored 
sites, and that drought effects on different Tw drivers spanning multiple process sets are 
required across various river environments to better support model predictions (data); 
hydraulic and hydrological information that better characterise drought conditions should 
be more widely incorporated within Tw models (modelling); and evidence-based 
approaches that utilise river temperature data and models are more widely utilised to 
better inform management interventions capable of mitigating high temperature extremes. 

 

1. Introduction 
River temperature is widely recognised as a ‘master’ water quality variable in lotic 
environments due to its fundamental importance for freshwater ecosystems (Olden and 
Naiman, 2010; Bonacina et al., 2023) and society (Ficklin et al., 2023). River water 
temperatures (‘Tw’ herein) directly control organism survival and behaviours, including 
their physiological responses to temperature and thermal signals triggering behavioural 
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responses (e.g., migratory cues; Elliot and Elliot, 2010; Bonacina et al., 2023). Tw also 
governs the density and solubility of gases and chemical reaction rates that shape 
ecosystem functions like nutrient turnover and uptake (Bell et al., 2021) and respiration 
and metabolism (Arias Font et al., 2021). It directly controls dissolved oxygen 
concentrations essential for all aerobic organisms inhabiting freshwater environments 
(Verberk et al., 2016).  

Droughts are broadly defined as an extreme lack of water relative to ‘normal’ conditions, 
and have been associated with high Tw extremes (van Vliet et al., 2011; Liu et al., 2020). 
Droughts can be characterised from meteorological, hydrological, agricultural / soil 
moisture, socio-economic and ecological perspectives (van Loon et al., 2016; White et al., 
2022). Tw dynamics during drought are largely driven by atmospheric water deficits 
(meteorological) that reduce surface water and potentially groundwater availability 
(hydrological; see Fig. 1), and reduce thermal buffering capacity to radiative forcings. Tw is 
highly correlated to elevated air temperature and the accompanying high solar radiative 
forcings, including heatwaves (van Vliet et al., 2011) - defined as prolonged periods of 
unusually high air temperatures (normally spanning at least three consecutive days - 
Beckett and Sanderson, 2022). Hot and dry weather conditions often co-occur as reduced 
surface water volumes limit evaporative cooling and dry soils instigate atmospheric heat 
transfers (AghaKouchak et al., 2020), and thus have significant implications for Tw as 
these synergistic forcings operate simultaneously. Compound (co-occurring) drought-
heatwaves particularly threaten freshwater ecosystems through Tw extremes, but they 
have been sparsely explored globally (AghaKouchak et al., 2020). 

 
Fig. 1 – A conceptual diagram indicating Tw responses to meteorological and 
hydrological drought propagation. 
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In this review, we synthesise evidence documenting drought induced Tw dynamics across 
the UK and the underpinning mechanisms driving this, which is supplemented with studies 
from other temperate maritime environments (‘Cfb’ under the Köppen climate 
classification). We primarily focus on evidence from summer conditions (June-August), 
where dry and warm meteorological conditions and extreme low-flow conditions are most 
likely to result in high extreme Tw. While focusing on summer conditions provides greater 
focus and more reliable comparisons between studies, we acknowledge that droughts 
during other seasons can have major implications for Tw (Webb and Zhang, 2004), and 
also recognise that Tw is highly sensitive to intense summer rainfall events (Wilby et al., 
2015).  

Herein, we conceptualise the mechanisms governing Tw operating across three ‘process 
sets’. First, we synthesise energy flux dynamics as non-advective controls on Tw, and 
specifically how heat transfer processes in rivers change during drought. Second, we 
explore the role of reach-scale habitat conditions in mediating non-advective controls on 
Tw, including hydraulic (e.g., residence time) and physical conditions (e.g., riparian 
vegetation coverages, wetted perimeters). Third, we will examine the influences of water 
source contributions (surface water and groundwater) as advective heat and water flow 
controls, on Tw dynamics during drought. We then review how different human influences 
(pressures and management activities) modify some of the key mechanisms across the 
three process sets. By integrating and synthesising such evidence, we will characterise 
the current state of scientific knowledge of Tw during drought (What do we know?) and 
critical knowledge gaps (What don’t we know?). We later highlight how a better process-
based understanding can underpin more robust and accurate models projecting Tw 
dynamics during future droughts and at unmonitored sites, which can inform management 
and adaptation efforts (What do we need to know?).  

 

2. Water temperature dynamics during UK 
droughts 
Hot and dry conditions in UK (and countries within similar climates in western Europe) are 
typically driven by high pressure systems and/or easterly winds from continental climates. 
Such meteorological settings have instigated various nationally iconic (‘benchmark’) 
droughts throughout the last century, notably during 1976, 1983-1984, 1988-1992, 2003, 
2004-2006, 2010-2012, 2018-2019 and 2022 (Barker et al., 2019; Turner et al., 2021). 
Wilby et al (2015) noted the longest period of below-average river discharges spanned 5.5 
years between 1988 and 1993, although extreme low-flow conditions within droughts often 
last weeks to months and typically occur during summer months (White et al., 2022). 
Heatwaves within droughts typically span even shorter timeframes, with a maximum 
duration of 15-days being reported in the UK during 1976 and 2018 (Beckett and 
Sanderson, 2022). The occurrence of hot and dry summers has increased drought 
intensities over recent decades (Barker et al., 2019) and such trends are forecasted to 
prevail. Specifically, the ‘United Kingdom Climate Projections’ (UKCP18; Lowe et al., 
2019) projections indicate increases in average summer air temperatures by 0.9-5.4 °C by 
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2070 (high emission scenario), with corresponding precipitation levels likely to change 
between -47 to 2%.  

Here, we present different evidence indicating a strong association between Tw values 
and various benchmark UK droughts, but also highlight notable inconsistencies. Table 1 
highlights various studies highlighting drought-induced Tw increases, most notably during 
the iconic 1976 drought that yielded the longest mean flow deficit on record nationally 
(Barker et al., 2019). However, in southwest England, Webb and Walling (1993) found that 
although maximum annual Tw was high during 1976 (20.6 °C) relative to long-term 
averages, corresponding values were greater during the 1983 drought (22.3 °C) due to 
higher air temperatures (and associated radiative forcings – see below). Some extreme 
Tw differences between drought versus non-drought years have been reported (Table 1), 
although others have reported modest or negligible changes (e.g., Hutchins et al., 2011; 
Garner et al., 2015).  

To support evidence from published literature, in Fig. 2 we present Tw spot-sample 
observations from select sites with long-term (1975-2022) data within the Surface Water 
Temperature and Water Quality Data (WIMS) archives (for information on data quality 
control, see Environment Agency, 2022; river discharge data was downloaded from the 
nearest flow gauge identified in the ‘Hydrology Data Explorer’). For this, all four rivers 
yielded extreme low-flows during 1976, three of which (all except River Mersey in 
northwest England) displayed notably high Tw values. The examined rivers generally 
displayed Tw spikes during other benchmark droughts in 1983, 1989, 1995, 2006 and 
2018, although accompanying discharge values did not always fall below the extreme low-
flow threshold. However, some Tw inconsistencies were observed, such as during the 
summer 2003 heatwave that only facilitated notable Tw peaks in one river (River Thames, 
southeast England), associated with higher air temperatures here relative to other UK 
regions. Such evidence highlights the increased likelihood of exhibiting Tw spikes during 
droughts, but inconsistencies reinforce the need to glean a better process-based 
understanding of the underpinning mechanisms shaping thermal extremes. 
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Table 1 – Various UK studies documenting water temperature (Tw) in rivers during droughts 

Drought 
event 

Location Tw variable Tw responses Reference 

1976 Herefordshire, 
southwest England 

Maximum annual 
Tw 

27.6 °C, 4.6 °C higher than non-drought year (1975) Brooker et al 
(1977) 

Plynlimon, central 
Wales. 

Mean monthly Tw ~ 14-18 °C, approximately 2-4 °C higher than non-drought 
years (1977-1978) 

Cowx et al (1987) 

Dorset, southwest 
England 

Maximum annual 
Tw 

23.7 °C, 6.2°C higher than non-drought years (1962-
1968) 

Crisp et al (1982) 

Cumbria, northwest 
England 

Maximum annual 
Tw 

~ 24-29 °C, approximately 4-7 °C higher than non-drought 
years (1977). 

Elliot (2000) 

Aberdeenshire, 
northeast Scotland 

Maximum 
monthly 
averaged Tw 

~ 15 °C, approximately 1 °C higher than non-drought 
years (between 1970-2000). 

Langan (2001) 

Devon, southwest 
England 

Maximum annual 
Tw 

20.6 °C, 1.4 °C higher than long-term average. Webb and 
Walling (1993) 

1983-
1984 

Cumbria, northwest 
England 

Maximum annual 
Tw 

~ 24-29 °C in 1983 across rivers, approximately 4-7 °C 
higher than non-drought year (1977). 

Elliot (2000) 

Devon, southwest 
England 

Maximum annual 
Tw 

20.0-22.3 °C, 0.8-3.1 °C higher than long-term average. Webb and 
Walling (1993) 

1989-
1992 

Devon, southwest 
England 

Maximum annual 
Tw 

21.1 °C, 1.9 °C higher than long-term average. Webb and 
Walling (1993) 

Aberdeenshire, 
northeast Scotland 

Maximum 
monthly 
averaged Tw 

~ 15-17 °C, approximately 1-3 °C higher than non-drought 
years between 1970-2000. 

Langan (2001) 
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Plynlimon, central 
Wales 

Maximum 
monthly 
averaged Tw 

~ 12-14 °C in 1991-1992, approximately 2-3 °C higher 
than non-drought year (1993).  

Crisp (1997) 

Plynlimon, central 
Wales 

Summer (mid-
morning) 
maximum Tw 

~ 23 °C in 1989, approximately up to 5-11 °C higher than 
non-drought years (1985-1988; the 1990 drought was ~ 
18 °C).  

Neal et al (1992) 

1995 Aberdeenshire, 
northeast Scotland 

Maximum 
monthly 
averaged Tw 

~ 14 °C, in keeping with values during non-drought years 
(between 1970-2000). 

Langan (2001) 

Dorset, southwest 
England 

Maximum annual 
Tw  

~ 20 °C, approximately 1.5 °C higher than non-drought 
years (1993-1994 and 1995) 

Bowes et al 
(2011) 

2003, 
2004-
2006 

Dumfries and 
Galloway, southwest 
Scotland 

Maximum 
monthly 
averaged Tw 

~ 18 °C during 2003 open sites, approximately 2 °C 
higher than non-drought years (2000-2002). No 
discernible Tw differences between years in shaded 
reaches. 

Webb and Crisp 
(2006) 

Aberdeenshire, 
northeast Scotland 

Monthly 
averaged Tw 

~ 12-15 °C during 2003-2005, no discernible differences 
with non-drought years (2007-2009), although 2006 was 
approximately 2-4 °C warmer than long-term averages. 

Garner et al 
(2015) 

Hampshire, southern 
England 

Maximum 
monthly Tw 

~ 20-22 °C in 2006, >2-3 °C higher than other years 
examined (2005 – drought) and (2007 – non-drought).  
 

Broadmeadow et 
al. (2011) 

2010-
2011 

Oxfordshire, Central 
England 

Maximum annual 
Tw 

~ 20-22 °C, no discernible differences with non-drought 
years (2009 and 2012). 

Hutchins et al 
(2011) 

2018 Aberdeenshire, 
northeast Scotland 

Maximum annual 
Tw 

~17 °C, approximately 3 °C higher than non-drought year 
(2019).  

Fennell et al 
(2020) 
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East Anglia, eastern 
England 

Maximum annual 
Tw 

~18 °C, no discernible differences with non-drought years 
(between 2012-2017). 

Cooper et al 
(2020) 
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Fig. 2 – Long-term monthly averaged river water temperature (Tw) variations from spot samples across four lowland rivers. 
Extreme low-flow events, classified as discharge values below that exceeded 99% of the time (Q99), were identified based on 
nearby flow gauge data (Environment Agency, 2023).  a)  River Ouse, Yorkshire (northeast England; gauge ID = ‘F2405’); b) 
River Mersey, Greater Manchester (northwest England; gauge ID = ‘692524’); c) River Irwell, Greater Manchester (northwest 
England; gauge ID = ‘690511’; and d) River Thames, London (southeast England, gauge ID = ‘3400TH').
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Drought induced Tw extremes have had wide ranging ecological consequences in the UK.  
This includes increased endemic diseases amongst fish communities, reduced fish 
survival, feeding and growth (Elliot and Elliot, 2010), enhanced algal blooms (Bowes et al., 
2011), restricted gross primary production and ecosystem respiration (Arias Font et al., 
2021) and reduced biodiversity and foodweb complexity (Lu et al., 2016). 

 

3. Controls and processes governing 
drought-induced river water temperature: a 
conceptual framework 
3.1. Overview of different controls shaping drought-
induced Tw 
In the following three subsections, we synthesise literature examining the primary drivers 
of Tw dynamics during droughts corresponding to the energy flux dynamics, reach-scale 
habitat and water source contributions (advective flows and heat) process sets. We 
layer human influences on these ‘natural’ drivers in Section 4. Table 2 summarises critical 
findings from key publications examining the mechanisms governing Tw dynamics during 
drought and non-drought summer periods in the UK (the latter still providing valuable 
insights during low-flow and warm meteorological conditions). Fig. 3 summarises the 
research focus of studies outlined in Table 2 in terms of the process set examined, and 
indicates spatial biases in Tw research due to institutional specialisms, with energy budget 
studies focussing on southwest England or northeast Scotland. Moreover, many of such 
studies examining the energy flux influences drought-induced river temperature dynamics 
have largely stemmed from studies with broader focuses (e.g., annual thermal dynamics). 
Tw comparisons between riparian coverages often have often occurred in central Wales. 
There is a dearth of studies in Northern Ireland, northern Scotland, northern and Eastern 
England. Moreover, Tw studies examining compound drought-heatwave studies are more 
limited still (but see Garner et al., 2014; 2017), and such events have strong ramifications 
for high river thermal extremes.
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Table 2 – A summary of UK studies examining water temperatures (Tw) in rivers during summer drought or seasonally typical 
low-flow conditions. References are organised firstly by drought versus non-drought studies, secondly by process sets and 
then by the alphabetical order of the author’s surname. 

a Nationally iconic, ‘benchmark’ drought years identified from (Barker et al., 2019; Turner et al., 2021; UK’s Centre for Ecology & 
Hydrology, 2022). b GW = Groundwater and SW = Surface water 

 Contextual information Tw controls Tw responses 

Low-flow 
perioda 

Catchment 
position 

SW/GW 
influencesb 

Dam 
influences 

Riparian 
shading 

Mechanism 
examined 

Key 
properties 

Variable Effect Response Reference 

 Drought studies 

En
er

gy
 fl

ux
 d

yn
am

ic
s 

Drought 
conditions 
experimentally 
mimicked 

Headwaters GW Free 
flowing 

Low 
(potential 
shading 
from 
flume 
walls) 

Solar 
radiation 

Daily averages 
on a clear day 
were 2.4-5.5 × 
higher than 
overcast days. 

Percentage 
contribution 
to total 
heat 
budget 

Warming Contributed 
64% to Tw 
variations in 
daytime hours 

Folegot et al 
(2018) 

Compound 
drought-
heatwave 
period 
monitored 
(July 2013) 

Headwaters SW 

 

Free 
flowing 

Mixed Various 
energy 
fluxes 

Shortwave 
radiation 
dominated 
heat inputs 
and were ~ 3× 
higher than an 
overcast day. 

Maximum 
longitudinal 
Tw 
difference 
(1.5km 
reach) 

Warming 2.5 °C on 
days with 
clear skies, 
but 0.6°C on 
overcast day. 
 

Garner et al 
(2014) 

Drought year 
(1992) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 
and 
regulated 

Mixed Various 
energy 
fluxes 

Solar radiation 
dominated 
total energy 
inputs, 
followed by 
sensible heat 

N/A N/A N/A Webb and 
Zhang (1997) 
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(mean 
contributions = 
68.7% and 
21.2%, 
respectively).  

Drought year 
(1995) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 
and 
regulated 

Mixed Various 
energy 
fluxes 

Shortwave 
radiation 
dominated 
heat inputs, 
followed by 
sensible heat 
(mean 
contributions = 
48.4-84.9% 
and 5.1-
40.8%, 
respectively).  

Monthly 
mean Tw 

Warming Positive 
effects, but 
this was more 
variable in 
shaded and 
regulated 
reaches. 

Webb and 
Zhang (2004) 

 

Drought 
(2005-2006) 
and non-
drought 
(2007) years 

Headwaters 

 

SW 

 

Free 
flowing 

Mixed Riparian 
shading 

Reaches 
spanning 
covered to 
open riparian 
influences 
were 
compared. 

Maximum 
summer Tw 

Cooling Increases 
during 
drought were 
lower in 
shaded (0.1-
1.7 °C) 
versus open 
(0.8-3.4 °C) 
reaches 

Broadmeadow 
et al (2011) 

Drought 
(1995) and 
non-drought 
years (1991 
and 1993). 

Headwaters 

 

SW 

 

Free 
flowing 

Mixed Riparian 
shading 

Reaches with 
cleared and 
intact riparian 
coverages 
were 
compared. 

Maximum 
summer Tw 

Cooling ~ 1 °C lower 
in shaded 
versus 
cleared 
reaches 
across both 
drought and 
non-drought 
years 

Crisp (1997) 



211 of 669 

Drought 
conditions 
mimicked 

Headwaters GW Free 
flowing 

Low 
(potential 
shading 
from 
flume 
walls) 

Flow depth Spanned 7-
25cm 
reflecting 
drought to 
non-drought 
hydrological 
gradients. 

Maximum 
longitudinal 
Tw 
difference 
(15m long 
flumes) 

Warming >3 °C in 
drought 
treatments, 
which were ~ 
2 °C higher 
than non-
drought 
treatments. 

Folegot et al 
(2018) 
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Drought 
(2003-2006) 
and non-
drought years 
(2007-2009) 

Headwaters Mixed Free 
flowing 

Mixed Various 
energy 
fluxes;         
Riparian 
shading 

Shortwave 
radiation 
dominated 
heat inputs, 
but were 
almost 3 × 
lower in 
shaded versus 
open reaches. 

Monthly 
mean Tw 

Cooling 1.1 °C lower 
in shaded 
versus open 
reaches, the 
former was 
typically 
cooler.  

Garner et al 
(2015) 

Drought 
(1984, 1989-
1990) and 
non-drought 
years (1985-
1988) 

Headwaters Mixed Free 
flowing 

Mixed Riparian 
shading 

Reaches with 
cleared and 
intact riparian 
coverages 
were 
compared. 

Maximum 
summer Tw 

Cooling ~ 4-9 °C 
lower in 
shaded 
versus 
cleared 
reaches, and 
differences 
were most 
pronounced 
during 
drought years 

Neal et al 
(1992) 

Drought 
(1995) and 
non-drought 
year (1996). 

Headwaters SW Free 
flowing 

Mixed Riparian 
shading 

Riparian 
coverages 
were cleared 
between the 
two summers. 

Summer 
(July-
August) 
monthly 
maximum 
Tw 

Cooling 5.3-7.0 °C 
cooler pre 
(shaded) 
versus post 
(open) 
clearance, 
despite the 
former 
occurring 

Stott and 
Marks (2000) 
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during a 
drought. 

Drought 
(2003) and 
non-drought 
years (2000-
2002) 

Headwaters SW Free 
flowing 

Mixed Riparian 
shading 

Reaches 
spanning 
covered to 
open riparian 
influences 
were 
compared. 

Summer 
monthly 
mean 
maximum 
Tw 

Cooling ~5 °C lower in 
shaded 
versus open 
reaches, and 
differences 
were higher 
during 
drought 
versus non-
drought years 
(~3-4 and 5 
°C, 
respectively). 

Webb and 
Crisp (2006) 
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Drought year 
(2018) 

 

Headwaters GW Free 
flowing 
and 
regulated 

Unclear Deep 
(≥1.5m) 
groundwater 
contributions 

Sustained 65-
100% of river 
discharges 

Range of 
summer Tw 
values 

Cooling Inputs 
remained cool 
(~ 6-7°c) 
throughout 
the drought. 

Fennell et al 
(2020) 

Drought year 
(1992) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 
and 
regulated 

Mixed Groundwater 
contributions 

Groundwater 
exerted 
negative and 
positive 
contributions 
to the total 
energy budget 
(spanning -
13.8 to 
12.8%). 

N/A 

 

N/A N/A Webb and 
Zhang (1997) 

 Non-drought studies 

En
er

gy
 

flu
x  

Non-drought 
year (1994) 

Headwaters Mixed Regulated Low Various 
energy 
fluxes 

Shortwave 
radiation 
dominated 
heat inputs 

Summer Tw 
(15-min 
recordings) 

Warming Positive 
effects that 
were 
strongest on 

Evans et al 
(1998) 
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(97.2-98.8%), 
almost 2× 
higher than an 
overcast day. 

the hottest 
summer day, 
explaining 
86% (r = 
0.93) of Tw 
variations.  

Study period 
spanned 
1984-2007, 
but droughts 
not assessed 
directly.  

Headwaters 
and 
lowlands 

Mixed Unclear Mixed Solar 
radiation 

Shortwave 
radiative 
inputs yielded 
positive effects 
on Tw (but air 
temperature 
effects were 
much higher). 

Summer 
averaged 
Tw  

Warming Shortwave 
radiation 
effects were 
consistently 
low across Tw 
values 
spanning 15-
20 °C. 

Laize et al 
(2017) 

Non-drought 
year (1994) 

Headwaters GW Free 
flowing 

Low Various 
energy 
fluxes 
 

Shortwave 
radiation 
dominated 
heat inputs. 

N/A N/A N/A Webb and 
Zhang (1999) 

R
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Non-drought 
year (2010) 

Headwaters GW Free 
flowing 

Mixed Various 
energy 
fluxes;          
Riparian 
shading 

Shortwave 
radiation 
dominated 
heat inputs 
(96.2-97.5%), 
and were ~ 2-
3× lower in 
shaded versus 
open sites. 

Summer 
maximum 
Tw 

Cooling 2 °C cooler in 
shaded 
versus open 
reaches.  

 

Dugdale et al 
(2018) 

Non-drought 
year (2004) 

Headwaters Mixed Free 
flowing 

Mixed Various 
energy 
fluxes;          
Riparian 
shading 

Shortwave 
radiation 
dominated 
heat inputs 
(95.9-100%), 
and were 
almost 5× 
lower in 

Summer 
(August) 
maximum 
Tw 

Cooling 0.5 °C cooler 
in shaded 
versus open 
reaches.  

 

Hannah et al 
(2008) 



214 of 669 

shaded versus 
open sites. 

Non-drought 
year (2008; 
‘hottest week’) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 

Mixed Riparian 
shading 

Modelled 
reforestation 
that covered 
100% of the 
river network 

Mean 
weekly 
maximum 
Tw 

Cooling 1.1 °C cooler 
compared to 
measured 
land cover 

Hrachowitz et 
al (2010) 

Non-drought 
year (2015) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 
(largely) 

Mixed Channel 
width 

Spatial models 
incorporated 
widths from 1 
to over 100m 

Maximum 
summer Tw 

Warming Almost linear 
positive 
relationship 
modelled 

Jackson et al 
(2017) 

Non-drought 
year (2015) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 
and 
regulated 

Mixed Riparian 
shading 

Spatial models 
simulating 0-
100% riparian 
coverages 

Maximum 
summer Tw 

Cooling Up to 2.8 °C, 
cooling 
effects were 
highest when 
air 
temperatures 
peaked. 

Jackson et al 
(2018) 

Non-drought 
years (2011-
2014) 

Headwaters 
and 
lowlands 

GW Free 
flowing 

Mixed Solar 
radiation;      
Riparian 
shading 

Statistical 
models 
simulating 
planting 
initiatives 
identified 
incoming solar 
radiation could 
be reduced by 
30-40%.  

Maximum 
summer Tw 

Cooling 1 °C 
reductions 
with ~ 0.5 
(headwater) 
and 1.1km 
(lowland) of 
complete 
shade. 

Johnson and 
Wilby (2015) 

Non-drought 
year (1986) 

Headwaters SW Free 
flowing 

Mixed Riparian 
shading 

Reaches 
spanning 
covered to 
open riparian 
influences 
were 
compared 

Maximum 
summer Tw 

Colling ~ 0.5-2 °C 
reductions in 
forested 
versus open 
sites 

Weatherly and 
Ormerod 
(1990) 
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Non-drought 
year (2008; 
‘hottest week’ 
typical for 
summer) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 

Mixed Tributary 
inputs 

Modelled 
catchment-
wide, spatially 
continuous Tw 
measurements 

Mean 
weekly 
maximum 
Tw 

Neutral Mainstem 
(19-20 °C) 
was buffered 
from warm 
upland (23.7 
°C) and cool 
(15.8 °C) 
coastal 
tributary 
inputs. 

Hrachowitz et 
al (2010) 

Non-drought 
year (2015) 

Headwaters 
and 
lowlands 

Mixed Free 
flowing 
and 
regulated 

Mixed Upstream 
advective 
inputs 

Spatial models 
incorporating 
‘River Network 
Smoother’ 
indicating 
spatial 
autocorrelation 

Maximum 
summer Tw 

Variable Warmer and 
cooler 
influences in 
the 
headwaters 
and mid-
sections of 
the 
catchment, 
respectively 

Jackson et al 
(2017; see 
also Jackson 
et al., 2018) 

Non-drought 
years (2011-
2014) 

Headwaters 
and 
lowlands 

GW Free 
flowing 

Mixed Upstream 
advective 
inputs 

Spatial 
autocorrelation 
tested 
between Tw 
loggers 

Daily 
maximum 
Tw 

Variable Positive 
relationship, 
with 
correlations 
(r) spanning 
0.90-0.98. 

 

Johnson et al 
(2014; 
Johnson and 
Wilby 2015) 

Non-drought 
years (2011-
2014) 

Headwaters 
and 
lowlands 

GW Free 
flowing 

Mixed Groundwater 
contributions 

Spring input 
inventory 
created across 
watercourses 

Annual 
maximum 
Tw (likely 
during 
summer) 

Cooling Largely 
spanned 10 – 
11.5 °C, while 
spring inputs 
were 
predominantly 
between 8.5-
10 °C.  

Johnson et al 
(2014) 
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Non-drought 
year (1994) 

Headwaters GW Free 
flowing 

Low Groundwater 
contributions 

Groundwater 
contributions 
to the average 
daily heat 
storage 
spanned 5.8-
12.1%. 

Summer Tw 
(15-min 
recordings) 

Cooling Cool 
groundwater 
inputs 
dampened 
radiative 
effects, 0.30-
0.34 °C 
increases for 
every 1°C 
rise in air 
temperature.  

Webb and 
Zhang (1999) 

 



217 of 669 

 

Fig. 3 – A summary of key literature examining mechanisms underpinning drought-induced Tw dynamics. a) A heatmap 
indicating which process sets were examined in the study (orange = not tested; grey = considered but not directly quantified; 
blue = empirically examined); b) A map displaying the distribution of studies. References are ordered in the order they appear 
within Table 2.



218 of 669 

3.2. The influences of energy flux dynamics on river 
temperature during drought 
Although positive associations have been demonstrated between thermal energy inputs 
and Tw (e.g., Webb and Zhang, 2004; Garner et al., 2014), this has not widely explored 
during drought periods. Various UK thermal energy budget studies have presented 
monthly summaries (e.g., Web and Zhang, 1997; 2004; Garner et al., 2015), whereby non-
advective influences during droughts (or extreme low-flows) and compound drought-
heatwaves operating at shorter temporal scales will be overlooked. Notwithstanding, 
different thermal energy budget studies during undertaken during drought and non-drought 
summer conditions have provided critical insights into key positive and negative heat 
influences. Energy inputs elevating Tw in river environments include incident shortwave 
(solar) and downward longwave (atmospheric) radiation, condensation, and in-channel 
friction. Predominant summer energy losses cooling rivers include longwave radiation 
emissions and evaporation (latent heat) effects, while sensible heat (i.e., conduction at the 
air-water interface and convection) and water column-riverbed exchanges can have 
warming or cooling influences (Webb and Zhang, 1997; Hannah and Garner, 2015).  

Thermal energy budget studies spanning different river typologies have consistently 
identified shortwave radiation as the primary heat input, often contributing >90% of the 
warming effects during summer and specifically drought conditions (see Table 2) and 
typically outweigh any non-advective cooling influences. This has been recognised across 
river environments worldwide (Leach et al., 2023), but can become less influential in 
smaller streams most sensitive to shading by riparian cover (e.g., Kaandorp et al., 2019) 
or valley sides in incised systems. Shortwave radiation inputs typically peak during hot and 
dry conditions associated with droughts, although this has not been widely verified in UK 
thermal energy budget studies. In fact, in southwest England, Webb and Zhang (2004) 
reported that shortwave radiation inputs along shaded reaches declined between late 
spring-early summer and mid-late summer (48-83% and 26-43% contributions to energy 
flux inputs, respectively), despite air temperature peaking within the latter when a 
compound drought-heatwave occurred. Similar temporal trajectories were reported by 
Garner et al (2015) in northeast Scotland, a region with drastically differing hydroclimatic 
conditions than southwest England (typically colder at higher latitudes). Such findings 
potentially reflect greater riparian canopy cover later in summer as bankside deciduous 
vegetation matures. 

Sensible heat inputs are contingent upon air temperature exceeding Tw as warmer air can 
be conducted into the water column. Thermal energy budget drought studies from 
southwest England have reported high sensible heat contributions, contributing up to 70% 
(Webb and Zhang, 1997) and 41% (Webb and Zhang, 2004) of the non-advective heat 
inputs during droughts (although was most commonly a secondary influence behind 
radiative inputs). It is unclear why such high values arose and, but its proximity to the 
southwest coast exposed to warm trade winds potentially indicates that hot air was 
transported from the continent (rather than elevated temperatures from radiative forcings). 
Kaandorp et al (2019) also reported high sensible heat contributions in a lowland system 
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in The Netherlands and attributed this to riparian shading lessening solar radiative inputs, 
which in turn increased air temperature-Tw differences and thus encouraged sensible heat 
transfer. However, sensible heat inputs most commonly yield minimal influences on Tw, 
which has been highlighted in various studies spanning different river environments (e.g., 
northwest Scotland – Garner et al., 2014; 2015; central England - Evans et al., 1998; 
Luxembourg – Westhoff et al., 2007; France – Wawrzyniak et al., 2017).  

Longwave radiation typically peaks during hot and dry conditions as shortwave inputs are 
absorbed and emitted by the earth’s surface and atmosphere, but are not completely 
congruent as the former responds positively to cloud cover (Laize et al., 2017). Incised 
and shaded streams can facilitate longwave radiation warming effects during hot and dry 
conditions, particularly at night, whereby such energy is retained and re-emitted back 
towards the water surface (e.g., Kaandorp et al., 2019). However, longwave radiative 
fluxes most commonly exert a Tw cooling effect during the summer due to emissions from 
the channel (Hannah et al., 2008; Laize et al., 2017), which is enhanced by warmer waters 
(as governed by the Stefan-Boltzmann law - Hannah et al., 2004). Drought studies from 
northeast Scotland (Garner et al., 2014; 2015) highlighted that longwave radiation 
emissions yielded minimal cooling influences across shaded and non-shaded reaches, 
while those from southwest England indicate more significant influences. For instance, 
Webb and Zhang (2004) reported that longwave radiation consistently contributed the 
highest proportion of non-advective heat losses (28-66%) across various river typologies, 
while corresponding inputs were markedly lower (1-32%). They reported longwave 
emission cooling effects were greatest in open reaches during periods when air 
temperature peaked, and Evans et al (1998) reported similar trends during a non-drought 
summer. Such contrasts between UK studies likely reflect Tw differences, with warmer 
waters occurring at lower latitudes facilitating greater longwave emissions.  

Latent heat exchanges during hot and dry conditions largely comprise evaporative cooling 
effects, with condensation only yielding minor warming influences (Webb and Zhang, 
1999; Dugdale et al., 2018). Drought studies from southwest England indicate that 
evaporative cooling influences are less influential than longwave emissions (see also 
Evans et al., 1998). Webb and Zhang (1997) reported that evaporation contributed 
between 19-48% of the energy flux cooling effects, with greater influences occurring at the 
beginning or end of summer period in exposed headwater streams. In the same 
catchment, Webb and Zhang (2004) highlighted slightly lessened evaporative effects on 
Tw (10-29% contributions energy flux cooling influences), which was limited by lower wind 
speeds. Drought studies from northeast Scotland reported even higher evaporating 
cooling effects during droughts, with Garner et al (2014) highlighted that evaporative 
cooling effects surpassed solar radiative inputs in one shaded reach (but comprised 
approximately one-third of the heat inputs in other shaded and non-shaded reaches). 
Garner et al (2015) reported monthly average heat energy losses were consistently over 
half that of shortwave radiative heat input values, while other studies regionally have 
reported high evaporative cooling effects during non-drought summers (Hannah et al., 
2008; Dugdale et al., 2018). Evaporative cooling effects will be higher in rivers susceptible 
to low atmospheric humidity and high wind speeds (e.g., watercourses devoid of riparian 
zones and hence no obstructions reducing wind speeds - Hannah et al., 2004). Critically, 
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while it is widely recognised that evaporative cooling effects can offset thermal extremes 
during hot and dry conditions, how such influences respond to varying drought severities is 
poorly understood as most energy budget studies use empirical or semi-empirical 
approaches to estimate latent heat fluxes (Dugdale et al., 2019). 

Bed conduction effects on Tw are driven by thermal differences between the riverbed and 
the overlying water column (Evans et al., 1998). This can vary depending on vertical 
thermal gradients in the water column, flow depth and turbidity governing the proportion of 
solar radiation reaching the riverbed, and the absorbance / reflective properties of the 
benthic habitat (e.g., substrates, primary producers; Evans et al., 1998). While declining 
flow depths during droughts could increase the radiative forcings reaching the riverbed, 
the water column typically warms at faster rates and therefore bed conduction yields 
cooling effects overall (e.g., Evans et al., 1998; Westhoff et al., 2007; Kaandorp et al., 
2019). For instance, Webb and Zhang (1997) and (2004) found that bed conduction 
respectively contributed 11-35% and 14-29% of the total heat energy losses, while 
corresponding heat inputs were minimal. Cooling effects from bed conduction are 
enhanced by groundwater inputs that often yield lower temperature values compared to 
Tw (see below) and therefore cool benthic habitats, such as Webb and Zhang (1999) who 
reported that bed conduction contributed 52% of the total non-advective heat losses in a 
groundwater-dominated river during a non-drought summer. 

All UK thermal energy budget studies have reported the minimal role of friction from the 
bed and banks in shaping Tw regimes (see references above and Table 1). The only 
exception to this is Webb and Zhang (2004), who did report such influences yielding 
higher energy inputs in two of their four studied rivers during summer. The most notable of 
these was a regulated system with artificially elevated low-flow discharges. However, 
overall, in-channel friction will be lessened during drought conditions when flow velocities 
and turbulence is reduced (Webb and Zhang, 2004).  

3.3. Reach-scale habitat influences on river temperature 
during drought 
In this sub-section, we focus on the three most widely researched reach-scale habitat 
conditions mediating non-advective influences on Tw: (i) riparian vegetation shading; (ii) 
water volume heat capacity effects; (iii) hydraulic conditions governing residence times. 
We recognise that other habitat conditions operating at smaller spatial scales (e.g., 
individual habitats - macrophyte assemblages – Webb and Zhang, 1999; thermal 
conductivity of bed substrates – Evans et al., 1998) are also likely to affect drought-
induced Tw dynamics, but their effects are not considered to be as important as those 
discussed here. 

3.3.1. Riparian vegetation influences on drought-induced river 
temperature dynamics 

Riparian vegetation shading effects on Tw is dependent on complex interactions between 
channel width, gradient, orientation, aspect, tree height, vegetation density and functional 
properties and solar geometry (Garner et al., 2017; Jackson et al., 2021). Consequently, 
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extreme low-flow conditions associated with droughts influence shading effects by 
controlling the wetted perimeter (and hence the proportion of the water shaded) and 
riparian vegetation health. While the former has not been widely explored specifically in 
the context of drought, the effects of bankfull channel widths on governing the proportion 
of water shaded by riparian vegetation has been quantified in various modelling studies 
(Bachiller-Jareno et al., 2019; Jackson et al., 2021). Upland environments (with typically 
narrower channels) and lowland systems with reduced width:depth ratios channels and 
steeper banks / margins (e.g., clay-based systems - Sear et al., 1999) will facilitate greater 
shading influences; ‘triangular’ hydraulic geometries in river environments with non-
cohesive banks could be less sensitive to riparian shading as greater water volumes are 
concentrated in mid-channel regions (Ferguson, 1986). The effects of drought on riparian 
vegetation have received limited research, despite such extremes been widely 
demonstrated to cause wilting, stunted leaf growth or dieback (Ilyas et al., 2017). 
Moreover, wildfires are becoming more common due to climatic changes adds further 
pressure on riparian vegetation. While such ecological threats during droughts are unlikely 
to completely irradicate the shading effects of riparian vegetation (e.g., Webb and Zhang, 
1999 highlighted the shading effects of bare tree trunks in winter), reduced canopy density 
could increase solar radiation levels reaching the water surface.  

Riparian shading denotes a widely recognised means of reducing high Tw extremes (see 
Table 2). For instance, Wilby and Johnson (2020) utilised an inventory of nearly 1 million 
spot sample Tw measurements across England and quantified the average cooling effects 
of riparian shading was as high as ~2.8 °C. Such Tw reductions are largely driven by 
riparian vegetation inputs constraining shortwave radiative inputs. Webb and Zhang (2004) 
highlighted that shortwave radiative inputs were ~3-6 times higher in exposed sites relative 
to other systems during the 1995 drought, while Hannah et al (2008) and Dugdale et al 
(2018) reported that shaded sites exhibited shortwave radiative inputs ~4 and 1-3 times 
lower than open reaches in non-drought summers (Tw being 0.8°c and 0.5-1°c cooler), 
respectively during non-drought summer conditions. While riparian vegetation can facilitate 
some warming effects, including reflecting longwave radiation re-emitted back towards the 
channel (Dugdale et al., 2018) or reducing windspeeds and hence evaporative cooling 
rates (Hannah et al., 2008), such effects are typically outweighed by reduced shortwave 
radiative inputs.  

3.3.2. Water volume heat capacity influences on drought-induced river 
temperature dynamics 

River discharges significantly alter drought-induced dynamics, not only through the effects 
of shifting upstream advective inputs (see below), but through its effects on the thermal 
capacity of the watercourse. For instance, in southwest England Webb et al (2003) 
reported that air-water relationships (the former as a surrogate for radiative effects) 
steepened when discharges were below median levels, while Booker and Whitehead 
(2022) found that in New Zealand declines in river flow from the median to the fifth 
percentile facilitated an average Tw increased by 0.5°C (after accounting for seasonality 
and meteorological variability; see also Van Vliet et al., 2011). Alternatively, Foleget et al 
(2018) experimentally simulated drought conditions using outdoor flow-through flumes and 
reported those containing severely depleted water levels exhibited a maximum warming of 
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3.3°c, ~2 °C higher than those conveying higher discharges. Water volume controls on the 
thermal capacity of rivers are strongly governed by channel depth and turbidity, which can 
alter Tw by influencing the extent to which radiative forcings can penetrate the water 
column. Deeper water parcels are typically more protected from radiative forcings that are 
scattered higher in the water column (Evans et al., 1998). Consequently, the hydraulic 
geometry of river channels and how this governs width:depth ratios (and velocities – see 
below) to extreme low-flow conditions is fundamental to drought-induced Tw dynamics 
(Garner et al., 2017). Wider channels can promote such conditions as they facilitate 
reduced channel depths, and hence rivers with greater width:depth ratios can become 
more exposed to greater non-advective influences. Although many groundwater 
dominated systems in the UK conform the archetype of rivers with high width:depth ratios 
(namely ‘chalk’ systems – Sear et al., 1999), they are generally less susceptible to 
warming due to the dominant advection of groundwaters (see below). Moreover, channels 
exhibiting hydraulic geometries facilitating more rapid depth reductions during extreme 
low-flow conditions, including systems with straightened (e.g., cohesive or vegetated 
alluvial) banks or outer sections of meander bends (Ferguson, 1986). 

3.3.3. Flow velocity influences on drought-induced river temperature 
dynamics 

Stream velocities and geomorphology (notably slope influences on stream power) controls 
water residence times, which strongly governs Tw as this dictates the amount of time 
water parcels are exposed to their surroundings, and thus the accumulation and 
dissipation of heat. Garner et al (2017) modelled the effects of differing flow velocities on 
Tw dynamics in a forested reach in northeast Scotland during a compound-drought 
heatwave and reported slow-flow conditions through a shaded system reduced maximum 
Tw values by 4.9°c. In the eastern region of The Netherlands, Kaandorp et al (2019) 
reported that enhanced residence times of a larger, instream pond elevated maximum Tw 
summer values of 6.4 °C relative to its smaller counterpart. Hence, river systems yielding 
greater residence times, including those occurring along shallow gradients (e.g., lowland 
environments, plateaus) or notably wide or deep systems (e.g., online ponds, unconfined 
reaches), will become more susceptible warming during drought by being exposed to 
atmospheric forcings for longer periods. It should be noted that stream velocity will 
increase channel friction that can elevate Tw values, although such influences are typically 
minimal (particularly during low-flow conditions – see above). 

3.4. Water source contributions controls on river 
temperature during drought 
The effects of upstream advective influences (surface water contributions) on Tw is 
dependent on the thermal properties and relative discharges of the mainstem channel and 
inflowing tributaries. For instance, Hrachowitz et al (2010) reported that the mainstem river 
facilitated stable temperatures between 19-20°c during the hottest week in a 
meteorologically typical summer, which was buffered from contributions from warm upland 
(15.8°c) and cool (23.7°c) coastal tributaries. Conversely, Johnson et al (2014) highlighted 
that Tw displayed highest spatial variation along a karstic watercourse with greater 
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tributary influences during a non-drought summer. Reduced advective upstream inputs 
becomes most prevalent when flow cessation events occur, such as systems exclusively 
fed by groundwater inputs (i.e., no upstream contributions – White et al., 2018) or 
hydrologically disconnected instream pools that undergo rapid warming (Datry, 2017). 
Further research quantifying the effects of such surface water disconnections on Tw is 
required as these effects are poorly understood.  

Various studies have reported that surface water contributions declined at faster rates than 
groundwater inputs during low-flow conditions (e.g., Webb and Walling, 1997; Dewson et 
al., 2007; Wawrzyniak et al., 2017), and therefore the volume and thermal properties of 
groundwater inflows (or lack thereof) have significant implications for drought-induced Tw. 
Groundwater inputs have been widely reported to yield a cooling effect on Tw during hot 
and dry conditions in the UK (Webb and Zhang, 1999; Johnson et al., 2014) and 
internationally (Dewson et al., 2007). For instance, in a lowland system in southeast 
France, Wawrzyniak et al (2017) reported that groundwater cooling effects were most 
influential (average reduction of 0.68 °C) during a drier and warmer summer when such 
contributions comprised a higher proportion of the river discharge. Shallow groundwaters 
are often cooler than average summer air temperatures, and in the UK groundwaters 
typically cool at greater depths until ~ 15 m and warm thereafter (Busby et al., 2009). For 
instance, in a limestone-fed headwater system in northeast Scotland, Fennell et al (2020) 
reported that while Tw was highest in late July (~15°c), shallower groundwaters (≤1.2m 
deep) displayed a lagged response and peaked in September (~10°c), and the 
temperature of deeper groundwaters (≥1.5m deep) remained cool (~ 6-7°c) and stable 
throughout. They highlighted that deeper (and older) groundwater inputs sustained 65–
100% of river discharges during a drought, and therefore buffered Tw from meteorological 
forcings during the 2018 drought. However, how groundwater temperature varies in 
relation to Tw is dependent on various factors, including subsurface depths and flow rates, 
as well as the thermal conductivity of the lithology. Wood et al (2005) reported that water 
temperature in one karstic spring was >5°c higher than air temperatures due to geothermal 
inputs, which occur commonly across such Carboniferous limestone regions (e.g., 
Johnson et al., 2014; see also Sear et al., 1999). In a region with variable underlying 
groundwater contributions (southwest England), Webb and Zhang (1997) reported that 
both warming and cooling influences on Tw, the former likely reflecting shallow 
groundwater inputs affected by atmospheric conditions, or influences from deeper 
groundwaters that are exposed to higher heat flow rates (i.e. heat conducted from the 
Earth’s core; Busby et al., 2009). Overall, there have been a lack of studies quantifying 
groundwater influences on Tw during drought conditions (but see Fennell et al., 2018), and 
even less evidence has quantified the thermal implications of groundwater disconnections. 

3.5. Re-conceptualising mechanisms governing 
drought-induced river temperature dynamics 
Based on the evidence synthesised above, we have conceptually detailed the dominant 
mechanisms that are likely to influence Tw during different drought severities in Fig. 4, 
which will apply to various river environments across Cfb climates and globally. Shortwave 
radiative inputs are likely to dominate in various river system typologies across varying 
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drought severities, while sensible heat inputs will often typically exert a secondary or 
minimal warming influence on Tw (but will increase with air temperature). Cooling effects 
from longwave radiation emissions and evaporation are both likely to increase during 
droughts, both driven by elevated Tw values and the latter also being influenced by lower 
atmospheric humidity. Bed conduction will also yield more influential cooling effects during 
drought conditions as benthic habitats will typically be possess lower temperatures than 
the overlaying water column (particularly in groundwater-dominated systems), although 
will typically not be as influential as longwave emissions and evaporative influences. As 
drought intensifies the influences of upstream advective influences (surface water 
contributions) on Tw will be dampened, which could have varying effects depending on the 
thermal properties of contributing tributaries. Groundwater inputs may become equally or 
more important during low-moderate drought intensities (as surface waters recede at 
faster rates), while extreme hot and dry conditions drastically lowering water tables can 
significantly constrain the effects of such subsurface inputs. When dense and tall riparian 
vegetation is present, this is likely to be highly influential across various drought 
intensities. Declining water levels will increase Tw as droughts become more severe, while 
reduced stream velocities will exacerbate this warming effect by increasing residence 
times. We should highlight that although these processes are described independently, 
various interdependencies between such mechanisms will govern Tw drought-induced 
dynamics. Such interactive effects have been most widely recognised for the effects of 
riparian shading influences and low-flow discharges on solar radiative forcings, but have 
been significantly under researched across other mechanisms spanning different process 
sets. For instance, it is unclear how hydraulic geometry responses to varying drought 
severities mediate the thermal buffering capacity of different river environments via 
changes in channel widths, stream velocities (and hence residence times) and turbidity 
levels. The influence of other physical habitat conditions (e.g., woody material, macrophyte 
communities, different substrate compositions) on both thermal energy fluxes and water 
source contributions has also been sparsely researched, but could significantly affect Tw 
dynamics during droughts by modifying instream hydraulics and hyporheic exchanges 
(Magliozzi et al., 2019). Lastly, while it is known shallow groundwaters are susceptible to 
meteorological forcings during hot conditions (Busby et al., 2009), it is poorly understood 
how this varies across different drought gradients and between different lithological 
properties. Gleaning a more comprehensive process-based understanding of such 
interactive influences could facilitate more robust and accurate Tw models capable of 
guiding management interventions. 
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Fig. 4 – The relative influence of dominant heat fluxes governing drought-induced 
river water temperature (Tw) variations. Thin, moderate and thick lines denote small, 
intermediate and large effects, respectively. Emboldened, italicized and underlined 
text denotes non-advective, reach-scale habitat and advective influences. 



226 of 669 

4. Human influences affecting river 
temperature during droughts 
The following section focusses on four key human influences affecting Tw during droughts: 
(i) riparian vegetation modifications; (ii) flow regulation; (iii) water abstraction; and (iv) 
channelisation (physical modifications to river channels). While often reported separately, 
there are undoubtedly interdependencies between these human activities (e.g., urban, 
channelised rivers are usually devoid of riparian vegetation). The following sub-sections 
detail the pressures associated with human activities, as well as potential management 
interventions that can be introduced to mitigate or reverse such impacts. 

4.1. Riparian vegetation clearance and planting 
Human activities affecting riparian vegetation coverages is arguably the most widely 
researched human influence affecting Tw (Garner and Hannah, 2015; Orr et al., 2015). 
Various studies have employed space-time substitutions comparing covered (forested) 
versus open reaches to quantify the extent to which riparian vegetation can reduce 
summer maximum Tw values (Broadmeadow et al., 2011; Imholt et al., 2013; for a 
detailed review on this topic in the UK, see Webb and Crisp, 2006), and solar radiation 
reaching the water surface (Hannah et al., 2008; Dugdale et al., 2018; Bachiller-Jareno et 
al., 2019). Various studies have employed modelling techniques to predict where riparian 
planting management initiatives could decrease Tw values. For instance, Garner et al. 
(2017) suggested that planting on the southerly bank of river reaches with an E-W 
orientation that possess lower flow velocities (i.e., longer residence times) would yield the 
greatest reduction in peak Tw values during a compound drought-heatwave. Johnson and 
Wilby (2015) reported riparian vegetation yielded the greatest summer cooling (during a 
non-drought year) effects in upstream regions with modest discharges. The authors 
highlighted that ~0.5 km of complete shading would reduce July Tw values by 1°C in 
headwater sites, but ~1.1 km was required in reaches 25 km downstream. Model outputs 
presented by Jackson et al (2021) supported the effectiveness of such planting strategies 
on a national-scale across Scotland. Alternatively, in a shaded lowland system in The 
Netherlands, Kaandorp et al (2019) modelled a riparian clearance scenario and found that 
maximum summer Tw by ~ 4 °C (scenario 5). 

Although fewer studies have tested the empirically tested the effects of riparian clearance 
and planting on Tw that could support such model outputs, Stott and Marks (2000) 
represents a notable exception who experimentally tested Tw responses to riparian 
vegetation clearance in east Wales. The authors reported that summer maximum Tw was 
5.3-7.0 °C higher during non-drought conditions following clear-felling practices, despite air 
temperatures being ~2 °C higher during the 1995 drought in the preceding year (see also 
O'Driscoll et al., 2016). Similarly, Neal et al (1992) reported that a river system subjected 
to riparian clearance facilitated maximum summer Tw increases 4–9 °C compared to a 
shaded reach. 

4.2. Flow regulation 
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Tw responses to flow regulation depends on a multitude of confounding factors, including 
the reservoir its location in the catchment, inflowing thermal characteristics, water 
residence times, bathymetry, the potential for thermal stratification, draw off depth and the 
type of reservoir operation (e.g., water supply, hydropower; Webb and Walling, 1996; 
1997; Olden and Naiman, 2010). Scientific evidence on the effects of reservoirs on 
downstream Tw variations have not been undertaken in a systematic fashion, and inferring 
generalisable thermal responses is therefore challenging. There remains a fundamental 
lack of understanding on how different reservoir properties collectively govern Tw, 
particularly during drought conditions. Various studies from Cfb climates have reported a 
thermal ‘compressing’ effect on annual Tw ranges, whereby waters during the summer are 
cooled by continuous compensation flow releases that restrict the occurrence of extreme 
low-flows (Webb and Walling 1996; 1997; Krajenbrink et al., 2022). However, various UK 
studies examining reservoir effects on Tw regimes during droughts have reported mixed 
findings. In central-northern Wales, Cowx (1987) reported that one regulated system 
possessed Tw values ~2 °C cooler than a nearby free flowing river during the summer 
1976 drought, but another impounded river was ~0.5 °C warmer; the author also reported 
that the warming or cooling effects of each reservoir were broadly comparable between 
drought and non-drought years. Jackson et al (2007) highlighted that regulated systems 
below hydroelectric dams were consistently cooler than non-regulated rivers, respectively 
reducing inter-annual average and maximum mean daily values by 1–2 °C and 5–6 ° (but 
the effects of the 2003 compound drought-heatwave were unclear). Webb and Walling 
(1997) reported that summer Tw values in a regulated system were consistently warmer 
(up to ~2 °C) than those in a nearby free flowing rivers during the 1989, 1992 and 1995 
droughts (albeit less convincingly for the latter) due to the high residence time of 
impounded waters.  

Reservoir destratification measures are the most widely reported means of preventing 
thermal modifications in regulated systems worldwide (see Olden and Naiman, 2010). 
Such measures are often introduced to reduce the downstream release of poor water 
quality conditions (and often colder waters) from the hypolimnion, which can reduce 
downstream Tw modifications (Cowx et al., 1987; White et al., 2017). Webb and Walling 
(1997) conducted a detailed study examining the vertical profile of a 

reservoir in southwest England where destratification measures are implemented. 
However, thermal stratification still developed and declining reservoir water levels meant 
that lower volumes concentrated at deeper cooler offtakes were released downstream, 
which subsequently lowered Tw for receiving water. Dam removals are another 
intervention capable of restoring Tw regimes but have been historically limited in the UK 
due to financial strains, safety concerns in populated areas and the services that 
reservoirs they provide to society (Habel et al., 2020). However, weir removals are more 
common in the UK and have the potential to reduce summer thermal peaks during 
droughts as ‘ponded’ reaches can warm rapidly (Johnson et al., 2014). Lastly, inter-basin 
transfer schemes between impounded systems can alter the thermal dynamics of rivers 
depending on the size and Tw regimes of the donor and receiving waterbodies. For 
instance, Krajenbrink et al (2022) found that a water transfer scheme reversed the 
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summer cooling effect of a reservoir as the donor basin yielded warmer water 
temperatures, thus elevating daily mean Tw values by 5 °C during a non-drought summer.  

4.3. Water abstraction 
Alternative surface water abstraction types than reservoirs include online withdrawals that 
occur along various river systems, particularly in lowland environments (Cowx, 2000; 
Dallison et al., 2021). Moreover, groundwater abstraction depicts an invaluable water 
resource for public water supply across the UK, particularly across the chalk and 
sandstone aquifers of England and the Carboniferous limestone across various UK 
regions (Sear et al., 1999). These subsurface withdrawals can limit the input of cool 
thermal refuges into watercourses during high Tw extremes. Although lowered discharges 
(and hence likely reduced channel widths and depths) associated with abstraction 
practices are likely to elevate Tw during drought, this effect is contingent upon water 
source contributions. For instance, in northeast Scotland Fennell et al (2020) found that 
Tw variations during the 2018 drought were not sensitive to abstractions and were heavily 
buffered by cool groundwater inputs. Similarly, on the north island in New Zealand, 
Dewson et al (2007) experimentally reduced in-channel discharges during summer months 
to reflect plausible regional abstraction practices and reported small Tw increases due to 
greater proportional groundwater inputs. 

In the UK (and internationally), abstraction volume reductions are most widely 
implemented to limit the environmental impacts of excessive abstraction during drought. 
For instance, ‘Hands-off Flow’ (England and Wales) or ‘temporary suspensions’ (Scotland) 
restrictions enforce license holders to reduce or cease abstraction practices when river 
discharges fall below a specific threshold, although no research (to our knowledge) has 
quantified such reductions in abstraction rates on Tw during droughts. However, the 
lagged effects of groundwater abstraction on river discharges means that such reactive 
measures are often not feasible (White et al., 2021). Consequently, low-flow alleviation 
schemes are widely implemented in regions underlain by aquifers, whereby groundwaters 
are augmented directly into channels when discharges fall below a certain threshold, 
which can yield cooling effects during extreme low-flows. While this has not been widely 
researched, Cowx (2000) reported that groundwater augmentation strategies reduced Tw 
spot measurements by ~0.6 °C during the 1990 drought across a lowland sandstone river 
system, while Youngs (2017) reported corresponding reductions of 1.5-1.6 °C in a lowland 
chalk system in a non-drought summer.   

4.4. Channelisation 
Channel modifications (e.g., for navigation, erosion and flood protection) to channel 
dimensions have varying implications for Tw variability, but have not been widely explored 
in the UK. Channel over-deepening can reduce Tw values during drought as solar 
radiation is attenuated through the water column, as highlighted by Imholt et al (2013) in 
northeast Scotland during non-drought summer conditions. However, over-deepened 
channels often yield sluggish flow velocities, and thus experience greater residence times 
that may facilitate channel warming. Over-widened channels are more likely to increase 
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Tw values during droughts as such conditions can slow flow velocities (thus enhancing 
residence time) and expose a greater proportion of the channel to increased solar 
radiative forcings (Webb and Zhang, 1999; Imholt et al., 2013). Channelisation can also 
modify Tw dynamics by simplifying hydraulic variations and habitat heterogeneity, and 
thus limiting hyporheic exchanges between groundwater and surface water (Magliozzi et 
al., 2019); particularly in urban rivers possessing concrete-lined beds. This may facilitate 
higher Tw values in channels when cold subsurface water inputs that normally occur in 
habitats such as riffle tails (Hannah et al., 2009) or groundwater-fed pools (Kaandorp et 
al., 2019) are absent.  

River restoration practices have been widely advocated across the UK and worldwide as a 
means of reinstating the physical integrity of watercourses and their hydrological and 
geomorphological processes. However, restoring water quality variables like Tw regimes is 
rarely a primary motive for such morphological interventions, despite its clear implications. 
For instance, woody material introductions are a widely recognised and implemented river 
restoration technique, and Klaar et al (2020) reported how such interventions enhanced 
streambed temperatures during the summer by enhancing infiltration from the water 
column. Moreover, restoration techniques like removing paved riverbeds and introducing 
sinuosity promote morphological variability and thus hyporheic exchanges that has 
implications for Tw dynamics (Hannah et al., 2009). 

 

5. Modelling river water temperatures under 
drought 
Throughout this review, we have reviewed how various studies across Cfb climate zones 
have provided a critical understanding of the key processes shaping Tw during hot and dry 
conditions (i.e., ‘What do we know?’). We have also emphasised a fundamental lack of 
scientific understanding remains on how different drought properties (e.g., meteorological 
or hydrological magnitudes and durations) affect the mechanisms governing Tw dynamics 
(i.e., ‘What don’t we know?’). Novel scientific approaches examining the independent and 
interactive influences of mechanisms spanning different process sets is urgently required 
to address such knowledge gaps. Such research should cover various river environments 
and drought severities (intensities and durations), which could be incorporated within Tw 
modelling approaches to help guide management initiatives and adaptation strategies 
aiming to mitigate or offset the effects of high thermal extremes (i.e., ‘What do we need to 
know?’; Fig. 5). Existing Tw models are predominantly categorised within two 
classifications: ‘process-based’ or ‘statistical’. The former operates by simulating the real-
world transfers of energy and mass that control Tw, while statistical models aim to quantify 
linkages between Tw and various relevant covariates (for further information, see 
Benyahya et al., 2007; Dugdale et al. 2017). In this section, we highlight and discuss 5 
critical research questions surrounding modelling approaches that need to be addressed 
to better predict drought-induced Tw dynamics. 
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Fig. 5 – A schematic flow chart indicating different types of new scientific evidence 
is required to answer critical research questions surrounding Tw dynamics during 
droughts and how this could translate to spatially prioritising effective management 
adaptation decisions. Photo credit: ‘Process-based model’ – Fig. 2 in Dugdale et al 
(2018); ‘Statistical model’ – Fig. 4 in Jackson et al (2017); ‘Riparian planting’ – 
Ribbles Trust, 2021; ‘River restoration’ – FBA, 2023; ‘Environmental flows’ – 
Jennifer Jones, 2022). 
 

5.1. Which present day and future hydroclimatic 
conditions characterising drought should be modelled? 
Although some studies detailing process-based (e.g., Garner et al., 2014; 2017) and 
statistical Tw models (e.g., van Vliet et al., 2011; Beaufort et al., 2022) have incorporated 
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high air temperatures and extreme low-flow conditions, such approaches often focus on 
seasonally typical summer conditions (e.g., Jackson et al., 2018; 2021; Kaandorp et al., 
2019). This represents a major limitation for all Tw models as drought-induced Tw dynamic 
predictions would be beyond the calibration range of the training data collected during 
non-drought conditions. For process-based models, many of the underpinning energy 
influences have been largely untested during extreme droughts, including the performance 
of empirical or semi-empirical approaches widely employed used to estimate latent heat 
fluxes (e.g., Garner et al., 2014; 2017). Solar radiation receipts incorporated within large-
scale statistical models will experience greater uncertainty for this as the underpinning 
energy flux estimates are derived from coarser spatial scales (e.g., Johnson and Wilby, 
2015; Jackson et al., 2021). Consequently, further empirical evidence and modelling 
studies are required during drought conditions that can better parameterise the effects of 
different processes shaping Tw dynamics. Regarding future hydroclimatic conditions, 
scenarios indicating air temperature, precipitation and river flow shifts are consistently 
outputted within climate change forecasts (e.g., Lowe et al., 2019). Changes in thermal 
energy budget controls like solar radiation is less common, although can be estimated 
based on forecasted changes to sunlight hour predictions (Burnett et al., 2014). However, 
caution should be exercised when assuming stationarity in drought conditions, as is widely 
applied within Tw models (particularly statistical models), given that the duration and 
severity of such events are likely to increase in the future (Yin et al., 2022). For instance,  

5.2. How can hydraulic conditions reflecting drought be 
incorporated into Tw models? 
Various process-based models include a hydraulic routing component (e.g., HEC-RAS - 
Saleh et al. 2013), which often use a formulation of the St-Venant equations to simulate 
flow velocity and depth. However, under extreme low-flow scenarios where the bed 
roughness height approaches the water depth, stable solutions to these equations can be 
difficult to achieve (e.g., Saleh et al. 2013), meaning that such models often have difficulty 
accurately simulating water velocity and depth, potentially leading to inaccurate estimation 
of resulting Tw. The use of such hydraulic models have been most widely utilised within 
North America and often tailored towards high-flow events (Dugdale et al., 2017). Given 
the importance of hydraulic conditions for Tw, process-based models incorporating 
hydraulic routing components will continue to be a fundamental tool for quantifying river 
thermal extremes, but such conditions should be more widely adapted and parameterised 
to extreme low-flow conditions and need require further testing in Cfb climates. For 
statistical models spanning large spatial scales, incorporating hydraulic geometry 
influences is far more challenging (Benyahya et al., 2007). Estimates of channel slope and 
width can be derived from GIS information (e.g., Jackson et al., 2021), but hydrological 
information is also required (see below) to estimate hydraulic responses to changing flow 
conditions, which can be biased by velocity-discharge relationships exhibited at flow 
gauging stations (which often yield unnatural river cross-sections to facilitate reliable 
discharge measurements).  
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5.3. How can hydrological and Tw models be more 
effectively synergised to predict thermal responses to 
drought? 
Hydrological data is most widely available via flow gauges that can provide robust river 
discharge timeseries but are spatially discrete in nature. This vastly restricts the quality of 
underpinning training data by limiting the number of paired temperature and discharge 
loggers, and also constrains large-scale spatial Tw predictions as hydrological estimates 
can be difficult to model continuously across river networks (but see below). Hydrological 
models can provide an alternative means of deriving spatially continuous river discharge 
data, but are often only available up to regional scales and can face various challenges 
predicting processes like discharge variations, groundwater disconnections and flow 
cessation events (e.g., White et al., 2018) during droughts (see Smith et al., 2019). This is 
a particular knowledge gap as recognising where different water source disconnections 
occur, either through upstream advective inputs (i.e., drying events or instream ponding) 
or groundwater contributions is critical for recognising Tw shifts during drought conditions. 
However, some hydrological models can help identify the effects of different water source 
contributions on Tw during drought conditions. For instance, during a non-drought year in 
northeast Scotland, Fabris et al (2018) combined process-based Tw and hydrological 
(‘MIKE 11’) models to predict the effects of both surface water and groundwater 
contributions on river thermal properties alongside hydraulic influences and riparian plant 
coverages. Various statistical Tw models have incorporated discharge estimates, most 
commonly for studies aiming to utilise flow magnitudes as a covariate alongside air 
temperature to predict Tw (e.g., Webb et al., 2003; Van Vliet et al., 2011). However, most 
of such studies depict spatially discrete relationships due to available flow gauge data (see 
above). Statistical models estimating spatially continuous high Tw often quantify the 
effects of upstream advective inputs via stream order as a surrogate for river discharges 
(e.g., Beaufort et al., 2016; Jackson et al., 2017; 2018), which although practical at large 
spatial scales overlooks the nuances of flow regime variations. 

5.4. How can human activity influences on Tw be 
quantified and modelled? 
Unsurprisingly, riparian planting or clearance depict the human activities most widely 
modelled in relation to Tw, which has been most widely explored within process-based 
models that can capture the effects of channel shading (see Section 4.1). Process-based 
Tw models can more readily incorporate the influences of different human activities (e.g., 
dam-induced hydrological modifications – Buddendorf et al., 2017; Wawrzyniak et al., 
2017) by parameterising their effects operating within a single system. Accounting for 
hydraulic and hydrological conditions (described above) modified could be more widely 
incorporated within Tw models. This becomes more challenging for statistical models 
spanning large spatial scales as the effects of human modifications like dams and channel 
modifications can vary within and between river catchments. However, spatially 
continuous estimates of morphological pressures or sub-reach flow properties (Naura et 
al., 2018; Magliozzi et al., 2019) could help characterise hydraulic geometries that mediate 



233 of 669 

channel velocities and width:depth ratios. Moreover, hydrological models can provide a 
measure of surface and subsurface water management influences on river discharges 
across river networks (White et al., 2018; 2021), which could also help refine and identify 
various future drought scenarios. For instance, in a global study, Wanders et al (2019) 
found that accounting for water management operations like flow regulation and water 
abstractions improved Tw model predictions. The hydrological and thermal impacts of 
reservoirs are difficult to model. 

5.5. How can we more effectively model and spatially 
prioritise the effects of different management 
interventions? 
Computational advances allowing solar radiation receipts to be quantified across river grid 
cells globally can afford process-based models to be undertaken across larger spatial 
scales and hence help guide management actions. Jackson et al (2021) provided a novel, 
simplified process-based Tw modelling approach that allowed estimates of riparian 
shading, solar radiation receipt, river discharge, hydraulic conditions (residence times) and 
an array of landscape and channel characteristics to be projected across large spatial 
scales. From this, they derived a planting prioritisation metric to indicate where 
afforestation would likely yield the greatest reductions in incoming radiation and summer 
Tw values. Although various other catchment-wide, spatial prioritisation examples have 
been derived based on process-based Tw models (e.g., Collier et al., 2001; Johnson and 
Wilby, 2015), such examples have been most consistently related to typical summer low-
flow conditions and not tailored to drought conditions. Although statistical Tw models have 
been widely utilised to identify locations vulnerable to high thermal extremes during low-
flow conditions at up national scales (e.g., Jackson et al., 2018; Beaufort et al., 2022), 
such approaches have not been as widely incorporated within spatial prioritisation 
approaches. However, both types Tw models have not been widely used to highlight and 
spatially prioritise alternative management approaches like river restoration strategies or 
environmental flows, but building in metrics of morphological pressures or hydraulic 
geometries and hydrological alterations (outlined above) could respectively help prioritise 
such interventions. 

 

6. Recommendations 
We conclude by outlining four key recommendations to help better understand, predict and 
adapt to drought-induced Tw dynamics based on information gleaned from this review. 

Processes – Our scientific thinking around river temperature extremes during drought 
(and heatwaves) needs to be re-conceptualised so that energy flux dynamics, reach-
scale habitat (hydraulic and riparian) influences and water source contributions 
(advective flows and heat) are more widely considered. 
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Data - Large-scale, high frequency river temperature monitoring networks spanning 
different environmental gradients are required to more accurately model river temperature 
dynamics during future droughts and at unmonitored sites (although this would require 
long-term government investment). Drought effects of different Tw drivers spanning 
multiple process sets are also needed across various river environments to better 
support model predictions.  

Models - Hydrological information that better characterise drought conditions should 
be more widely incorporated within river temperature models that are often based on 
climate and landscape controls. 

Decision making - An evidence-based approach that utilises river temperature data and 
models is required to better inform management interventions capable of mitigating 
high temperature extremes. 
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G: The ecological effects of drought on 
England’s rivers 
Prof. Rachel Stubbington, Nottingham Trent University 

Overview 
Summary 

This review considers the ecological effects of drought—which may manifest instream as 
conditions from low flows to long dry phases—in England’s rivers and streams. The 
review: 
• focuses on aquatic invertebrates, due to their abundance, biodiversity, ecological 

importance, ubiquity, well-known habitat preferences—and thus their well-documented 
responses to drought. Other communities, including microorganisms, plants and fish, 
are also considered.  

• includes all English river and stream types as represented in the literature, and as 
thus is somewhat biased towards consideration of chalk streams in south England.  

• includes historic as well as recent droughts, but not the 2022-onset drought, the 
ecological effects of which have yet to be reported.  

Key findings 

What do we know? We know that: 
• The biodiversity and biomass of groups including plants, invertebrates and fish 

decrease during drought. Streambed drying causes severe declines and losses of 
aquatic species. 

• Key species including habitat-forming plants such as water crowfoot (Ranunculus) and 
salmonid fish are among those at risk of population decline and loss.  

• Post-drought recovery can be rapid—but some species take years to return. Moreover, 
reports of rapid recovery are often snapshots that lack pre-drought data, fail to track 
recovery to completion, and characterize communities already shaped by disturbances. 

• Communities in relatively natural rivers with diverse refuges are more resilient to 
drought than those exposed to greater human impacts.  

What don’t we know? 
• We know that drought could push ecosystems past tipping points, causing shifts to 

alternative states that are hard to reverse. We need to learn how to identify systems on 
the approach to a tipping point, to inform timely and appropriate management actions.  

• We know most about local, site-specific responses to drought, whereas we know little 
about how local responses collectively determine regional effects of drought. 

• Our limited understanding of responses to past drought is insufficient to inform robust 
predictions of how increases in drought severity will interact with other climatic and 
human pressures to shape ecological responses to future events.    
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Recommendations  

What do we need to do? 

Management actions can promote ecological resilience to drought. In particular, we need 
to:  
• protect and/or restore natural flow regimes in particular to stop drying of naturally 

perennial rivers, and to maintain flows needed, for example, by migratory fish. 
• restore natural processes to promote development of riparian habitats and channel 

shapes that include drought refuges, such as deep pools and accessible bed 
sediments.  

• improve water quality alongside the riparian and channel habitats, to enhance 
resilience to drought and other climatic stressors that we cannot control. 

• take action to re-establish populations of key species eliminated by drought. 
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1. Non-technical summary  
Drought is no longer entirely natural. Although drought is fundamentally natural, it may 
be changing in frequency and severity due to climate change. In addition, rivers 
experience drought alongside a range of human pressures including water resource use, 
exacerbating its ecological impacts. As such, drought is no longer a purely natural 
phenomenon. 

Ecological responses to drought vary. Responses vary depending on how drought 
alters habitats, and vary among rivers, and among habitats in each river. Responses vary 
among communities, among taxa in a community, among species in a genus, and among 
individuals within a species. This variability should be borne in mind when considering 
general patterns. 

Drought increases the risk of local to national-scale species extinctions. Drought can 
locally eliminate a species, and this risk increases with both drought magnitude and 
duration. Depending on whether lost species recolonize from populations surviving in 
refuges, local losses could accumulate and ultimately lead to national extinction. 

Drought and heatwaves interact to exacerbate extinction risk. Warming waters are 
putting temperature-sensitive species—which are already restricted to waters meeting 
their thermal requirements—at risk of extinction. Drought reduces water depths, increasing 
the influence of solar radiation and thus the risk of temperatures that eliminate 
populations. 

Recovery after past droughts may not represent recovery after future droughts. 
Evidence suggests that communities can recover within weeks to a few years of droughts, 
but increasing drought frequency and severity—including the spectre of multiyear events—
mean that communities may fail to recover as quickly or completely after future droughts. 

Drought can be transformative, tipping ecosystems to new states. Low flows interact 
with high water temperatures and nutrient enrichment to alter the outcomes of interactions 
between species. For example, filamentous algae may outcompete habitat-forming plants 
such as Ranunculus, profoundly altering ecosystem structure and function and potentially 
shifting systems to new stable states. Long-term time-series data require analysis to 
identify ecosystems approaching such shifts, to enable timely management action. 

Manipulating just one thing—flow—can promote drought resilience. Management 
actions should seek to support natural drought-driven low flows—rather than drought-
driven low flows exacerbated by abstraction, channel modification and other human 
impacts. In impacted rivers, physical habitat restoration as well as reducing abstraction 
can create more natural flow regimes, supporting species persistence and thus ecosystem 
functioning.  

Manipulating other things—such as water quality—can promote resilience. Many 
environmental factors interact to determine responses to drought, each of which could be 
manipulated to promote resilience. For example, revegetating banks could reduce nutrient 
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inputs and increase shade, reducing growth of nuisance species such as filamentous 
algae.  

Refuges are key to recovery. Refuges—places in which drought impacts are lower—
include isolated pools in largely dry reaches and fast-flowing habitats that persist in 
perennial reaches. High-quality, accessible refuges promote post-drought recovery, 
making their protection, creation and connection to impacted sites key management goals. 

Ecosystems are everchanging. The dynamic nature of river ecosystems can be at odds 
with the notion of post-drought recovery as the return to a fixed pre-drought state. Instead, 
management actions should seek to restore natural ecosystem functioning, to support 
biodiverse communities within drought-resilient rivers that also deliver benefits to people. 

 

2. Background 
What is drought? Drought can be conceptualized from various perspectives, from 
meteorological to socioeconomic drought and including hydrological and ecological 
drought. All are defined by or result from a deficit in water, which is typically compared to a 
long-term average or other pre-defined threshold, and which causes a sufficiently “serious 
hydrological imbalance” (Seneviratne et al. 2012) to alter ecosystems and the services 
they deliver to people (Crausbay et al. 2020). Hydrological drought is specifically defined 
as a deficit in surface water and/or groundwater (Fleig et al. 2006), and manifests as 
abnormally low levels of streamflow in rivers and groundwater in their underlying aquifers 
(Van Loon 2015). Similarly, soil moisture drought indicates a water deficit within soil or, I 
suggest, unsaturated riverine sediments (Fleig et al. 2006). Ecological drought has long 
been ill-defined (Bachmair et al. 2016; Slette et al. 2019; IPCC 2022), but definitions of the 
term have recently emerged and emphasize the negative impacts of a deficit in water 
(potentially including rainfall, groundwater, streamflow and sediment moisture) on 
organism-to-ecosystem-scale structure and function (as summarized in Table 1) and thus 
on ecosystem services (Crausbay et al. 2017, 2020; also see Munson et al. 2021). 
Notably, Crausbay et al.’s (2017, 2020) conceptualization of ecological drought has been 
adopted by the US government (NIDIS 2023).  

Drought is no longer a purely natural phenomenon. The above definitions typically 
conceptualize drought as natural, making drought part of the hydrological variability that 
supports biodiverse ecosystems (Everard 1996), with different species thriving in high-flow 
and low-flow periods (Bickerton 1995; Sarremejane et al. 2018). However, in rivers of the 
Anthropocene, drought interacts with other pressures, in particular water resource use 
(Crausbay et al. 2020; Klaus et al. 2022), and thus can no longer be conceptualized as a 
purely natural phenomenon (Van Loon et al. 2016). 

Drought declarations relate poorly to ecological impacts. Environment Agency 
decisions to declare and end drought—which are based on a balance of information 
including river flows, groundwater levels, soil moisture levels as well as impacts on public 
water supply and the environment—are unlikely to represent the effects of drought on river 
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ecosystems in either space or time. The often-gradual onset of ecological drought, its 
unclear end and its long-lasting impacts mean that it will routinely start before and end 
after an official drought. The Environment Agency Drought Monitoring Network—
throughout which data are collected routinely, regardless of drought declarations—could 
enable better integration of ecological impacts into holistic drought monitoring systems 
(Hannaford et al. 2019). 

Drought in river ecosystems. Drought alters the habitats within river ecosystems in 
many ways, reducing water depths and flow velocities in large rivers, causing rare dry 
phases in near-perennial reaches, and extending seasonal dry phases in winterbournes 
and other temporary streams. Drought disrupts all levels of biological organization, from 
the genes within a single organism to landscape-scale mosaics of aquatic and terrestrial 
habitats. Within river and stream ecosystems, all biological groups are affected, from 
microorganisms to fish—as well as species in riparian zones and wider terrestrial habitats. 
Taxonomic effects include changes in the abundance and distribution of individual 
species, potentially including local, regional and even national extinctions, although some 
species may thrive. These taxonomic changes have consequences for ecosystem 
functioning, for example altering the transfer of energy through food webs. And drought 
does not act alone in the Anthropocene; instead, it interacts with the many other human 
pressures impacting river ecosystems, including channel modification, pollution, and other 
climatic extremes including heatwaves.
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Table 1. Direct responses of aquatic and terrestrial biotic groups to different types of drought: deficits in rainfall, groundwater 
and streamflow and sediment moisture. •, •• and ••• suggest the strength (i.e. ‘importance’) of the response, based on available 
evidence. 

 Rainfall deficit Groundwater deficit Streamflow deficit  Sediment moisture 
deficit 

Fishes • 

A lack of rain may promote 
feeding e.g. by salmon parr 
(Stradmeyer and Thorpe 
1987) 

•• 

Reduced habitat quality 
and thermal refuges for 
coldwater species may 
reduce growth, survival 
and recruitment (Saltveit 
and Brabrand 2013) 

••• 

Reduced submerged habitat 
restricts distribution, alters 
behaviour, causes mortality 
and lowers growth and 
recruitment (citations in 
main text) 

• 

Increased mortality of 
fish with eggs or other 
life stages that tolerate 
unsaturated conditions 
e.g. European eel 
(Ellerby et al. 2001)  

Aquatic macro-
invertebrates 

• 

Calm weather may promote 
water clarity and activity at 
the water surface (e.g. insect 
emergence) 

•• 

Reduced availability of 
thermal refuges may 
reduce occurrence and 
abundance of coldwater 
taxa 

•••  

Reduced diversity and 
abundance due to habitat 
loss (citations in main text) 

•• 

Lower dry-phase 
moisture reduces 
survival of aquatic life 
stages (Stubbington 
and Datry 2013) 

Terrestrial 
invertebrates 
(adults of 
insects with 
aquatic stages; 
terrestrial 
colonists) 

• 

Calm weather may facilitate 
egg laying on water by adult 
insects (Everall et al. 2015), 
but increases abiotic 
harshness of dry in-channel 

• 

Reduced upwelling water 
may increase availability 
of unsaturated streambed 
sediment habitats 

•• 

An increase in diversity and 
abundance in drying 
habitats may subside after 
aquatic resources have 

• 

Lower moisture in 
unsaturated streambed 
sediments reduces 
habitat quality 
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habitats (Steward et al. 
2022) 

(Langhans and Tockner 
2014) 

been used up (Steward et 
al. 2022) 

(Langhans and Tockner 
2014) 

Macrophytes  • 

Complex, positive and 
negative effects: dry weather 
typically promotes pollinator 
activity (Lawson and Rands 
2019) but can reduce pollen 
germination and increase 
frost damage (Galen 2005) 

 

• 

Altered water chemistry 
(e.g. increased nitrogen 
availability) may influence 
growth rates and patterns 
(Jansson et al. 2007) 

•••  

Altered outcomes of 
competitive interactions 
between species can cause 
profound compositional 
change (citations in main 
text) 

•• 

Lower dry-phase 
moisture reduces 
survival of desiccation-
sensitive species 
(Hayes 2022) 

Terrestrial and 
riparian plants  

•• 

Reduced groundwater 
inputs can reduce taxa 
richness in riparian zones 
(Jansson et al. 2007) 

•• 

Increased diversity and 
abundance due to increased 
habitat availability (Hayes 
2022) 

•• 

Lower dry-phase 
moisture reduces 
survival (Garssen et al. 
2014) 

Microbial 
biofilms 

•• 

Reduced water supply may 
reduce survival during dry 
phases (Timoner et al. 2014) 

• 

Altered water chemistry 
may influence microbial 
metabolism (Caramujo et 
al. 2008) 

•••  

Reduced diversity and 
densities due to desiccation 
(citations in main text) 

•• 

Reduced dry-phase 
moisture reduces 
survival and 
metabolism of surviving 
cells (Colls et al. 2019) 
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Unpredictability hampers drought research. Considerable research has documented 
ecological responses to drought in England’s rivers. But—hampered by the unpredictable 
timing, typically gradual onset and sometimes unclear end, and widespread occurrence of 
drought, as well as the long timescales over which both drought impacts and recovery 
unfold—many studies (including those described herein) provide only local snapshots, 
focusing on impacts in the advanced stages of an event and/or initial recovery. In 
particular, studies characterizing patterns in a single drought year may be unable to 
disentangle the effects of drought from seasonal changes. 

 

3. Scope of this review 
I review the effects of drought (primarily deficits in surface water, and also including 
deficits in sediment moisture and influenced by low groundwater levels) on the biological 
communities in English rivers, encompassing microorganisms, plants, invertebrates and 
fish. I focus on benthic macroinvertebrates (hereafter, invertebrates), due to their 
abundance, biodiversity, ecological importance, ubiquitous occurrence and well-known 
environmental preferences—and thus their relatively well-documented responses to 
drought. In addition, invertebrates are central to river food webs, linking organisms at 
trophic levels from microorganisms to top predators, and thus enable exploration of whole-
ecosystem responses to drought.  

Although all riverine ecosystems (and in particular temporary streams, which shift between 
wet and dry in-channel conditions) support both aquatic and terrestrial species, the latter 
occurring both in channel margins and in adjacent riparian zones, I focus on aquatic 
species due to their reliance on rivers. I prioritize discussion of research done in English 
and other UK rivers, and consider all such river types in balance to their representation in 
the literature. I thus provide many examples from the considerable body of research 
documenting responses to drought in the chalk rivers and streams of southern England 
(Appendix 1). I nonetheless seek to represent other systems, including different natural 
river types and rivers exposed to different types and severity of human impacts—in 
particular, physical channel modification. I also consider relevant international literature, in 
particular where examples from England are lacking. Boulton (2003), Dewson et al. 
(2007), Boulton and Lake (2008) and Dollar et al. (2013) are among those providing 
broader reviews of the ecological effects of drought in river ecosystems. 

Other reviews in this series consider the effects of drought on water quality (Bowes et al. 
2023) and water temperature (Hannah et al. 2023). As such, the many and varied 
ecological responses to drought-driven changes in these environmental parameters are 
largely beyond the scope of this review, although I note a few key points. 

A Glossary defines technical terms and general terms which may be open to 
interpretation. 
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4. How does drought alter habitats in river 
ecosystems? 
Reflecting the five core components of the natural flow regime, droughts can be described 
by their frequency, magnitude, duration, timing and rate of change in flow conditions (Poff 
et al. 1997), with magnitude and duration collectively determining drought severity 
(Boulton 2003; Sarremejane et al. 2022), and with rate of change encompassing both 
drought onset and termination (Appendix 2). Drought can also be described by its spatial 
extent, which may be regional (i.e. sub-national), national or continental, although 
ecological impacts are typically felt at the smaller (habitat patch to catchment) spatial 
scales at which organisms interact with their environment. But how does drought manifest 
in a river channel? At any time, spatial variability can be considerable within a river 
network: 

• In perennial lower reaches, drought effects may be reduced compared to 
upstream reaches, because reductions in flow velocity are less pronounced, 
sediments may already be silty and water depths may remain high enough to 
avoid exposing in-channel habitats (Wood and Petts 1994).  

• In perennial mid-reaches, low flows include declines in depth that expose riffle 
crests, reductions in wetted width that expose marginal sediments, and/or 
decelerations in flow velocity that eliminate fast-flowing habitats (Stubbington et 
al. 2009a).  

• In near-perennial and previously perennial reaches, rare and unprecedented 
dry phases, respectively, represent a profound, drought-driven change in in-
channel habitat characteristics (Hill et al. 2019).  

• In seasonally intermittent reaches, dry phases may start earlier and more 
abruptly, and dry-phase durations may become unusually long—sometimes just 
weeks longer, or entire winter wet phases can be missed (Bass et al. 2022).  

• In ephemeral reaches, droughts may have limited effects because channels 
already have terrestrial habitat characteristics, although reduced soil moisture 
availability may alter plant community composition, with consequences for other 
biotic groups (Hayes 2022). 

From low water depths in perennial reaches to dry phases in temporary reaches, no in-
channel habitat state is unique to drought—but drought can change where in a network a 
particular state occurs (for example dry phases occur in near-perennial reaches only 
during drought) and extend the duration for which a state (e.g. discharge below a certain 
threshold) persists (Sarremejane et al. 2021).  

The typical sequence of in-channel changes. At any one point in space, in-channel 
habitats can transition over time through the stages described above, starting with a 
reduction in depth which—in natural channels—reduces wetted widths, exposing marginal 
sediments and riffle crests (Figs 1–2; Boulton 2003). Decelerating flows deposit fine 
material including sediment on the bed (e.g. Wood and Petts 1994; Wright and Symes 
1999), reducing habitat availability and diversity and clogging interstitial spaces (Vadher et 
al. 2015). Declining water volumes are less able to dilute solutes, potentially increasing 



253 of 669 

concentrations of inorganic nutrients, organic matter, salts of both natural and 
anthropogenic origin, and many other pollutants—but changes can be unpredictable 
(Extence 1981; Wilby et al. 1998; Mosley 2015; Bowes et al. 2023).  

Then, in temporary streams, water stops moving (i.e. flow cessation), still water habitats 
may contract to isolated pools, and ultimately most or all surface water may be lost, after 
which the water table may fall through the subsurface sediments and the moisture content 
of those sediments may decline (Figs 1–2; Boulton 2003). As such, the effects of drought 
on a specific in-channel location will change over months to years, generally increasing in 
magnitude to a maximum before the drought breaks, often with the rapid return of normal 
or even high flows (e.g. Kendon et al. 2013; Parry et al. 2016a). 

 
Figure 1. In-channel conditions during drought in chalk streams: (a) extreme low 
flows; (b) a ponded reach; (c) an isolated pool and (d) a dry reach. Credits: 
Environment Agency. 
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Figure 2. Stream cross-section, indicating key stages for aquatic biota during a 
gradual decline in discharge, as may occur during hydrological drought (adapted 
from Stubbington et al. 2009a). 

Patterns vary between natural and modified river types. Drought unfolds differently 
depending on the nature and extent of human impacts on channel morphology, with 
natural channels proving more resilient (Holmes 1999; Dunbar et al. 2010a,b; also 
Calapez et al. 2014). Drought is also exacerbated by both surface water and groundwater 
abstraction: substantial increases in the duration of streamflow deficits have been 
observed across a wide range of river types (Wada et al. 2013; Van Loon et al. 2022), 
including chalk rivers affected by groundwater abstractions (Tijdeman et al. 2018, but see 
Hannaford et al. 2023). 

Rain-driven flow increases can interrupt the typical sequence of in-channel 
changes. A meteorological drought (i.e. a deficit in precipitation) can be punctuated by 
unpredictable rainfall events of sufficient magnitude to cause streamflow to temporarily 
increase, in particular in surface-fed systems, with urban areas experiencing higher flow 
peaks due to limited infiltration of impervious surfaces (Hundecha and Bárdossy 2004). 
Climate change is expected to increase the occurrence of both summer storms and 
droughts in England; if so, the chances of storms occurring during droughts will also 
increase, potentially punctuating low-flow or dry periods with unpredictable high-flow 
events (Arnell et al. 2015). 

Drought can increase water temperatures. In river reaches that retain surface water, 
low flows may coincide with hot spells and heatwaves in summer, resulting in increases in 
surface water temperature that reflect the reduced thermal inertia of smaller water volumes 
(Brooker et al. 1977; Hannah et al. 2023). Elevated temperatures are most likely in surface 
water-fed rivers and downstream reaches, whereas groundwater-dominated and/or 
shaded headwater streams are somewhat buffered against thermal variability (Berrie 
1992; Wilby and Johnson 2020). High air temperatures can increase evaporation, reducing 
the size and persistence of pools and causing moisture loss from drying, damp and dry 
sediments (Gómez et al. 2017), in particular in unshaded reaches.  

Is climate change affecting drought? To date, “no apparent trend in summer flows, low 
flows or drought” (Watts et al. 2015) has been identified in English rivers (also see 
Hannaford and Buys 2012; Hannaford 2015; Hannaford et al. 2023). However, climate 
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change may already be increasing drought frequency, magnitude, duration, severity and 
spatial extent in England, and may also be altering drought characteristics including its 
timing and rate of onset and termination (Spinoni et al. 2015; Hall et al. 2022). Streams 
once considered perennial are drying for the first time, in England (Hill et al. 2019) as in 
mainland Europe (Crabot et al. 2021). Moreover, there is greater confidence in predicted 
future increases in UK drought frequency, magnitude, duration, severity and spatial extent 
(Spinoni et al. 2018; Rudd et al. 2019; Hannaford et al. 2022), and the risk of flash 
droughts—defined by their rapid onset and intensification—is increasing (Pendergrass et 
al. 2020; Walker and Van Loon 2023), including in humid regions of Europe (Yuan et al. 
2023). 

Given its often-gradual, inherently unpredictable, hard-to-define onset, any change in 
drought timing is uncertain.   

Ecological responses to drought 

In sections 5–9, I explore ecological responses to different drought-driven in-channel 
conditions, including low flows and—in temporary streams—flow cessation, pool formation 
and dry phases. In many English rivers, it is likely that manifestation of these conditions 
will be influenced by concurrent abstraction pressures, as well as wider river regulation.  

At the end of each section, I suggest the ecological effects of the predicted increases in 
drought occurrence—including its frequency, magnitude, duration, severity and/or spatial 
extent—as well as changes to drought timing and rate of onset and termination. These 
suggestions are based on limited evidence, given the few studies that have sufficient time 
series to investigate the effects of these drought characteristics (but see Sarremejane et 
al. 2019, 2020, 2021). 

 

5. Low flows alter densities, abundance, 
biomass and richness  
Moderate low flows can increase the abundance and biomass of competitive 
species. Where water depth, wetted width and flow velocities remain sufficient, low flows 
can represent periods of environmental stability that enable competitive taxa with broad 
resource and habitat requirements to become increasingly abundant. Low flows may also 
increase food availability for invertebrates and fish:  

• In spring and summer, light penetration of shallow water promotes algal growth 
on sediment and macrophyte substrates, and low flow velocities minimize 
disruption and detachment of thickening, diatom-rich biofilms. High biofilm 
biomass supports abundant populations of ‘grazer’ invertebrates including 
Baetidae mayflies and Chironomidae midges (Wright et al. 2003; Romaní et al. 
2013), and can increase their growth and fecundity, as reported for the blue-
winged olive mayfly Serratella ignita (Wright and Symes 1999). Aquatic and 
terrestrial plant growth can also allow herbivores such as snails to increase in 
abundance during drought (Wood and Petts 1994). Such increases may be 
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short-lived, depending on how drought conditions subsequently unfold; in 
particular, biofilm-coated macrophytes experience notable declines in growth 
and abundance (see section 6).  

• In autumn, low flows allow leaf litter to accumulate, supporting ‘shredders’ 
(which consume coarse particulate organic matter) such as Gammarus shrimps 
(Argerich et al. 2008). 

If submerged habitats shrink, animal densities increase. Depending on channel 
shape, declining discharge can cause submerged habitats to contract, forcing motile 
organisms including fish and many invertebrates to move into, and share, a shrinking 
habitat area (Armstrong et al. 1998; Pařil et al. 2019). As a result, densities (i.e. the 
number of organisms per unit area) but not necessarily abundance (i.e. the number of 
organisms present) of motile species such as Gammarus shrimps, Chironomidae midges 
(Wright 1992; Wood and Petts 1999; Stubbington et al. 2011; Aspin et al. 2019a), brown 
trout Salmo trutta and Atlantic salmon Salmo trutta (Stradmeyer et al. 2008) can 
temporarily increase. For example, Verdonschot et al. (2015) recorded peak invertebrate 
densities and richness after pools became isolated in a sandy lowland stream. These 
increased population densities can cause biotic interactions to intensify; for example 
Stradmeyer et al. (2008) recorded increased aggression by high-ranking, dominant brown 
trout and reduced movement and feeding by other fish after pool formation. 

In contrast, densities of immotile species remain stable—and organisms stranded in drying 
marginal or mid-reach sediments may die, including species of conservation concern such 
as the freshwater pearl mussel Margaritifera margaritifera (see section 11; Cosgrove et al. 
2021; Nogueira et al. 2021). 

If submerged habitats shrink, abundance decreases. Although densities can increase 
as discharge declines, abundance and biomass can decrease, in particular in channels 
with naturally variable bed forms, due to the gradual reduction in submerged habitat 
availability and diversity (Wood and Petts 1994, 1999). Cowx et al. (1984) measured 
invertebrate abundance in a 1-m transect after declines in wetted width and thus 
submerged habitat availability in a small upland stream during the 1976 drought: 
abundance was 60% lower than in 1977, a non-drought year. Accordingly, despite their 
increasingly high densities as submerged habitats contract within a single drought year 
(Stubbington et al. 2011), the abundance of the common, often-dominant shrimp 
Gammarus pulex/fossarum, for example, is higher in years with higher discharge 
(Stubbington et al. 2009a). Low discharge and slow flow velocities can also initiate 
downstream drift of invertebrates including Baetidae mayflies and Simuliidae blackflies 
(Corrarino and Brusven 1983; Brittain and Eikeland 1988), reducing their local abundance.  

Abiotic and biotic factors interact to determine knock-on effects of higher densities. 
All things being equal, the combination of declining organism abundance (i.e. diminishing 
food resources for predators) and increasing densities (i.e. rich pickings from a 
smorgasbord of prey) can increase biotic interactions including competition and predation, 
thus reducing the abundance of poor competitors and prey species (Wright and Symes 
1999), in particular where wetted habitats decrease in extent (Aspin et al. 2019a). 
However, all things may not be equal: drought may independently cause concurrent 
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declines in the abundance of predatory invertebrates (Ledger et al. 2013) and fish (Cowx 
et al. 1984), thus reducing pressure on prey species. 

Drought-driven low flows alter taxonomic richness. If decreasing discharge forces 
motile organisms (including benthic invertebrates) to share a diminishing submerged 
habitat area, taxonomic richness can temporarily peak, with the co-occurrence of flowing-
water and still-water taxa leading to unusual assemblages in low-flow impacted reaches 
(Extence 1981; Perrow et al. 2007; Verdonschot et al. 2015). Over time, as habitat 
availability, quality and diversity decline, local-scale richness can gradually decrease 
(Wood et al. 2010; Stubbington et al. 2015; Aspin et al. 2019a). Such decreases likely 
reflect a combination of stochastic and deterministic local extinctions of tolerant and 
sensitive taxa, respectively, driven by chance events such as predation and environmental 
determinants such as water quality, respectively (Sarremejane et al. 2021a).  

However, at the river and catchment scales, few taxa are lost—most persist in some 
reaches (Wood and Petts 1999; Wright et al. 2003; Sarremejane et al. 2020). Based on 
evidence from perennial sites, average taxonomic richness can therefore be comparable 
in drought and non-drought years (Wright and Symes 1999; Wright et al. 2002). In 
contrast, in rivers dominated by perennial flow but also including near-perennial and 
seasonally intermittent reaches, river-scale richness can be lower in years in which 
ponded and/or dry phases last longer in time (Sarremejane et al. 2020). 

If climate change increases the occurrence of drought-driven low flows: 

• Any increase in low flows could increase the dominance of competitive 
generalist species at the expense of overall community biodiversity.  

• Any increase in drought magnitude could reduce submerged habitat availability, 
causing the abundance of aquatic species to decline. 

• Any increase in the river-scale spatial extent of low flows could limit the 
availability of refuges (e.g. fast-flowing or deep waters for species requiring such 
habitats), reducing metacommunity health and limiting post-drought recovery. 

Abundance, biomass, densities and richness provide limited insight into community 
responses to drought. Total abundance, densities, biomass and the average mixed-level 
taxonomic richness of a community are among the metrics most commonly used to 
summarize community responses to drought, but should be treated with caution. 
Regardless of whether they increase, decrease or remain stable, none of these metrics 
represent community composition (i.e. the taxa responsible for observed values) and they 
can thus overlook profound compositional change including taxon losses and gains (i.e. 
taxonomic turnover). These issues highlight the importance of concurrent consideration of 
community composition alongside summary metrics, as discussed in section 6. 

In particular, taxonomic richness can remain stable as drought-driven flow declines 
replace riffles with still-water habitats, if the loss of flow-loving taxa is offset by the arrival 
of still-water taxa (Hill and Milner 2018). Similarly, Aspin et al. (2018) observed 
considerable taxonomic turnover along a gradient of increasing drought intensity in an 
experimental stream, reflecting the loss of drought-sensitive taxa and the arrival of tolerant 
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taxa. In addition, the capacity of richness to summarize taxonomic responses to drought is 
routinely limited by the identification of many common taxa to a resolution coarser than 
species. For example, identifying the ubiquitous true fly family Chironomidae to family, 
subfamily or tribe overlooks species-specific differences in drought tolerance (Cañedo-
Argüelles et al. 2016).  

At the population (i.e. single species) level, metrics such as abundance can fail to detect 
changes in population structure, and thus fail to recognize the risk of future population 
collapse if all individuals are non-reproductive adults (Cowx et al. 1984; Pařil et al. 2019). 
Determination of population structure—although rarely done for groups other than fish—is 
necessary to understand the long-term effects of drought, for example the effects of 
drought on physiology and, in particular, reproductive fitness. 

At the site scale, changes in abundance and richness can vary considerably among 
habitat patches (Wright et al. 2003); at the river or network scale, declines at some sites 
can be compensated by gains at other sites (Wright et al. 2004; Sarremejane et al. 2020). 
As such, characterization of responses to drought partly depends on the spatial scale(s) at 
which patterns are studied. 

 

6. Low flows alter habitats, resources and 
community composition 
Low flow velocities reduce the occurrence of flow-loving taxa. Many taxa are 
eliminated as flow declines due to the loss of their preferred habitats, such as gravel-
dominated, fast-flowing riffles (Wright et al. 2002; Chadd et al. 2017). Flow-loving 
invertebrate families whose occurrence declines during low flows include Baetidae 
mayflies, Elmidae beetles, Leuctridae stoneflies, Piscicolidae leeches, Hydropsychidae 
and Rhyacophilidae caddisflies, and Simuliidae blackflies (Wright and Berrie 1987; Wright 
and Symes 1999; Wood and Petts 1994; Wright et al. 2004; Ledger et al. 2012). In 
addition, many flying adult insects lay eggs only on fast-flowing water, which can reduce 
the occurrence of aquatic juveniles the year after a drought (Iversen et al. 1978; Cowx et 
al. 1984).  

Low flow velocities increase the occurrence of still-water taxa. Whilst flow-loving taxa 
decline, those associated with still waters (which develop in the margins of perennial 
reaches and may become extensive in temporary reaches) can become more common, 
including Dytiscidae and Haliplidae beetles and Notonectidae true bugs (Wood and Petts 
1994; Wright et al. 2004; Perrow et al. 2007). As such, low flows can increase riverine 
habitat availability for still-water taxa (Perrow et al. 2007; Hill and Milner 2018), potentially 
compensating for drought-driven declines in wetland habitats in the wider catchment. 
Semi-aquatic taxa including many true fly families (e.g. species of Ceratopogonidae, 
Psychodidae and Stratiomyidae) can also become more common as drought progresses 
(Ledger et al. 2012), with their aquatic juveniles developing rapidly after egg deposition by 
flying adults (Aspin et al. 2018). These still-water beetles, true bugs and true flies could, in 
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theory, include species of conservation concern e.g. the Nationally Rare yellow-tipped 
soldier fly Oxycera terminata (Armitage and Bass 2013; Drake 2017; Aspin et al. 2018) 
and the diving beetle Rhantus suturalis (Perrow et al. 2007; Foster 2010). 

Low flows reduce depths, increase temperatures, reduce oxygen—and kill animals. 
Declining water depths increase the influence of solar radiation on water temperatures, in 
particular during summer hot spells and longer heatwaves. Moderate increases in 
temperature can accelerate life cycle completion (Everall et al. 2015), potentially leading to 
trophic mismatches—i.e. the disruption of links between consumers and their food 
resources (Larsen et al. 2016).  

Rising temperatures inflict physiological stress on coldwater and then also species with 
broader temperature tolerances (Williams 2016). Coldwater invertebrates include many 
mayflies, stoneflies, caddisflies (Macadam et al. 2022) and flatworms (Reynoldson 1953; 
Durance and Ormerod 2010). Coldwater fish include the salmonids Atlantic salmon Salmo 
salar, brown trout Salmo trutta and grayling Thymallus thymallus, as well as bullhead 
Cottus gobio, brook lamprey Lampetra planeri, river lamprey L. fluviatilis and stone loach 
Barbatula barbatula (Buisson et al. 2008, 2013; Lassalle and Rochard 2009; Moss 2014). 
The occurrence of thermally sensitive species is greater in upland than lowland 
freshwaters (Macadam et al. 2022), perhaps because temperatures at low altitudes are 
already too high for some species (e.g. Kitchen et al. 2010). Within a river network, the 
communities in cooler shaded and/or groundwater-dominated headwater streams may 
include species that are particularly vulnerable to higher temperatures (Biondi et al. 2022; 
Macadam et al. 2022). 

The physiological stress associated with increasing temperatures can be direct or indirect 
due to associated reductions in dissolved oxygen availability. This stress can result in 
behavioural change, increased disease susceptibility, reduced reproductive fitness and 
ultimately increased mortality of individuals and thus population declines (Wood et al. 
2001; Jonsson and Jonsson 2009; Wood et al. 2010; Pařil et al. 2019) or even local 
extinctions. Fish kills during low flows are particularly evident and alarming. For example, 
mass mortality of adult salmon in the River Wye during the 1976 drought was linked to low 
flows and warm temperatures, which first promoted growth of the submerged macrophyte 
water crowfoot (Ranunculus species) but then caused the plant’s death and decay, 
causing severe deoxygenation of the water (Brooker et al. 1977). Similarly, Cowx et al. 
(1984) attributed elimination of an entire brown trout age class from a small upland stream 
to the physiological stress caused by high water temperatures, which peaked at 26.5°C 
during the period of lowest flows. More recently, 10 fish kills were classified as major 
incidents attributed to dry weather affecting England in summer 2018 (Turner et al. 2021). 

Low flow velocities deposit fine sediment on the streambed—and kill animals. Slow 
flow velocities promote deposition of silt and sand on the streambed, and this fine 
sediment can accumulate and persist, in particular in low-energy systems such as chalk 
streams (Wright and Berrie 1987; Wood and Petts 1994, 1999; Ledger and Hildrew 2001). 
Fine sediment has a wide range of detrimental, sometimes lethal, effects on biotic groups 
from biofilms to fish (Wood and Armitage 1997; Kemp et al. 2011; Jones et al. 2012a,b). 
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Compared to gravel, Ranunculus and other macrophytes, silty sediments support lower 
densities of most invertebrate taxa, including Simuliidae blackfly larvae, which need firm 
substrates to attach to; and Glossosomatidae caddisfly larvae (Wright and Berrie 1987) 
and Baetidae mayflies (Wright et al. 1981), which need suitable substrates from which to 
graze biofilms. For salmonids, fine sediment reduces the quality of spawning habitats 
(Wood and Armitage 1997). In contrast, densities of a few invertebrate taxa are higher in 
silt than other habitats, including Sphaeriidae clams and Chironomidae midge larvae, 
which feed on the accumulating detritus (Wright and Berrie 1987; Wright 1992; Ledger et 
al. 2012). Their predators, such as Sialidae alderflies (Wood and Petts 1994) and the 
burrowing green drake mayfly Ephemera danica (Everall et al. 2015), may thus also 
increase. A few fish also favour substrates dominated by fine sediments (and organic 
particles), including spined loach Cobitis taenia (Robotham 1978). 

Slow flows and siltation alter habitat-forming plant communities. Flow is one of the 
key influences on riverine macrophytes including species of the flow-loving genus 
Ranunculus, which forms a fundamental component of habitat structure in systems 
including chalk streams (Wilby et al. 1998; Gurnell et al. 2006). As flow velocities fall, silt is 
deposited on the streambed and colonized by emergent vegetation (Fig. 3a), which 
shades and outcompetes submerged macrophytes including Ranunculus (Wade et al. 
2002). At the same time, the lack of scouring flows—in particular during summer (Wilby et 
al. 1998; Franklin et al. 2008)—allows algae to accumulate on macrophyte leaves and 
stems, reducing their capacity to photosynthesize (Fig. 3b). As a result, established stands 
of plants including Ranunculus decline in health and abundance (Ladle and Bass, 1981; 
Cranston and Darby 2002; Westwood et al. 2006a,b), displacing the diverse range of 
invertebrates they support (Wright and Berrie 1987; Wright et al. 1998; Wright 1999), with 
consequences that extend throughout riverine food webs (McIntosh 2019). Moreover, 
Ranunculus and other flow-loving plants may not establish populations in drought years if 
flows fail to meet their growing season requirements (Wright 1999). 

Biofilms, macroalgae and phytoplankton can thrive in low-flow conditions, especially in 
warm, nutrient-rich waters, such as occur during summer in lowlands dominated by 
agricultural land (Fig. 3; Wilby et al. 1998; Wright et al. 2004; Bowes et al. 2016). Although 
such algal growth can benefit certain invertebrate species, algae provide a simpler habitat 
and support lower invertebrate biodiversity than the Ranunculus they often replace (Wright 
et al. 2004). Moreover, both night-time respiration by living algae and decomposition of 
dead algae by heterotrophic microorganisms severely reduce dissolved oxygen 
concentrations during drought (Parr and Mason 2003; Bowes et al. 2023), causing high-
profile fish kills as well as invertebrate mortality (Brooker et al. 1977; Parr and Mason 
2003). 
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Figure 3. (a) Emergent plants thrive in a ponded stream; (b) Algae covering 
submerged mid-channel Ranunculus and accumulating around emergent marginal 
plants as flows recede during drought in a chalk stream. Credit: (a) T. Sykes; (b) N. 
Holmes. 

Drought-driven losses of sensitive taxa homogenize network-scale communities. At 
river-to-network spatial scales, drought-driven reductions in habitat diversity increase 
community similarity among sites by eliminating different, infrequently occurring drought-
sensitive taxa from individual sites and reducing the remaining community to a core of 
common, tolerant taxa (Ledger et al. 2012; Stubbington et al. 2015). Equally, communities 
can sometimes share fewer and fewer taxa as a drought unfolds, due to stochastic 
extinctions as well as spatial variability in the taxa persisting in the remaining slow-flowing, 
shallow and/or ponded habitats (Aspin et al. 2018; Sarremejane et al. 2018). 

Low flows can increase salinity in estuarine reaches. Drought-driven reductions in 
water volumes can reduce inputs of fresh water into estuarine reaches (Attrill et al. 1996) 
altering their water chemistry, including an increase in salinity (Attrill and Power 2000a). 
Associated biotic changes include the loss of saline-sensitive invertebrate taxa such as 
Caenidae mayflies and the Nationally Scarce depressed river mussel Pseudanodonta 
complanata (NBN 2021). Drought-related changes in the population densities of dominant 
estuarine taxa including caridean and gammarid shrimps also occur, driven primarily by 
temperature, altering the structure and function of estuarine food webs (Attrill and Power 
2000b). 

If climate change increases the occurrence of drought-driven low flows: 

• The risk of elevated water temperatures (and associated declines in dissolved 
oxygen) eliminating thermally sensitive species, including salmonids, will 
increase. Such declines in water quality are likely to be most severe in drier 
parts of south-east England (Bowes et al. 2023). 

• The growth and survival of habitat-forming macrophytes including Ranunculus 
will decrease, altering ecosystem structure and function and reducing 
biodiversity.  
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• The risk of stochastic extinctions could increase—and whilst many such losses 
have little impact on ecosystem function, a few could have unexpected, far-
reaching consequences. 

 

7. Dry phases: persistence of pools and other 
wet refuges 
The reproductive fitness of pool refugees may decline. As described in section 5, as 
flows recede during drought, fish and many invertebrates become confined to shrinking 
submerged habitats. When these wet habitats become disconnected and form isolated 
pools, organisms may prosper or perish (Elliott 2000). Persistent pools can act as refuges 
for small fish including bullhead Cottus gobio and the sticklebacks Gasterosteus aculeatus 
and Pungitius pungitius (Perrow et al. 2007), as well as brown trout Salmo trutta (Morrison 
1990). However, the reproductive potential of pool survivors has very rarely been studied, 
and may be low. For example, Pařil et al. (2019) provide a rare study of a Gammarus 
shrimp population in a small Czech stream: drought caused water to recede to a few 
isolated pools during two 10–20-day periods in one summer, causing a substantial 
population decline that included loss of most spring-recruited juveniles and all reproductive 
females. For fish, stocking by river managers can influence post-drought community 
composition (Perrow et al. 2007). 

 
Figure 4. A dead brown trout Salmo trutta in a small, isolated pool in the bed of the 
Bourne Rivulet, a chalk stream. Credit: N. Howard-Jones. 

Pool refuges may become traps in which organisms die. Although wet refuges as 
small as a “puddle of water” can enable ‘sensitive’ taxa including caddisflies, crustaceans 
and mayflies to survive in an otherwise dry reach (Perrow et al. 2007), persistent pools 
vary in quality. Some can become traps in which invertebrates and fish (in particular larger 
fish) die if water quality becomes too poor (Fig. 4; Elliott 2000; Vander Vorste et al. 2020). 
In particular, pool water quality is typically characterized by high temperatures and 
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pollutant concentrations and low oxygen concentrations (Fausch et al. 2002; Ruiz-Navarro 
et al. 2016), and oxygen availability may fall below the levels required by many fish, in 
particular as water temperatures rise during hot spells and heatwaves (Cowx et al. 1984; 
Elliott 2000). Similarly, within a week of a peak in invertebrate richness and densities 
associated with pool isolation in a sandy lowland stream (see section 5), richness 
decreased sharply in association with declining oxygen concentrations (Verdonschot et al. 
2015). 

If climate change alters conditions in dry-phase pools: 

• If increases in water temperatures and associated reductions in dissolved 
oxygen levels become more severe, the survival of animals in pool refuges will 
decline. 

• If drought magnitude, duration and severity increase, pools will become less 
likely to persist, instead becoming traps in which organisms die. 

 

8. Dry phases: complete surface water loss 
Pool drying kills aquatic organisms. If pools dry, “catastrophic mortality of fishes” can 
occur (Archdeacon and Reale 2020), and other desiccation-sensitive aquatic organisms 
including invertebrates are also likely to die (Matthews and Marsh-Matthews 2003; 
Stubbington et al. 2017). Even species whose life cycles are timed to coincide with 
seasonal shifts between flowing and dry phases in temporary streams (i.e. brown trout 
Salmo trutta and bullhead Cottus gobio) may be scuppered by rare, drought-driven dry 
phase in a near-perennial or previously perennial reach (Wright and Berrie 1987), or the 
early onset of a dry phase in a seasonally intermittent stream. For example, a rare dry 
phase eliminated brown trout from a small upland stream (Hynes 1958). 

The subsurface sediments of the hyporheic zone can be an extensive refuge. 
Despite widespread mortality as rivers dry, local dry-phase refuges (i.e. any habitat 
retaining moisture or water) provide a glimmer of hope for stranded organisms, in 
particular the saturated subsurface sediments of the hyporheic zone (Chester and Robson 
2011; Stubbington 2012). Depending on the composition of the streambed sediments, a 
few fish, including eel Anguilla anguilla (Tesch 2003), juvenile lamprey (Lampetra species; 
Rodríguez-Lozano et al. 2019), Atlantic salmon Salmo salar parr (Debowski and Beall 
1995) and loach (Kawanishi et al. 2013) can burrow into the subsurface sediments, and 
this hyporheic zone is also an important dry-phase refuge for many invertebrates 
(Stubbington 2012; Vander Vorste et al. 2016a).  

The hyporheic refuge varies in quality. The hyporheic zone’s capacity to provide a long-
term refuge in which organisms survive a dry phase depends on interactions between its 
habitat characteristics and species-specific environmental tolerances and traits 
(Stubbington 2012; Loskotová et al. 2019). Then, if water is lost or if (as is likely) oxygen 
concentrations fall low, the hyporheic zone can become a graveyard in which desiccation-
sensitive organisms die (e.g. Young et al. 2011)—although a wide range of aquatic 
invertebrates persist as desiccation-tolerant forms (Stubbington and Datry 2013). 
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Moreover, clogging of interstices by fine sediment can prevent most animals from 
accessing subsurface sediments in the first place (Vadher et al. 2015), and some streams 
(e.g. bedrock-dominated channels) lack any hyporheic zone.  

Other refuges. In addition to the hyporheic zone, even localized, moist (but not wet) 
refuges such as thick, dried algal mats may reduce evaporation and provide dry-phase 
refuges for invertebrates, promoting community resilience (Ledger and Hildrew 2001; 
Nelson et al. 2021). However, the metabolic health of aquatic organisms declines in the 
absence of free water, and the reproductive potential of such refugees is unknown (but 
see Pařil et al. 2019). 

If climate change increases the occurrence of drought-driven dry phases: 

• The survival of fish, invertebrates and other species in dry reaches will 
increasingly depend on the availability, accessibility and quality of dry-phase 
refuges including the hyporheic zone. 

• If drought magnitude, duration and severity increase, dry-phase refuges 
including the hyporheic zone will decline in quality, reducing survival of even 
some desiccation-tolerant organisms. 

 

9. Rare drought-driven dry phases cause 
biodiversity loss 
Few aquatic species are unaffected by rare dry phases (in near-perennial reaches) and 
unprecedented dry phases (in previously perennial reaches). Most taxa occur at lower 
densities after flow returns, a few at comparable or higher densities, and some are lost (or 
remain undetected during a study period; Table 2 e.g. Hynes 1958; Ladle and Bass 1981). 
Reported densities vary depending on when organisms are sampled, but the duration 
between flow resumption and sample collection is not always known. As such, the patterns 
below describe populations sampled weeks to months (but <1 year) after flow resumption. 

• Densities of some common, dominant taxa such as Gammarus shrimps, which 
support energy transfer through food webs through their ‘shredding’ of leaf litter, 
can be much lower after a dry phase (Ladle and Bass 1981; Wood and Petts 1999; 
Perrow et al. 2007; Ledger et al. 2011). 

• Densities of desiccation-tolerant taxa of oligochaete worms and true fly larvae as 
well as some Limnephilidae caddisflies (Ladle and Bass 1981) can be comparable 
before and after a dry phase. Hynes (1958) also recorded invertebrates including 
flatworms “as soon … as the water table rose” after a 10-week dry phase in a small 
mountain stream. 

• Densities of taxa including the blue-winged olive mayfly Serratella ignita and 
Lymnaeidae snails can be higher the year after flow resumes (Ladle and Bass 
1981); they may benefit from available habitat space as well as reduced predation 
by and competition with usually dominant taxa such as Gammarus shrimps (Kelly et 
al. 2002). 
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• Losses (i.e. taxa that are not detected post-drought during a study) include many 
stoneflies, the caddisfly genera Agapetus (Glossosomatidae), Silo (Goeridae) and 
Sericostoma (Sericostomatidae), and Piscicolidae leeches. Species-level 
identification also reveals losses within major taxa often considered drying tolerant, 
such as Nais oligochaetes (Ladle and Bass 1981; Aspin et al. 2018). 

If climate change increases the occurrence of drought: 

• Differences in drying sensitivity will alter the outcomes of competitive 
interactions among species, shifting communities towards greater dominance of 
tolerant taxa. 

• The risk of local and regional species losses will increase, with desiccation-
tolerant species filling the ecological niches left by lost taxa, reducing overall 
biodiversity. 

 

10. Drought alters communities in naturally 
temporary streams 
In temporary streams, drought-driven changes to wet-phase conditions and associated 
ecological responses are likely to be largely comparable to those in perennial streams, as 
considered above. I therefore focus here on the effects of drought-driven changes in dry-
phase characteristics. This section is informed largely by evidence from winterbourne 
chalk streams, as England’s best-studied type of temporary stream.  

Communities are adapted to seasonal shifts between dry and wet phases. Most 
species inhabiting winterbournes and other seasonally intermittent streams have traits 
enabling their survival during a dry phase and/or their capacity to recolonize after water 
returns, including microorganisms (Romaní et al. 2017), invertebrates (Stubbington et al. 
2017), plants (Sabater et al. 2017) and fish (Kerezsy et al. 2017). Winterbourne insects 
include specialists such as the scarce purple dun mayfly Paraleptophlebia werneri and the 
winterbourne stonefly Nemoura lacustris, which have lifecycle adaptations in which the 
timing of terrestrial and aquatic life stages coincides with dry and wet phases, respectively 
(Fig. 5; Macadam et al. 2021). Similarly, brown trout Salmo trutta and bullhead Cottus 
gobio have behavioural strategies that enable their use of high-quality habitats in 
winterbournes during flowing phases then their migration downstream into perennial 
reaches before a dry phase begins (Solomon and Templeton 1976; House et al. 2008). 
These lifecycle adaptations promote both escape as flow declines and recolonization after 
flow returns. 
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Figure 5. The aquatic juvenile life stages of the winterbourne specialist insects (a) 
the winterbourne stonefly Nemoura lacustris and (b) the scarce purple dun 
Paraleptophlebia werneri. Credits: (a) Cyril Bennett; (b) Adrian Chalkley. 

Drought alters the seasonality of dry and wet phases. In temporary streams, drought-
driven changes to flow regime characteristics include unusually early and/or rapid-onset 
drying and unusually long dry phases. These conditions can overcome species’ 
adaptations, reducing population densities and biodiversity and altering community 
composition, as detailed below: 

– Longer dry-phase durations, shorter wet-phase durations. Some terrestrial adult 
insects lay desiccation-tolerant eggs on dry sediments, which then develop once water 
returns (e.g. the winterbourne stonefly; Tapia et al. 2018). During drought, longer dry-
phase durations could increase the sediment moisture deficits that result from rainfall 
deficits, with drier sediments potentially surpassing the desiccation levels that eggs can 
tolerate (Stubbington and Datry 2013). Any increase in dry-phase duration increases 
the likelihood of mid-drought hot spell or heatwave occurring, increasing dry-phase 
magnitude, as described below. 

– Unusually long dry phases equate to unusually short wet phases that start later and/or 
end earlier (Bass et al. 2022), potentially reducing the proportion of a cohort of aquatic 
juveniles that develops and emerges as terrestrial adults in time to avoid desiccation 
during the next dry phase (Drummond et al. 2015).  

– Higher dry-phase magnitude. Summer droughts can equate to below-average rain 
falling on dry streambeds. Along with any increase in dry-phase duration, an associated 
reduction in sediment moisture content could push the persisting egg, juvenile and 
adult life stages past their desiccation tolerance limits (Welton et al. 1987; Stubbington 
and Datry 2013). Such moisture loss is particularly likely in channels in which 
evapotranspiration is exacerbated by a lack of riparian shading and associated in-
channel plant growth (for example in agricultural areas; Hayes 2022) and during hot 
spells and longer heatwaves.  

– Changes to dry-phase frequencies. In theory, ‘false starts’ (i.e. short wet phases 
which precede redrying and a subsequent ‘true’, long-term flow resumption) could 
trigger development of desiccation-tolerant insect eggs into desiccation-sensitive 
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juveniles that die during subsequent, short dry phases. However, evidence for this 
hypothesized pattern is lacking (Strachan et al. 2016; Stubbington et al. 2016). Instead, 
bet-hedging strategies such as asynchronous egg hatching can enable populations to 
tolerate some natural, interannual hydrological variability (Lytle and Poff 2004). 

– Early drying and late wetting. The timing of drought-driven changes in habitat 
conditions—in particular, dry and wet phases—determines effects on species that have 
season/month-specific life cycle activities such as egg laying, egg hatching, migration 
and adult emergence. Current evidence, described below, suggest that insects, fish 
and other organisms in temporary streams can cope with interannual variability in 
hydrological conditions and may take drought-driven changes in their stride… for now. 

o Dry phases may start earlier in a drought year, which—alongside rising 
temperatures—could affect species with seasonal lifecycle activities 
(Parmesan 2006). For example, the proportion or size of juvenile aquatic 
insects that emerge as adults before water is lost may decline if rivers dry 
sooner (Tapia et al. 2018). However, bet-hedging strategies (Lytle and Poff 
2004), in this case asynchronous juvenile development and adult 
emergence, can promote population persistence (Robson et al. 2011). In 
addition, phenological plasticity may allow insects to emerge earlier in dry 
years (Leberfinger et al. 2010)—although doing so can cause trophic 
mismatches, disrupting links between organisms and their seasonal food 
resources (Larsen et al. 2016). Early dry-phase onset could also increase 
the proportion of fish that do not migrate downstream in time to escape 
drying. However, whilst some brown trout become stranded in dry-phase 
refuges, declining flows trigger others to migrate into downstream perennial 
reaches (Wright and Berrie 1987; House et al. 2008).  

o The terrestrial adults of some insects lay their eggs on water, and if water 
returns later than normal during drought, this could prevent egg laying, as 
reported for the caddisflies Goera pilosa, Hydropsyche angustipennis and 
Rhyacophila obliterata and the mayfly Ephemerella ignita (Hynes 1958; 
Iversen et al. 1978). Late wetting and flow resumption could also delay 
upstream fish migration or prevent access to spawning grounds, with 
potential consequences for seasonal life stage completion (Wright and Berrie 
1987). 

– Rapid drying. Winterbournes and other temporary streams typically dry slowly (Moon 
1956), giving organisms time to react—physiologically and/or behaviourally—for 
example by slowing their metabolism and entering a desiccation-tolerant dormant state 
(Strachan et al. 2015), by burrowing into saturated or moist streambed sediments 
(Poznańska et al. 2015; Patel et al. 2021), or by swimming or drifting downstream 
(House et al. 2008). If drought increases the rate of wet-to-dry transitions (for example 
during flash droughts; Pendergrass et al. 2020; Yuan et al. 2023), this could shorten 
the time available to start and complete these activities, as observed for migrating coho 
salmon Oncorhynchus kisutch in US streams (Kastl et al. 2022). In addition, faster wet-
to-dry transitions could shorten the period between the environmental cues that trigger 
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insect metamorphosis and its completion, reducing the proportion of individuals that 
emerge as adults (Drummond et al. 2015). However, the extent of water loss (e.g. if 
pools persist; how dry sediments become) is likely to be a greater influence on aquatic 
species than how water is lost. 

– Rapid wetting. Even during drought (or marking the point of drought termination e.g. 
Kendon et al. 2013; Parry et al. 2016b), if a dry phase is interrupted or ended by a flood 
or other high-flow event, organisms can be washed from refuges including the 
subsurface sediments of the hyporheic zone, especially if sediments are mobilized 
(Stubbington et al. 2009b). Any additional floods during the period after flow resumes 
could also compromise community recovery. 

If climate change alters dry-phase and wet-phase characteristics: 

• Future climate-change-driven shifts in drought severity and timing may soon go 
beyond the range of conditions that even adapted species can tolerate, reducing 
biodiversity in naturally temporary streams.  

• Any increase in the occurrence of floods during drought termination phases 
could interrupt community recovery after flow resumes, reducing biodiversity in 
temporary streams. 

 

11. Drought threatens species of 
conservation concern 
As discussed below, drought threatens (a) fish, (b) invertebrate and (c) macrophyte 
species of conservation concern (Defra 2022)—most likely alongside many diatoms and 
other microorganisms, for which rarity and conservation status have not been assessed 
(but see Kelly 2014a,b). 

a. Drought threatens fish of conservation concern 

From socioeconomic and legislative as well as ecological perspectives, fish are among 
England’s most valued species to be threatened by drought. Some species, such as the 
sturgeon Acipenser sturio, are too rare in English rivers to enable investigation of their 
responses to drought. Drought puts populations of other species of conservation concern 
at risk:  

• Species at their thermal tolerance limits: salmon and grayling. Atlantic 
salmon Salmo salar and grayling Thymallus thymallus are already at their 
thermal tolerance limits, leaving them particularly vulnerable to the elevated 
temperatures associated with concurrent droughts and heatwaves (Marsh et al. 
2021; Rangeley-Wilson 2021). Other coldwater species including eel Anguilla 
anguilla, brook lamprey Lampetra planeri and river lamprey L. fluviatilis are also 
at risk. 

• Migratory species. Diadromous species (which migrate between rivers and the 
sea, i.e. salmon, sea trout Salmo trutta morpha trutta, sea lamprey Petromyzon 
marinus and eel may be particularly susceptible to drought due to their 
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requirements for different, specific hydrological habitats at different life stages 
(Jonsson et al. 2007; Solomon and Sambrook 2004; Jonsson and Jonsson 
2009; Robinson et al. 2009; Marsh et al. 2021). Such effects encompass the 
loss of the peak flows that trigger both upstream and downstream migration 
(Mann 1989; Solomon and Sambrook 2004); water depths that are too low to 
enable migration (Solomon and Sambrook 2004), to provide spawning habitats 
(Taverny et al. 2012; Pinder et al. 2016) and to provide refuge from predation 
(Riley et al. 2009); slow flow velocities that increase territory sizes (Symons and 
Héland 1978); and siltation that degrades spawning gravels (Berrie 1992; Riley 
et al. 2006). Consequences include reduced fecundity, recruitment, growth and 
survival as well as behavioural changes (Weatherley et al. 1991; Nislow et al. 
2004; Mitchell and Cunjak 2007).  

• The twaite shad Alosa fallax breeds in the Rivers Severn and Wye (JNCC 
2022a) and requires deep pools in which to congregate prior to spawning, and 
fast-flowing, silt-free gravel-dominated spawning habitats (Aprahamian et al. 
2003). Drought impacts on populations in English rivers have not been reported. 

• The spined loach Cobitis taenia favours organic-rich sediments over gravel 
(Culling et al. 2003), prefers low-to-moderate flow velocities and higher densities 
of filamentous algae (Copp and Vilizzi 2004). These habitat preferences may 
enhance its drought tolerance. 

• The bullhead Cottus gobio is at risk from elevated temperatures during drought 
(Dorts et al. 2012). But where temperatures remain moderate, bullhead can 
benefit from reduced competition for resources from juvenile salmonids during 
drought, increasing their survival (Elliott 2006). 

The risk to fish in context. At the river network scale, dry phases fragment wet habitats, 
which can prevent fish movements including seasonal migrations to and from spawning 
grounds as well as drought-driven movements from shallow to deeper waters (Armstrong 
et al. 1998). As such, drought-driven network fragmentation by extreme low flows and dry 
reaches can reduce reproductive activity, recruitment and fish biodiversity (Perkin et al. 
2015, 2019). The frequent, widespread interruption of upstream–downstream connectivity 
by artificial barriers such as dams in English rivers (Jones et al. 2019) exacerbates 
drought-driven network fragmentation and further reduces refuge-seeking fish movements.  

If climate change increases the occurrence of drought: 

• If flow declines earlier in the year and/or declines more quickly, and/or drought 
duration, magnitude and severity increase—any and all of these changes 
threaten fish populations, with migratory species being most at risk. 

• Increases in drought severity that reduce water depths for longer periods will 
reduce availability of well-oxygenated, cool-water habitats for thermally sensitive 
fish, increasing summer fish kills.  

• The capacity of drought-impacted fish populations to recover after a drought is 
compromised by the artificial barriers that fragment England’s river networks. 

• b. Drought threatens invertebrates of conservation concern 
• Numerous British freshwater invertebrates are listed as threatened (JNCC 

2022b), but we know too little about the ecological requirements of most such 
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species to confirm or predict their responses to drought. Just a few relatively 
high-profile species are highlighted below: 

– Crustaceans 

o White-clawed crayfish. Providing a striking example of a permanent 
drought-driven population loss, the internationally Endangered white-clawed 
crayfish Austropotamobius pallipes was eliminated by drying of near-
perennial reaches of Hertfordshire chalk streams (Ellis and England 2009; 
Perrow et al. 2007). Such dry phases may be particularly damaging to 
crayfish populations in chalk catchments due to their low stream densities, 
meaning that overland distances to wet refuges may be farther than crayfish 
can walk (Masefield 2018). This loss illustrates that drought-driven river 
drying can interact with other pressures (here including groundwater 
abstraction and the non-native signal crayfish Pacifastacus leniusculus) to 
cause local and regional extinction of a species of conservation concern 
(Perrow et al. 2007).  

o Groundwater specialists. Several British ‘stygobitic’ crustaceans are of 
conservation concern, but we know little about their responses to drought. 
Declining groundwater oxygen concentrations during concurrent drought and 
heatwave events can trigger migrations of stygobitic Niphargus shrimps 
upwards into the hyporheic zone (Wood et al. 2010; Stubbington and Wood 
2013). Looking deeper, Durkota et al. (2019) studied stygobites in the chalk 
aquifer during a drought in southern England (Met Office 2013), detecting 
responses for species including Crangonyx subterraneus, which was more 
abundant during the drought peak, suggesting refuge-seeking behaviour (J. 
Durkota, pers. comm.). 

– Insects 

o The southern damselfly. Drying of typically inundated marginal sediments 
can kill desiccation-sensitive immotile life stages including eggs, of species 
including the internationally Endangered southern damselfly Coenagrion 
mercuriale (Daguet et al. 2008). This rare species requires perennial flow 
and dry phases could eliminate it from key habitat types including small 
heathland streams (Purse 2002).  

o Winterbourne specialists. The Nationally Rare winterbourne stonefly 
Nemoura lacustris and the Nationally Scarce scarce purple dun mayfly 
Paraleptophlebia werneri are largely restricted to chalk winterbournes 
(Macadam 2015, 2016), which may be due to the lower densities of their 
competitors (in particular, Gammarus shrimps; Aspin and House 2022). 
Gammarus recolonize winterbournes by swimming upstream after flow 
returns (Wood and Petts 1994) and winterbourne specialists thus thrive in 
reaches far enough upstream to exceed the distance that Gammarus can 
move during a wet phase (Aspin and House 2022). As such, drought-driven 
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increases in dry-phase durations could increase the spatial length of 
winterbourne in which specialists can occur—unless drought also causes 
downstream migration of winterbourne heads. 

o Other insects. Identifying species of conservation concern within drought-
sensitive families could reveal a much greater range of species threatened 
by drought. For example, eight species within the most drought-intolerant 
families identified by Chadd et al. (2017) are of conservation concern 
(Appendix 3). Research is needed to identify priority species for which action 
is required to protect populations at risk of extinction. 

– The pearl mussel. The internationally Endangered freshwater pearl mussel 
Margaritifera margaritifera is long-lived and relatively immotile, increasing the risk 
posed by drought. Mussels can be stranded in drying marginal sediments as flow 
declines, in particular when rapid water loss prevents small-scale movements into wet 
habitats (Curley et al. 2022). Stranded mussels may die due to either desiccation or 
predation (Sousa et al. 2018), and resultant population declines could reduce 
recruitment of future generations. 

If climate change increases the occurrence of drought: 

• Any increase in drought will—in interaction with other human pressures—
exacerbate regional extinction risks for invertebrate species including the white-
clawed crayfish and freshwater pearl mussel. 

• We know little about how most invertebrate species—including insects and 
groundwater crustaceans of conservation concern—may respond to future 
drought. 

• Although it is feasible that drought impacts on common species could create 
space in which rare species thrive, it is more likely that the cumulative impacts of 
longer, more severe, more frequent drought could drive rare invertebrates closer 
to extinction. 

c. Drought threatens macrophytes of conservation concern.  

Ranunculus. Several species in the water crowfoot Ranunculus subgenus Batrachium 
characterize river types protected as Special Areas of Conservation under the Habitats 
Directive (JNCC 2022c). The negative effects of drought on Ranunculus can be 
considerable, as discussed in section 6. 

If climate change increases the occurrence of drought: 

• Any increase in drought is likely to reduce growth and survival of the water 
crowfoot Ranunculus subgenus Batrachium. 

 
 

12. Droughts: effects on non-native invasive 
species 
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Drought-driven low flows may enable current UK invasive non-native species (INNS) to 
become more prevalent. For example:  

• Low flows can promote the establishment of signal crayfish Pacifastacus 
leniusculus at newly invaded sites, leading to range expansion during years with 
below-average flows (Mathers et al. 2020).  

• The New Zealand mud snail Potamopyrgus antipodarum prefers stable flows 
(Bennett et al. 2015) and can thrive during low flows due to high availability of 
the biofilms upon which it grazes (Wood and Petts 1999). Its population 
densities can thus increase during low-flow years (Wright 1992), with high-
density populations then persisting after normal flow resumes (Wood and Petts 
1994, 1999).  

• Low flows may facilitate the ongoing range expansion of the demon shrimp 
Dikerogammarus haemobaphes through central England (Johns et al. 2018). 

Dry phases. Drought-driven, partial or complete surface water loss may favour INNS that 
better tolerate desiccation compared to equivalent native species. For example:  

• Signal crayfish can survive in air at 24°C for <21 hours (Banha and Anastácio 
2014), with this tolerance exceeding that of the native white-clawed crayfish 
Austropotamobius pallipes (Holdich et al. 2014). Signal crayfish can nonetheless 
be eliminated by rare dry phases in near-perennial reaches, but may soon 
return, whereas natives may be permanently lost (Perrow et al. 2007).  

• The New Zealand mud snail tolerates some desiccation, with closure of its 
operculum facilitating survival during short (days to weeks) dry phases (Storey 
and Quinn 2011; Lancaster and Ledger 2015). However, its population densities 
may decline substantially if dry periods persist for weeks to months (Extence 
1981). 

• Drought, in particular prolonged drought during summer (i.e. the growing 
season), may alter the distribution of riparian plants including the INNS 
Japanese knotweed Fallopia japonica and Himalayan balsam Impatiens 
glandulifera. Future northward range contraction has been suggested for both 
knotweed (Beerling et al. 1995; Hulme 2017) and balsam (Beerling 1993), 
reflecting water requirements not being met due to climatic drying. However, 
whilst rising temperatures will drive increases in evapotranspiration that reduce 
soil moisture, especially in the south, changes in precipitation remain uncertain 
(Samaniego et al. 2018; Shaffrey 2023). As such, any near-future range 
contractions may be localized and most likely to occur during summer droughts 
(Beerling 1993). 

• Rainbow trout. Loss of fish due to drought-driven dry phases can be 
compensated by both legal stocking and illegal releases after flow returns. The 
latter may reintroduce INNS to sites from which they have been eliminated by 
dry phases and introduce them to new sites, as occurred for rainbow trout 
Oncorhynchus mykiss in the River Misbourne (Perrow et al. 2007). 

 

13. Drought can simplify food webs and 
ecosystem processes 
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Drought-driven changes in the occurrence, abundance, densities or biomass of individual 
species can alter food web structure and function, including ‘bottom-up’ effects that result 
from changes to the resources at the base of both green (i.e. plant and biofilm-based) and 
brown (i.e. detritus-based) food webs and ‘top-down’ effects that start with changes to 
predator populations at higher trophic levels.  

Bottom-up effects on green food webs. Drought-driven low flows can increase light and 
nutrient availability, causing short-term increases in primary production by biofilms at the 
base of food webs. As a result, densities of (and secondary production by) primary 
consumers, i.e. grazer invertebrates could increase (see section 5), with knock-on effects 
at higher trophic levels. Equally, low flows can reduce river-scale primary production if 
wetted habitats contract, killing or reducing the metabolic activity of microbial biofilms 
exposed to air (Truchy et al. 2020; Arias Font et al. 2021). If drought causes streams to 
dry completely, drastic reductions in biofilms reduce primary production and thus the 
biomass available to sustain organisms (including early colonists) at higher trophic levels 
after flow resumes, which could limit initial rates of ecosystem recovery (Ledger and 
Hildrew 2001).  

Bottom-up effects on brown food webs. The dominant invertebrate in many English 
rivers is a ‘shredder’, the shrimp Gammarus pulex/fossarum (Macneil et al. 1999). Its 
shredding activity breaks down and transforms detritus such as leaf litter, creating diverse 
energy sources that can be used by organisms at lower trophic levels (Gessner et al. 
1999). In addition, Gammarus is an important prey species for predators at higher trophic 
levels including other invertebrates, fish (Macneil et al. 1999) and riverine birds (Shaw 
1979). Gammarus are desiccation sensitive and are much reduced or eliminated by dry 
phases, reducing detrital decomposition as well as trophic resources for predators, thus 
reducing secondary production and energy transfer through brown river food webs and to 
terrestrial ecosystems (Datry et al. 2011; Ledger et al. 2011; Vander Vorste et al. 2016b).  

Top-down effects of predator loss. Drought-driven dry phases can greatly reduce the 
densities and dominance of large-bodied invertebrates, in particular predators such as 
juvenile dragonflies (Nelson et al. 2021) and alderflies (Ledger et al. 2011). These losses 
alter food web structure during subsequent flowing phases (Woodward et al. 2012; Ledger 
et al. 2013), reducing trophic interactions, total biomass and secondary production, and 
simplifying food webs as species are lost (Ledger et al. 2011, 2013). Release from 
predator control could increase the abundance of small-bodied invertebrates (such as 
Chironomidae midges) at intermediate trophic levels, partially compensating for the 
reduction in secondary production, but this may be insufficient to maintain pre-drought 
rates of energy transfer (Ledger et al. 2013).  

Drought may also directly eliminate taxa at intermediate trophic levels. For example, filter 
feeders including Simuliidae blackfly larvae are important both as primary consumers and 
as prey (Ladle et al. 1972; Mann and Blackburn 1991), but die if their food supply is cut off 
by flow cessation (Sarremejane et al. 2021a). 
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14. Recovery after drought 
Few studies reporting ecological recovery after drought have sufficient pre-drought data to 
evaluate return to a pre-drought state (Table 2). In addition, characterization of recovery is 
limited by study duration, with relatively few studies reporting patterns over multiyear 
timescales (Table 2)—and those that do are typified by a coarse temporal resolution i.e. 
collection of 1–2 biological samples per year (e.g. Wright [1992] and others in Table 2). In 
any case, single, stable baseline states can be difficult to characterize in naturally dynamic 
river ecosystems (Thoms 2006; Ryo et al. 2019). Climate change is compounding these 
difficulties, and increasingly undermines the notion that ‘natural’ ecosystems fluctuate 
within unchanging boundaries (Milly et al. 2008). Despite these caveats, post-drought 
community recovery can be, and has been, characterized—largely for macroinvertebrates 
(Table 2), a unique group in that its recovery may be supported by overland flight of adult 
insects (Dobel et al. 2020). 
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Table 2. Summary of UK studies examining recovery of ecological communities after drought. Studies are presented in 
chronological order, by year of publication. Drought periods are as stated by the authors. EPT, Ephemeroptera, Plecoptera and 
Trichoptera; MIV, aquatic macroinvertebrates; ↓, decrease; ↑, increase. ‘Permanent’ is limited by the study duration. 

Study system 
and site(s) 

Drought 
period 

Study start 
and end date 

Post-
drought 
period 

Habitat 
conditions 
during 
drought  

Biotic 
group 

Peak biotic 
impact of 
drought 

Evidence of 
recovery from 
drought 

‘Permanent’ 
taxon losses; 
new taxon 
gains 

Source  

Afon Hirnant, 
a small 
mountain 
stream, 
Wales.  

3 sites 
studied but 
the study 
focuses on 1 
site that 
dried.  

Very dry 
summer 
1955. Flow 
normal Nov 
1955. 

“Regular” 
sampling from 
Oct 1954 to 
an unspecified 
date in 1956 

<1 year 
i.e. Nov 
1955 to 
1956 

Rare, complete 
dry phase 
affecting 1 km 
from early 
August to mid-
Oct 1955 

Fish                                          

 

MIV 

 
Plants 

Total loss of 
brown trout  

Total loss from 
surface channel 

 

Survived in 
most places 

Recolonized from 
down-stream in 
Jan. 

Rapid recovery 
from subsurface 
sediments 

Grew rapidly 
when water 
returned 

 

 

 

9 EPT spp. did 
not return; 
Nemoura cinerea 
appeared 

Hynes 1958 

Winterbourne 
tributary of 
the chalk 
River 
Lambourn, 
Berkshire. 

Possibly 4 
sites; 
unclear. 

1976 
summer 
drought 

“Throughout 
1972, during 
the drought of 
1976 and … 
to August 
1977” 

<1 year 
i.e. to 
August 
1977 

1 site flowing, 
1 site dry with 
“ponds 
connected by 
ditches 

MIV Taxa richness ↓ 
“dramatically” 

Most species 
back to their 
1972 distribution 
but not 
abundance by 
summer 197[7]  

Many opportunist 
species had not 
recolonized by 
the end of the 
study 

Freshwater 
Biological 
Association 
1977–79 
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Waterston 
stream, a 
small, near-
perennial 
winterbourne 
chalk stream. 

A 50-m 
stretch. 

“A long 
period with 
low rainfall” 
in 1973; flow 
resumed in 
Jan 1974 

MIV: Approx. 
monthly Mar–
Oct 1973 + 
Jan–Aug 
1974, i.e. no 
pre-drought 
data.  

Plants: 
Monthly Jan 
1973–July 
1974 

<1 year, 
i.e. 1974  

Rare dry phase MIV 

 

 

 

 

Plants 

Composition 
changed: 
Gammarus ↓ 
and Serratella ↑ 

 
Composition 
changed: 
Ranunculus 
penicillatus var. 
calcareus ↓ and 
Apium ↑ 

Fecund spp. e.g. 
Asellus 
recovered in <1 
year 

 

Polycelis felina 
and Agapetus 
fuscipes not 
recorded 1974; 
Gammarus 
almost 
eliminated. 

Ranunculus 
peltatus 
colonized 
upstream of site. 

Ladle and 
Bass 1981 

Afon Dulas, 
an upland 
tributary of 
the Severn, 
Wales. 

1 site. 

1976 
summer 
drought 

MIV: Monthly 
from March 
1976 to Sept 
1977 + follow-
up surveys in 
1978–79.  

Fish: 10 dates 
from Oct 1975 
to April 1978.  

MIV: 3 
years, i.e. 
1977–79 

Fish: 2 
years, i.e. 
1977–78. 

Low flow 
(width, depth) 
and 
exceptionally 
high water 
temperatures 

Fish 

 
MIV 

Loss of 1976 
salmon year 
class.  

Abundance 
40% of ‘normal’, 
many insect 
larvae died, 
composition 
changed. 

Higher salmon 
recruitment in 
1977. 

MIV community 
diversity and 
abundance fully 
recovered in 
1978–79. 

 

 

 

Cowx et al. 
1984 
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4 small 
forested, 
acidic 
streams in 
central 
Scotland.  

1 site per 
stream. 

Summer 
1984, 
including 
low rainfall 
in May to 
August. 

Approx. 
monthly 
sampling from 
Sept 1984 to 
March 1985 
i.e. no pre-
drought data 

6 months 
i.e. to 
March 
1985 

3 streams 
“dried out 
almost 
completely” for 
2–3 months; 1 
“reduced to a 
series of small 
pools”. 
Subsurface 
water present. 

Fish 

 

 

 

  

MIV 

Dead trout on 
dry streambeds. 
Some trout 
survived in 
pools. 

Dead insects on 
dry streambed. 

Spawning trout 
entered streams 
after drought 
ended. 

 

Small larvae from 
several orders <1 
month after flow 
returned. 
Abundance of 
most taxa similar 
pre- and post-
drought. 

 

 

 

 
Several taxa 
recorded only 
pre-drought, a 
few recorded 
only post 
drought; no 
notable losses 

Morrison 
1990 

The chalk 
River 
Lambourn 
and its 
tributary, the 
Winterbourne 
stream, 
Berkshire. 

30 sites in 
total; 2 
perennial 
sites for 
1971–78 
study  

Minor 
drought 
1973, 
severe 
drought 
1976 

June and 
December 
surveys in 
1971–78 

 

2 years: to 
1975 for 
1973 
drought, 
and to 
1978 for 
1976 
drought 

Low flows at 
perennial sites. 
Unusually high 
levels of 
deposited silt.  

MIV 

 

 

Plants 

 

Very high 
chironomid 
densities during 
low flows  

Poor growth of 
Ranunculus  

No substantial 
community 
change pre-and 
post-drought 

1–2-year 
recovery periods  

None reported Wright 1992; 
also see 
Wright and 
Symes 1999 

Very long (16-
month) dry 
phases at 
winterbourne 
sites 

MIV 

 

Plants 

 

Low taxa 
richness 

Ranunculus 
survived 

Rapid 
recolonization 
from perennial 
sites   
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15 sites along 
the chalk 
River Little 
Stour, Kent 

Autumn 
1988–late 
1992 

Annual 
sampling; 
autumn 1992 
and 1993 i.e. 
no pre-
drought data 

<1 year 
i.e. 
autumn 
1993 

Sustained, 
severe low 
flows (width, 
depth); upper 
reaches dried. 
Silt and sand 
deposition. 

MIV Taxa richness 
slightly lower 
and abundance 
5-fold lower in 
1992: most taxa 
survived at low 
densities 

Increased 
abundance in 
1993 indicate 
rapid recovery 
after normal flow 
resumed 

Insufficient data Wood and 
Petts 1994  

(Also see 
Wood and 
Petts 1999) 

8 sites on 
chalk Rivers 
Test and 
Itchen 

Hot dry 
summers: 
1990,1994 

Very low 
flows: 
1991,1992 

17 dates 
between July 
1991 and Jan 
1996 

2 years 
i.e. 1993–
94  

Low flows 
including slow 
velocities and 
reduced depth 

Plants  Ranunculus ↓ 
and filamentous 
algae ↑ 

Ranunculus 
looked “abundant 
and vigorous” in 
1994 

Not reported Wilby et al. 
1998 

118 sites on 
24 chalk 
stream 
reaches, 
south 
England 

Poor 
groundwater 
recharge 
1989–92 

1992 and 
1995 i.e. no 
pre-drought 
data 

<4 years 
(i.e. 1992–
95) 

Low flows at 
perennial sites; 
long dry 
phases at 
winterbourne 
sites 

Plants Flow drove 
compositional 
changes.  

Taxa-rich 
communities in 
more natural 
channels more 
altered by 
drought. 

Communities 
recovered in <2 
years 

Not reported Holmes 
1999; also 
see 
Westwood et 
al. 2006a 

14 sites along 
the chalk 
River Little 
Stour, Kent 

Autumn 
1988–late 
1992, plus 
summer rain 
deficit in 
1995 

Autumn 1992 
and 1995 i.e. 
no pre-
drought data 

3 years 
(i.e. 1993–
95) 

Low flows at 
perennial sites; 
rare dry 
phases in near- 
perennial sites; 
long dry 
phases in 

MIV Low abundance 
and reduced 
richness in 
1992 compared 
to later years 

Richness ↑ from 
58 taxa in 1992 
to 79 in 1995; 
abundance ↑ 
from 64 
individuals in 

A few taxa 
eliminated, i.e. 
Caenis robusta 
not recorded 
after 1992–93  

Wood and 
Petts 1999 
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winterbourne 
sites 

1992 to 1785 in 
1995. 

15 sites along 
the chalk 
River Little 
Stour, Kent 

Autumn 
1988–late 
1992, then 
1996–97 

1992–97 i.e. 
no pre-
drought data 

3 years 
after 1992 
drought 
i.e. 1993–
95 

As for Wood 
and Petts 
(1999), above 

MIV As for Wood 
and Petts 
(1999), above 

As for Wood and 
Petts (1999); 
suggestion that 
recovery takes 2 
years (but no 
pre-drought data) 

Not reported Wood et al. 
2000 

Lone Oak, a 
first-order, 
acidic, near-
perennial 
forested 
stream, SE 
England. 

1 site. 

Summer 
1995. High 
flows in 
winter 
1995–96 

Aug 1994 to 
March 1996 
i.e. including a 
pre-drought 
period from 
Aug 1994 to 
March 1995 

<1 year 
i.e. Sept 
1995 to 
Feb 1996 

Surface stream 
dried from July 
to Sept 1995 

MIV 

 

 

 

 

 

Biofilm 

Low densities at 
end of dry 
phase; 
composition 
temporarily 
altered by rapid 
colonization of 
pioneers 

Reduced 
chlorophyll and 
algal densities 

High flows reset 
community to its 
pre-drought 
composition in 
winter 1995–96. 

 

 

Cells persisted 
during dry phase, 
enabling rapid 
recovery to pre-
drought 
conditions 

Simulium not 
recorded post-
drought. 
Stempellinella, 
Polypedilum and 
Paraleptophlebia 
first recorded 
post-drought.  

Ledger and 
Hildrew 2001 

The chalk 
River Kennet, 
Wiltshire. 

3 sites. 

1996–
autumn 97 

4 survey 
dates:            
July 1997, 
Dec 1997, 
June 1998, 
June 1999 

18 months 
i.e. Dec 
1997 to 
June 1999 

Low flows and 
associated silt 
deposition 

MIV 

 

 

Plants 

Compositional 
change: lentic 
taxa favoured 
over lotic taxa. 

Schoenoplectus 
↓, Ranunculus ↓ 
and Callitriche ↑ 

Composition 
rapidly returned 
to ‘normal’. 

Ranunculus 
recolonized 
rapidly. 

None reported Wright et al. 
2002, 2003 
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3 sites on the 
chalk River 
Kennet, 
Wiltshire, and 
1 on the 
chalk River 
Lambourn, 
Berkshire 

1996–
autumn 97 

Summer 1997 
to summer 
2001: no pre-
drought data, 
extends 
Wright et al. 
2002 post-
drought data 

4 years 
i.e. 
summer 
1998–
2001 

As above for 
Wright et al. 
2002, 2003 

MIV As above for 
Wright et al. 
2002, 2003 

As above for 
Wright et al. 
2002, 2003. 
Limited faunal 
change in 1998–
2000 indicates 
that recovery was 
complete by 1998 

None reported Wright et al. 
2004 

15 sites along 
the chalk 
River Little 
Stour, Kent 

1991–92, 
1996–97 
and 2005–
06 

Annual 
samples in 
Aug/Sept 
1992–99 then 
monthly April–
Oct 2006 

3 year 
post-1992, 
2 year 
post-1997, 
none in 
2006  

As for Wood 
and Petts 
(1999) in 
1991–92 and 
1996–97. 
Severe low 
flows 2005–06 

MIV Abundance ↓ 
and richness ↓ 
especially 
insects, 
coincident with 
peak 
temperatures. 
Early insect 
emergence. 

Abundance ↑ and 
richness ↑ over 2 
years 

Highest taxa 
richness in 1995, 
3 years post-
drought 

None reported Stubbington 
et al. 2009a 

46 sites on 7 
chalk 
streams, 
Hertfordshire.  

Focus on 
near-
perennial and 
winterbourne 
sites 

Based on 
no-flow 
days: winter 
1996–97, 
summer 
2005–06, 
winter 2012, 
summer 
2017 

Samples 
collected in 
spring and 
autumn 1995–
2017 

8 years 
post 
1996–97, 
5 years 
post 2012 

Rare dry 
phases in 
near-perennial 
sites; long dry 
phases in 
winterbourne 
sites 

MIV LIFE (Extence 
et al. 1999) and 
DEHLI (Chadd 
et al. 2017) 
scores ↓ as 
summer no-flow 
days ↑ 
especially at 
near-perennial 
sites 

DEHLI (Chadd et 
al. 2017) scores 
took 3 years to 
recover after 
drying of near-
perennial sites. 

Taxon-specific 
increases in 
occurrence took 
60 d to 10 years  

Nemouridae and 
Sericostomatidae 
required >10 
years of 
continuous flow 
to recover 

Sarremejane 
et al. 2019 

30 perennial, 
near-
perennial and 

2005–07 
and 2011–
12 

Biotic data 
collected in 
spring 2006–

3 years 
post-2007 
and 5 

Low flows at 
perennial sites; 
dry phases in 

MIV Local taxa 
richness ↓ with 
extent of drying 

Local taxa 
richness ↑ and 
spatial β diversity 

None reported Sarremejane 
et al. 2020 
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winterbourne 
sites across 7 
chalk 
streams, 
Hertfordshire 

 

17; 
hydrological 
data from 
2004–18 

years 
post-2012 

near -perennial 
sites; long dry 
phases in 
winterbourne 
sites 

No change in 
regional 
richness 

↓ as flowing 
phase duration 
increased, 
indicating rapid 
recovery 

20 perennial, 
near-
perennial and 
winterbourne 
sites across 7 
chalk 
streams, 
Hertfordshire 

 

2005–06 
and 2011–
12 

Biotic data 
from spring 
and autumn 
2005–17; 
hydrological 
data from 
2004–18 

4 years 
post-2006 
and 5 
years 
post-2012  

As for 
Sarremejane et 
al. 2020 

MIV Risk of 
population loss 
↑ as regional 
extent of flow ↓ 

Risk of 
population loss 
↑ after 3 
drought years 

Alternating 
periods of 
drought and 
normal flows kept 
risk of population 
loss low 

Not reported Sarremejane 
et al. 2021 

1 site on the 
South 
Winterborne, 
a small 
winterbourne 
chalk stream, 
Dorset 

Autumn–
winter 
2011–12, 
then high 
flows led to 
13 months 
continuous 
flow   

Annual 
sampling in 
2009 to 2020 

Several 
years 

Unusually long 
(estimated 10-
month) dry 
phase; flow did 
not resume 
until May 2012 

MIV Not 
characterized: 
samples not 
collected due to 
drying 

Community 
resembled that at 
a perennial site in 
2013 then 
reverted to a 
winterbourne 
community in 
2014 

None reported Bass et al. 
2022 and 
sources 
therein 
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Communities—but not all species—recover from drought within 1–3 years. Across 
English rivers, communities are typically resilient to even severe drought-driven 
conditions (e.g. a rare dry phase in a near-perennial reach), with biofilms, macrophytes, 
invertebrates and fish often recovering within 2 years at both perennial and temporary 
sites. For example (these and other examples are summarized in Table 2):  

• Algal and invertebrate communities recovered within weeks of flow resuming 
after a 9-week, near-complete, rare, drought-driven dry phase in a low-
nutrient, acidic, near-perennial, forested stream in south England (Ledger and 
Hildrew 2001). Post-drought taxonomic changes only persisted until high 
winter flows restored pre-drought community composition. Similar patterns 
have been reported in acidic, forested small streams in central Scotland 
(Morrison 1990) and a small upland stream in Wales (Hynes 1958). At these 
sites, rapid recovery may reflect the stream’s natural communities, which 
comprise a relatively small number of stress-tolerant, disturbance-adapted 
species.  

• A brown trout Salmo trutta population (and an invertebrate community) 
recovered within 2 years of a drought-driven low-flow period in a small upland 
stream, despite loss of an entire trout age class and despite a lack of 
upstream sources of colonists (Cowx et al. 1984). Recovery of the trout 
population may have been enabled by reduced territorial aggression and thus 
increased juvenile survival after the drought, whilst recovery of the insect-
dominated invertebrate community likely reflected recolonization following 
egg-laying by adult insects. 

• Holmes (1999) reports the recovery of macrophyte communities in headwater 
chalk streams affected by a wide range of drought-driven hydrological 
changes, from low flows to long dry phases. Despite site-specific and species-
specific variability, most communities recovered in 1–2 years. 

After a rare dry phase, communities at drought-impacted near-perennial sites can take at 
least 3 years to return to a composition comparable to that of communities at perennial 
sites (Wood and Petts 1999; Sarremejane et al. 2019). Taxa with ‘resilience’ traits such 
as short lifecycles, including Baetidae mayflies and Simuliidae blackflies, can recolonize 
rapidly (Wright and Symes 1999; Ledger et al. 2011; Sarremejane et al. 2019, 2020). 
However, such invertebrates use water crowfoot (Ranunculus species) as habitat, and 
their population recovery can thus be delayed until Ranunculus returns to pre-drought 
levels, which can take >1 year (Wright 1992). In addition, taxa with longer (e.g. 2-year) 
life cycles, such as the green drake mayfly Ephemera danica and the caddisfly 
Sericostoma personatum can take <10 years to recover (Wright and Symes 1999; 
Ledger et al. 2011; Sarremejane et al. 2019). 

Communities recover by recolonization from local to network-scale refuges. 
During drought, all English river networks retain extensive perennial reaches at the 
catchment scale; at the river scale, each system has sufficient morphological variability 
to retain some fast-flowing, deeper refuge habitats; and at the site scale, wet and damp 
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refuges may persist in even the most drought-impacted reaches (see Fig. 6, section 16). 
This environmental variability can promote asynchronous fluctuations in local-scale 
species-specific population densities during drought, limiting concurrent population 
declines and promoting long-term network-scale metapopulation persistence 
(Sarremejane et al. 2021b).  

After a drought ends, populations persisting in refuges can supply colonists to impacted 
sites. Connected, flowing reaches can supply fully aquatic species such as Gammarus 
shrimps, and as a result, river-scale recovery rates relate positively to the spatial extent 
of flowing reaches that persist during drought (Sarremejane et al. 2020). Riparian and 
terrestrial vegetation also provides habitat for adult insects that recolonize by flight 
(Bogan et al. 2017). In addition, within-site refuges such as pools and saturated 
subsurface sediments can support recovery of even sites with poor connectivity to other, 
off-site refuges (Hynes 1958; Vander Vorste et al. 2016a). 

Recovery depends on site location. The rate and extent of local community recovery 
depend in part on the distance and direction to drought-impacted sites from colonist 
sources as well as connectivity between these sites and sources (Driver and 
Hoeinghaus 2016; see Fig. 6, section 16). As such, site-specific recovery rates depend 
on a site’s position in a river network. Where drought-driven dry phases occur in mid-
reaches downstream of perennial surface waters and/or saturated subsurface 
sediments, drift may supply copious colonists that contribute to community recovery as 
soon as flow resumes (Wood and Petts 1994, 1999; Pařil et al. 2019; Fournier et al. 
2022). With progression upstream, isolation from colonist sources typically increases 
and temporary headwater streams typically lack upstream perennial reaches, eliminating 
drift as a source of post-drought colonists. Communities in headwater sites may thus 
take longer to recover from drought (Tornwall et al. 2017). However, in groundwater-fed 
headwater chalk streams, water can slowly return from downstream to upstream as the 
water table rises, allowing immediate recolonization of newly wet reaches by organisms 
within the wetted front (Moon 1956).  

Communities recover faster in more natural streams. Ecological recovery from 
drought takes longer in rivers subjected to other human pressures. In particular, the 
extensive occurrence of dams and other artificial barriers throughout England’s river 
networks (Jones et al. 2019) reduces ecological resilience, because it prevents motile 
organisms including fish and invertebrates that persist in catchment-wide refuge sites 
from accessing impacted sites after a drought ends (Perrow et al. 2007). In addition, 
physical modification homogenizes in-channel habitats, reducing the range and extent of 
local refuges in which organisms can persist throughout a drought (Dunbar et al. 
2010a,b; see Fig. 6, section 16). 

For example, post-drought recovery trajectories of macrophyte communities in 
headwater chalk streams include slow, partial recovery of species-poor communities in 
over-abstracted, modified channels but complete, rapid recovery of species-rich 
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communities in more natural sites (Westwood et al. 2006a,b). Similarly, Wright et al. 
(2003) attributed rapid post-drought recovery of invertebrate communities in a perennial 
section of the River Lambourn to its natural habitat characteristics; the same likely 
applies after dry phases in previously perennial, near-perennial and other temporary 
streams. 

If climate change increases the occurrence of drought: 

• Any increase in drought frequency could prevent recolonization by less 
resilient taxa, risking local species extinctions and reducing community 
biodiversity. 

• Any increase in drought severity could reduce the types and extent of refuges, 
limiting metacommunity persistence and thus post-drought community 
recovery. 

• Any increase in the spatial extent of drought will increase recovery times for 
communities in isolated headwaters, with concurrent increases in drought 
frequency potentially preventing complete recovery. 

• Any increase in drought is likely to have particularly severe impacts on 
communities at physically modified sites and those isolated from refuges by 
artificial barriers. 

 

15. Tipping points: Drought pushes 
ecosystems to new, altered states 
Studies reporting that communities typically recover from drought within weeks to a few 
years date back as far as notable events in 1955 and 1976 (Table 2). We cannot 
assume that ecological responses to these events and recent droughts will represent 
responses to current and future droughts, given the expected increase in drought 
frequency, severity and spatial extent (Hall et al. 2022; Lane and Kay 2023)—and thus 
drought extremity (Smith 2011). In addition, future droughts (including their climatic and 
artificial drivers) will inevitably interact with rising temperatures and multiple human 
pressures to determine ecological responses (Van Loon et al. 2016). In short, future 
droughts could have greater, longer-lasting ecological impacts that those documented to 
date (Crausbay et al. 2020). 

Drought may cause permanent shifts to new ecosystem states. There is an 
increasing risk that future droughts will be truly extreme events (sensu Smith 2011) and 
thus be ecologically ‘transformative’ (sensu Crausbay et al. 2020), pushing ecosystems 
past tipping points i.e. thresholds at which their structure and function shift to a new 
‘stable’ state (Scheffer et al. 2001; van Nes et al. 2016). As naturally dynamic, 
disturbance-prone ecosystems, rivers are less vulnerable to state shifts than other 
ecosystems. Nonetheless, shifts do occur in rivers, for example from dominance of 
phytoplankton to macrophytes due to reduced phosphorus concentrations and increased 
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phytoplankton consumption by an invasive clam (Minaudo et al. 2021; Diamond et al. 
2022); and from dominance of filamentous algae to macrophytes following livestock 
removal (Heffernan 2008; Ribot et al. 2022). Drought-driven state shifts could thus occur 
in river ecosystems, and would be likely to reduce biodiversity and simplify ecosystem 
structure and function (Ledger et al. 2013).  

Flow regimes are changing, and changes may be permanent. Shifts in flow 
regimes—for example to near-perennial flow at previously perennial sites, to higher dry-
phase frequencies at near-perennial sites, and to longer dry-phase durations at 
seasonally intermittent sites—are occurring, are expected to continue, and are likely to 
have ecosystem-scale effects (Tramblay et al. 2021; Zipper et al. 2022). Such 
hydrological shifts seem like likely triggers of drought-driven state shifts, but shifts may 
be localized and incremental. For example, in space, a shift from perennial to near-
perennial flow may occur over a short stream length, or in time, average drying 
frequencies could increase from e.g. every 10 to every 8 years. Nonetheless, these 
localized, incremental shifts collectively represent a large-scale reduction in aquatic 
habitat availability during drought (Sarremejane et al. 2020). 

For now, the modest spatial extent of drought-driven drying may enable post-drought 
recovery in England’s river networks (Sarremejane et al. 2021b). But ecological 
resilience is likely to decline if drought conditions—and in particular, dry phases—
increase in space and/or time. As such, multiyear droughts have caused persistent 
changes in hydrological regimes and thus ecosystem structure and function in Australia 
and the US (Peterson et al. 2021; Fowler et al. 2022). Similarly, a network-scale 
increase in the spatial extent of drought-driven drying could increase local-to-regional-
scale extinction risks of desiccation-sensitive species (Jaeger et al. 2014), with 
permanent consequences for ecosystem structure and function depending on the 
species lost, as discussed below.  

Extinctions have limited impact unless key species are lost. Stochastic and 
deterministic local-scale species losses inevitably occur during drought (see section 7), 
and can include permanent local extinctions (Perrow et al. 2007). The loss of individual 
species reduces biodiversity but typically has limited impact on ecosystem functioning 
due to ‘functional redundancy’ (i.e. multiple species having the same traits, such as the 
same mode of feeding). However, when a key species is lost—be that an abundant, 
dominant species, a habitat-forming species (McIntosh 2019) or a keystone species (i.e. 
one which has a disproportionate effect on ecosystem structure and function given its 
abundance; e.g. Power et al. 1996)—ecosystems may shift to new states. In addition, 
each single drought-driven species loss contributes to a slow, incremental decline in 
functional redundancy, increasing the risk that the next species loss will eliminate a 
particular trait and thus reduce ecosystem functioning (Fonseca and Ganade 2001). 

– Key species include beavers, salmon, bullhead, shrimps and water crowfoot. In 
English rivers, key species include beaver Castor fiber, active reintroduction and 
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management of which mitigates any risk to its persistence posed by drought (Brazier 
et al. 2021); Atlantic salmon Salmo salar, brown trout Salmo trutta and other large-
bodied predatory fish, which may be rescued and/or stocked to support their 
persistence despite drought (Woodward et al. 2021); the small-bodied fish bullhead 
Cottus gobio, an abundant predator and prey species (Woodward et al. 2008) which 
is legally protected and thus also rescued during drought; the shrimp Gammarus 
pulex/fossarum, an abundant shredder of leaf litter (Woodward et al. 2008); and the 
macrophyte water crowfoot (Ranunculus species), which provides extensive habitat 
for species including epiphytic algal, invertebrates and fish, and which alters flow and 
sediment dynamics (Gurnell et al. 2006). Many other abundant, dominant species 
may also influence ecosystem functioning. For example, Chironomidae midges and 
snails can be highly abundant grazers of algal biofilms, creating a ‘keystone 
interaction’ which may influence an entire food web (Schaum et al. 2017). 

o How might an ecosystem change if a key species is eliminated by 
drought? Its loss will create habitat space which another species can 
exploit, or the niche space may be left empty. The consequences of each 
loss are species-specific, site-specific and hard to predict, but the following 
scenarios could trigger a state shift: 

 Local extinction of a top predator such as a fish or large-bodied 
invertebrate is a likely consequence of drought (Ledger et al. 2013). 
This loss (unless reversed by fish stocking) could cause top-down 
‘trophic cascades’ (i.e. effects at multiple trophic levels within a food 
web) by releasing prey from predator control, allowing their 
abundance to increase. For example, Gammarus shrimps and 
Potamopyrgus mud snails can be more abundant when bullhead are 
absent, potentially increasing both leaf litter decomposition (by 
shredder shrimps) and biofilm consumption (by grazing snails; 
Woodward et al. 2008). Overall food web structure and function 
would be left permanently simplified (Ledger et al. 2013).  

• Loss of Ranunculus. Drought can cause the loss of habitat-forming 
macrophytes such as Ranunculus due to slow flow velocities and associated 
silt deposition (see section 6). The direct consequences of its loss are to 
create niche space, which is likely to be filled by slow-flow-loving filamentous 
algae such as Cladophora glomerata and emergent macrophytes such as 
fool’s watercress Apium nodiflorum. A bottom-up trophic cascade ensues, 
including the loss of invertebrates such as Baetidae mayflies and Simuliidae 
blackflies, then an associated reduction in their predators, including fish. In 
addition, the change from dominance of Ranunculus, a submerged 
macrophyte, to filamentous algae will alter flow patterns, and thus sediment 
transport and deposition, and thus river planform (Cotton et al. 2006; Dobel et 
al. 2020). 
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• Although the return of suitable flow conditions can enable Ranunculus to re-
establish populations, an increase in drought frequency and severity could 
permanently shift producer communities from macrophyte to algal dominance. 
Any such shifts will reflect a balance of multiple natural and anthropogenic 
stressors: the predicted increase in summer storms (Arnell et al. 2015) and 
higher winter flows (Watts et al. 2015) could favour Ranunculus over 
Cladophora, and inorganic nutrient concentrations, sediment composition, 
water depth, shading and invertebrate grazing will also influence the outcomes 
of competitive interactions between the two genera (Wilby et al. 1998).  

• Loss of Gammarus shredders. The common, often abundant shrimp 
Gammarus pulex/fossarum may decline during drought-driven low flows and 
may be temporarily eliminated by dry phases (Stubbington et al. 2009b; Datry 
et al. 2011). As a result, leaf litter processing and associated secondary 
production may decline, even if other shredders such as the hoglouse Asellus 
aquaticus are present (Iversen et al. 1978; Chergui and Pattee 1988), as will 
prey availability for predatory invertebrates and fish. The consequences of its 
absence could extend throughout food webs.  

• However, Gammarus is motile, has a tendency to swim upstream, can swim 
through surface water and burrow through subsurface sediments, and thus 
quickly recolonizes after water returns (Hill et al. 2019). As such, any shift in 
ecosystem state driven by its loss is likely to be localized, for example 
occurring in headwater reaches that are far enough from downstream colonist 
sources to prevent recolonization before the next dry phase. 

Riparian vegetation loss could alter food web structure and ecosystem 
functioning. Riparian vegetation is sensitive to both soil moisture and groundwater 
levels (Garssen et al. 2014) and drought—in particular events that occur during summer 
growing seasons—can kill a high proportion of riparian trees, including up to 100% of 
saplings (Webb and Leake 2006; Bond et al. 2008; Giling et al. 2009; Reich et al. 2023; 
UK examples are lacking, but Kirby et al. 1998 report striking non-riparian losses). 
Reduced riparian canopies increase light availability and temperatures, supporting 
higher primary production by biofilms and plants whilst reducing leaf litter as an energy 
source (Giling et al. 2009). Anthropogenic factors such as inorganic nutrient 
concentrations as well as drought-related conditions could influence whether algae or 
vascular macrophytes dominate. The consequences of altered basal resources will have 
bottom-up effects that extend through food webs. Any permanent shift to an alternative 
stable state will depend on the recovery of riparian vegetation. 

If climate change increases the occurrence of drought: 

• Dry years tend to cluster together (Cole and Marsh 2006), resulting in 
multiyear droughts, such as occurred in England in 1975–76, 1989–92, 2004–
06, 2010–12, and much longer historic events include the 1890–1910 “Long 
Drought period” (Marsh et al. 2007; Barker et al. 2019). This historic context, 
the spectre of multiyear events such as Australia’s 2001–09 Millennium 
Drought and the emerging North American megadrought (sensu Woodhouse 
and Overpeck 1998; Williams et al. 2020), intensifying climate change, and the 
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emerging concept of drought as a water deficit that results from both climatic 
and human influences (Van Loon et al. 2016) collectively increase the 
likelihood of unprecedented drought events. Long multiyear events are 
particularly likely to cause ecosystems to shift to alternative stable states 
(Peterson et al. 2021; Fowler et al. 2022).  

• Any increase in drought frequency could cause species-specific recolonization 
times to fall short of diminishing between-drought intervals, and where key 
species fail to return, ecosystem state could change. Loss of habitat-forming 
beds of Ranunculus has particular potential to cause shifts from macrophyte to 
algae-dominated communities. 

• Increases in drought frequency and severity will cause additional local 
extinctions which collectively reduce functional redundancy (Leigh et al. 2019), 
pushing ecosystems closer to tipping points at which ecosystem functioning is 
altered. 

• Predicting ecosystem-scale changes is tricky, and climate change is taking us 
into uncharted territory, increasing the risk of drought-driven ‘ecological 
surprises’ (see Filbee-Dexter et al. 2017). 

 

16. Managing rivers to promote drought 
resilience 
Extensive river regulation, intensifying climate change and increasing water resource 
pressures all alter the flow regimes of England’s rivers. In this context, updating the 
Environment Agency’s (2017) description of drought as “part of the natural water cycle”, 
we arguably can no longer accept drought as a natural phenomenon which ecosystems 
can cope with and recover from (Van Loon et al. 2016). Instead, river managers must act 
to maintain and enhance ecological resilience to drought in a context of multiple 
pressures (Scheffer et al. 2001; Tonkin et al. 2019). Figure 6 highlights a range of factors 
that managers can manipulate to promote ecological resilience to drought. 
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Figure 6. Factors affecting ecological resilience upon exposure to drought, where 
resilience is the capacity of biological communities in a river ecosystem to cope 
with the drought and recover after it ends. Exposure panel adapted from Crausbay 
et al. (2017); Refuges cartoons (including Gammarus, depicted [not to scale] as a 
representative invertebrate) adapted from Stubbington (2012). Thick blue borders 
indicate factors that managers can manipulate. 

Take action: maintain flow. River managers must act to maintain sufficient flow to 
protect biodiversity within functional ecosystems. ‘Sufficient’ flow will differ among river 
types and among sites on any one river, with dry phases being natural, important 
components of temporary flow regimes, whereas perennial flow is ecologically desirable 
at historically perennial sites.  

Sustainable drought management strategies do and must include hands-off flow 
conditions as strictly enforced abstraction licence constraints (Riley et al. 2009; 
Environment Agency 2021) that moderate human water use (Fig. 6). In addition, tailored 
restoration actions may be needed to protect key species that support ecosystem 
functioning. For example, restoration of physical habitats and thus flow regimes that 
include fast-flowing habitats can support natural recolonization of habitat-forming 
macrophytes such as Ranunculus (Fig. 6; Rangeley-Wilson 2021); alternatively, 
Ranunculus can establish after being transplanted (Riis et al. 2009), after which it (and 
other macrophytes) may slow the rate of drought-driven flow recession (O’Hare et al. 
2010). In addition, fish of both socioeconomic and ecological importance such as Atlantic 
salmon Salmo salar should motivate significant investment in flow restoration to support 
their drought resilience (Beechie et al. 2013; Kastl et al. 2022). Such actions can have 
benefits beyond the target species. 
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Take action: maintain and enhance a diverse range of refuges. Dry phases 
represent particularly harsh environmental conditions for aquatic organisms, making wet 
habitats—including nearby flowing reaches; deep, persistent pools; saturated or moist, 
accessible subsurface sediments; and even localized damp algal mats—vital refuges in 
which organisms can survive and from which they can recolonize after flow resumes 
(Fig. 6; Chester and Robson 2011). Deeper or faster-flowing habitats also provide 
important low-flow refuges. The lack of such refuges increases drought impacts on 
communities in physically modified rivers (Dunbar et al. 2010a,b). As such, creating 
natural channel shapes including a diverse and extensive range of refuges should be 
central to restoration projects designed to enhance drought resilience, with Bond et al. 
(2008) arguing that such refuges “should be the highest priority for protection … during 
drought”. The following steps could maintain and enhance refuges that promote drought 
resilience: 

– Identify and characterize existing refuges. Network-scale management strategies 
should first identify where dry phases currently occur (as exemplified by monthly 
observations of wet and dry flow states in the Hertfordshire and North London Area; 
see Sefton et al. 2019) and use rainfall–runoff modelling to predict where it will occur 
in future (Sauquet et al. 2021). Then, for sites at which damaging dry phases or low 
flows are predicted, habitats which support biodiverse communities including target 
species could be mapped during the driest seasons in wet or ‘normal’ years (Tonkin 
et al. 2019). The results could identify existing high-quality habitats at sites with high 
refuge potential, guiding restoration actions elsewhere.  

– Promote connectivity to the hyporheic refuge. The subsurface sediments of the 
hyporheic zone are a potentially extensive, persistent, local refuge that enables rapid 
recolonization after water returns (Hynes 1958; Vander Vorste et al. 2016a). 
However, fine sediment pollution routinely compromises in-channel habitat quality in 
English rivers (Naden et al. 2016), infiltrating coarser substrates and blocking the 
interstitial pathways that would otherwise enable migration into the hyporheic refuge 
(Boulton et al. 1998). Restoration of natural flow should therefore include actions both 
to monitor and manage diffuse silt pollution (Naura et al. 2016) and to increase 
connectivity with the subsurface sediments (Hester and Gooseff 2010), without which 
refuge-seeking migrations may not occur (Maazouzi et al. 2017). 

– Create new refuges. Restoration of natural processes can maintain and enhance 
fast-flowing habitats and (introduced or naturally occurring) woody material, creating 
a diverse range of habitats including deep scour pools (Beechie et al. 2010; Kondolf 
et al. 2013). Such pools may act as refuges that sustain important fish populations as 
well as supporting wider drought resilience (Elliott 2000). Given the variable success 
of restoration projects, evidence-informed approaches should be developed, likely 
with input from the River Restoration Centre. Restoration of Australian and 
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mediterranean-climate rivers to promote their drought resilience has had variable 
results, offering opportunities to learn from experience (Kondolf et al. 2013).  

– Promote connectivity to network-wide refuges. High-quality refuges may not be 
used if they are inaccessible, and management actions should also seek to increase 
connectivity between refuges and drought-impacted sites (Fig. 6; Hughes 2007). 
Increasing connectivity could involve creation of terrestrial habitat corridors that 
support insect flight between streams (Robson et al. 2011) and prioritization of dam 
removals that enable fish to move to and from refuges (Gido et al. 2016).  

– Stock fish if necessary to avoid food web collapse. Given the widespread 
occurrence of artificial barriers that limit fish migration through England’s river 
network (Jones et al. 2019), stocking to replace lost fish populations may be required 
to avoid permanent shifts to simplified communities (Ledger et al. 2013). Human-
facilitated reintroductions may also be required for species of conservation concern, 
as an interim measure pending restoration to support self-sustaining populations (e.g. 
Purse 2002). 

Take action: promote natural drought management. The Rivers Trust is 
spearheading calls to “build back wetter”: to incorporate features that help the 
environment store water introduced during wet periods and release it slowly, including 
via pathways that lead to stream channels (Cooper 2022). We need comparable 
investment in natural drought management as seen for natural flood management 
(Hankin et al. 2018); indeed, the two go hand-in-hand, with floodwater part of that which 
can be stored and released slowly—both to prevent flood peaks and to elongate flowing 
phases (Wohl et al. 2018). For example:  

– Introducing (or allowing the natural accumulation of) large wood can hold up water in 
headwater streams, whilst also providing drought refuges for species including 
salmonids (Vehanen et al. 2010).  

– Riparian tree planting can enhance ecosystem quality, providing future sources of 
large wood that promote natural hydrological variability and associated natural 
processes (Fig. 6). Riparian vegetation also increases shading, moderating water 
temperatures (Grabowski et al. 2019) and thus keeping coldwater species including 
brown trout within a tolerable thermal environment during summer drought 
(Broadmeadow et al. 2011). Planting may hasten reversal of drought-driven 
vegetation loss (Webb and Leake 2006); if so, selecting drought-tolerant species 
may—depending on how future climate change unfolds—promote their long-term 
persistence.  

– Beaver introductions have considerable, if localized, potential to contribute to natural 
drought (and flood) management by creating dams that regulate downstream flow 
(Brazier et al. 2021). 
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Take action: drought-proof ecosystems by enhancing water quality. Throughout 
England’s river networks, drought resilience could be enhanced by improving water 
quality and physical habitat quality (Fig. 6; Durance and Ormerod 2009). For example, 
Huml et al. (2019) suggest reducing phosphate, nitrate and metal pollution to promote 
resilience of grayling Thymallus thymallus to future climate change scenarios 
incorporating both temperature and river flow. Reducing phosphorus inputs can also 
mitigate the effects of phytoplankton blooms and filamentous algal growth during periods 
of low, slow flows and elevated water temperatures (Wilby et al. 1998; Bussi et al. 2016). 
During drought, it is also essential to prevent organic enrichment e.g. by sewage 
effluent, which can comprise ≤100% of discharge in streams that would otherwise be dry 
(Eppehimer et al. 2020) and can be poorly diluted elsewhere, reducing oxygen 
availability, in particular if temperatures are high (Durance and Ormerod 2009). 

Use appropriate indices to inform timely action. The Environment Agency Drought 
Monitoring Network aims to enable timely identification of drought onset and its early 
ecological impacts, although its effectiveness will depend on the relative timing of 
drought onset, sample collection (in spring and autumn) and processing. The resultant 
macroinvertebrate community monitoring data are analysed using the LIFE (Lotic-
invertebrate Index for Flow Evaluation) index (Extence et al. 1999) to determine long-
term trends, with index values below certain thresholds triggering management actions 
(e.g. abstraction licence constraints) that mitigate drought impacts. LIFE has the 
advantage of its familiarity and integration into RIVPACS, enabling assessment of flow 
stress on macroinvertebrate communities by comparison of type-specific observed and 
expected index values (Clarke et al. 2003). 

Additional macroinvertebrate-based biological indices could also prove informative 
indicators of the ecological impacts of drought. In particular, the DEHLI (Drought Effect 
of Habitat Loss on Invertebrates) index (Chadd et al. 2017) was developed to 
characterize community responses to drought-driven changes in habitat availability and 
may represent responses to drying more effectively than LIFE (Sarremejane et al. 2019). 
In addition, pressure-specific indices could be used to identify the ecological impacts of 
drought-associated stressors such as fine sediment (using the Proportion of Sediment-
sensitive Invertebrates [PSI] index; Turley et al. 2015, 2016; Extence et al. 2017), salinity 
(using the Salinity Association Group Index [SAGI]; Pickwell et al. 2022) and organic 
enrichment (using WHPT; Paisley et al. 2014). 

All such indices are designed to represent the community at a ‘site’, i.e. at the reach or 
sub-reach spatial scale. Drought has ecological effects that operate at spatial scales 
from the habitat patch to the catchment, making site-specific communities an 
appropriate, intermediate scale to characterize (Munson et al. 2021). In addition, such 
indices can be used to characterize ecological responses to drought at larger spatial 
scales including regional and national scales (e.g. Monk et al. 2008; Extence et al. 
2017). 
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17. Research priorities: understanding 
drought in river ecosystems 
Identify future tipping points  

The risk of droughts that push ecosystems past tipping points to new stable states is 
ever increasing. As such, research priority #1 is to identify ecosystems on the approach 
to a tipping point, so that action can be taken to prevent catastrophic change. A decline 
in resilience (here, technically the capacity of an ecosystem to tolerate drought without 
shifting to a different stable state; Holling 1973) usually precedes a permanent state shift 
(Scheffer et al. 2001). Such declines can be identified using ‘resilience indicators’, 
providing early warning of a forthcoming state shift (Dakos 2015; van der Bolt et al. 
2021). The length of the time series required to identify characteristic decline in the 
recovery of such indicators depends on the ecological response rate, enabling research 
in dynamic river ecosystems, in which most organisms complete their life cycles within 
weeks to a few years (van der Bolt et al. 2021). 

Research is needed to characterize how resilience indicators respond to drought and to 
predict ecological responses to future scenarios, including increases: in drought 
frequency and associated cumulative effects of successive droughts; in drought duration, 
including multiyear events not seen in the UK in living memory; and in spatial extent, 
including drying of currently perennial reaches. Such modelling should consider 
interactions with other extreme events (e.g. floods and heatwaves) as well as 
recognizing the influence of other anthropogenic pressures (e.g. abstraction and 
pollution), as discussed below. 

– Application to management. Modelling how resilience indicators respond to future 
drought scenarios will enable timely identification of rivers at risk of catastrophic 
change, prompting management actions that increase drought resilience and avoid 
state shifts. 

Characterize interactions with other climatic extremes and other pressures 

As long-lasting events, droughts are likely to coincide with other climatic extremes, 
including summer heatwaves, unseasonably mild winters, summer storms and winter 
floods. The unpredictability of such extremes means that we know little about how 
interactions between concurrent events (e.g. a drought and a heatwave) and successive 
events (e.g. consecutive dry winters) influence riverine communities and wider ecological 
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resilience (but see e.g. Williams 2016). Second, riverine communities experience 
climate-driven drought alongside a range of human pressures, including abstraction, 
sewage pollution, agricultural and urban runoff and physical habitat modification. A 
meaningful, real-world understanding of drought responses needs to recognize these 
pressures, but their ubiquitous cooccurrence hampers characterization of the effects of 
individual stressors and of stressor combinations using field data.  

Experimental research in outdoor mesocosms has enabled characterization of individual 
and interactive effects of 2–3 drought-related stressors (i.e. low flows, high 
temperatures, fine sediment and/or salinity) for periods of 1–2 months (e.g. Piggott et al. 
2012; Beermann et al. 2018; Arias Font et al. 2021), but such valuable studies evidence 
the inevitable limitations of experimental work. Innovative analysis of long-term 
Environment Agency time-series data describing biological communities and 
environmental conditions (Sarremejane et al. 2019, 2020, 2021b) can complement 
experimental work to better represent both the range of stressors alongside which 
drought occurs as well as the timescales over which drought affects ecosystem structure 
and function.  

– Application to management. Research that identifies alternative stressors (such as 
water quality) which can be manipulated to improve resilience to drought and other 
climate extremes could be crucial to supporting future river ecosystems. 

Identify priority locations 

Despite the goal of achieving good ecological status in all waterbodies, resources are 
limited and certain locations warrant prioritization. These locations could be highly 
impacted rivers that need salvaging, least-impacted rivers that need preserving to 
protect refuges that support recovery of other sites, or intermediate-quality sites with 
particular potential for improvement, for example, due to their network position.  

Building on Monk et al. (2006), analysis of long-term Environment Agency time-series 
data describing environmental parameters and biological communities could enable 
identification and comparison of drought-sensitive and drought-resilient ‘natural’ river 
types, and how human impacts including physical habitat modification alter their drought 
resilience. Characterizing the features of identified drought-resilient sites could inform 
management actions that increase the capacity of drought-sensitive sites/communities to 
tolerate drought (Hain et al. 2018).  

– Application to management. Identifying priority sites for action could ensure 
effective investment of limited resources in places that maximize local to catchment-
scale drought resilience. 

Research is needed to address biases in current evidence: 
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– Spatial scale. We know most about ecological responses to and recovery from 
drought at local, site-level scales, including within-site variability among habitat 
patches. We know less about network-scale responses, notwithstanding research in 
the Colne and Lee catchments, the results of which indicate variability among sites 
with contrasting flow regimes (Sarremejane et al. 2020, 2021b).  

Characterizing this spatial variability could inform catchment-scale management 
plans that support connected, drought-resilient metacommunities.  

– Biotic groups. We know most about the responses of salmonids, benthic 
macroinvertebrates, macrophytes (including macroalgae) and biofilms, in particular 
diatoms. In contrast, most microorganisms (including bacteria and fungi, which are 
important decomposers) meiofauna (i.e. microscopic invertebrates), stygofauna (i.e. 
groundwater invertebrates), semi-aquatic taxa, riparian and terrestrial species 
(including river-dependent birds and mammals) are poorly studied.  

Characterizing these groups will create a holistic, catchment-scale understanding of 
ecological responses to drought that transcends boundaries between a river and 
adjacent ecosystems. 

– Insect adults. Many riverine insect species have aquatic juvenile and terrestrial adult 
life stages, but almost all research has characterized how aquatic juveniles respond 
to drought. Considering the environmental requirements of both life stages could 
create a more complete understanding of species-specific responses to drought. For 
example, a soil moisture deficit that alters the structure of riparian vegetation may 
reduce survival and dispersal of terrestrial adult life stages (Robson et al. 2011; 
Larsen et al. 2016). Equally, slow flow velocities and dry phases may reduce the 
availability of waters upon which adult females can lay eggs (Hynes 1958; Iversen et 
al. 1978). In both cases, populations of aquatic juveniles may decline—even if their 
own habitat conditions are ideal. 

– Functional responses. Most ecological studies characterize communities based on 
the taxa present and their individual and collective responses to environmental 
drivers. The concurrent responses of ‘functional communities’ (in which organisms 
are classified using their traits, such as their feeding mode) are less well 
characterized, and thus the consequences of shifts in taxonomic community 
composition for ecosystem functioning remain largely unknown (but see Ledger et al. 
2012, 2013; Aspin et al. 2018, 2019a,b).  

Functional characterization could help to identify thresholds at which drought pushes 
ecosystems across thresholds at which their functioning is irreversibly impaired.  

– Ecosystem services. Drought-driven changes to environmental conditions, 
biological communities and ecosystem functions will inevitably alter the benefits that 
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rivers deliver to people, including cultural services such as recreation, provisioning 
services including water supply, and regulating services such as water purification 
(Lynch et al. 2023).  

Characterizing how ecological responses alter ecosystem service delivery could 
promote holistic understanding of drought, motivating investment in management 
actions that enhance resilience of rivers as socioecological systems. 
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Glossary 

Dry phase. I have minimized use of the word drying, which is technically a process, or 
transitional phase, in which surface water is lost from a stream. Instead, I use dry phase 
to refer to in-channel conditions in which surface water is either absent or restricted to 
isolated pools. 

Ephemeral. Ephemeral flow permanence regimes are characterized by rain-driven, 
short-lived, unpredictable flowing phases and long dry phases, and hence ‘terrestrialized’ 
in-channel habitats. This definition is in line with core texts in the international discipline 
of temporary river science (Datry et al. 2017; Busch et al. 2020) and contrasts with the 
use of ephemeral in UK management contexts to refer to all streams which sometimes 
dry (which I term temporary, as defined below).  

Deterministic extinction is an extinction caused by deterministic processes, i.e. 
extinction caused by the abiotic environment (e.g. a dry phase) and/or biotic interactions.  

Extinction. I use this term loosely, to describe any complete loss of a species at a local 
or larger spatial scale. This local-scale use aligns with the technical term extirpation, 
definition of which recognizes that the species may subsequently recolonize. 

Hyporheic zone. The hyporheic zone has sometimes been strictly defined as those 
subsurface sediments in which surface water and groundwater, and thus epigean and 
hypogean fauna, mix. However, I follow the broader, more inclusive definition of 
DelVecchia et al. (2022), which also recognizes hyporheic zones as occurring in 
temporary streams. Essentially, I use the term to refer to the subsurface sediments 
which are influenced by the surface stream but not exposed to much light or much flow. 

Intermittence. Following Datry and Stubbington (2022), I define intermittence as the 
state or quality of being intermittent, ephemeral, or having any other temporary flow 
regime, i.e. one in which surface water sometimes stops flowing. As such, loss of 
surface flow (i.e. moving water) rather than loss of surface water (i.e. drying) is 
technically the defining feature of intermittence (Leigh et al. 2016). In practice, however, 
most authors (including me) use intermittence (and ephemeral, intermittent, non-
perennial and temporary) to refer to streams that sometimes dry (i.e. lose most or all 
surface water, although pools of surface water may remain and subsurface sediments 
may be saturated). 

Intermittent. Intermittent flow permanence regimes are characterized by predictable, 
groundwater-influenced, seasonal shifts between flowing, ponded and dry phases. For 
example, chalk winterbournes have intermittent flow regimes. This definition is in line 
with core texts in the international discipline of temporary river science (Datry et al. 2017; 
Busch et al. 2020). However, intermittent is often used to refer to all temporary flow 
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regimes (e.g. England et al. 2019). Therefore, although redundant, I precede the word 
intermittent with seasonally, to ensure my meaning is clear. 

Macrophyte. Macrophytes are submerged, emergent or floating aquatic plants including 
vascular flowering plants, mosses and liverworts and some encrusting lichens. Common 
definitions also consider a few large algae (such as filamentous green algae of the 
genus Cladophora) as ‘macrophytes’, but I avoid using the term in this sense. 

Metacommunity. A metacommunity is a set of local (e.g. site-scale) communities that 
are linked by dispersal, as might occur in rivers and throughout catchments. Leibold et 
al. (2004) is the seminal paper on the metacommunity concept and Cid et al. (2020) 
consider metacommunity dynamics in a context of river management.  

Metapopulation. A metapopulation is a set of local (e.g. site-scale) populations (i.e. of a 
single species) that are linked by dispersal (Gilpin and Hanski 1991), as might occur in 
rivers and throughout catchments 

Near-perennial. Near-perennial flow regimes are characterized by occasional loss of 
surface flow and/or surface water, i.e. only during drought years.  

Perennial. Perennial streams are those which never stop flowing, and which have never 
been known to dry. 

Pressure. Variously defined in the literature, I follow recent Environment Agency (2019) 
reports in defining a pressure “as a factor affecting the water environment”, and thus 
precede it with either human or anthropogenic (used interchangeably) where 
appropriate. This broad definition allows drought to be considered a pressure alongside 
broad factors such as urban land use and specific factors such as elevated nitrate 
concentrations—but I distinguish the latter specific factors as stressors (as defined 
below). 

Richness. Taxonomic richness is the number of taxa per unit of measurement (e.g. an 
area of a streambed or a sample). Richness can be measured at any taxonomic level 
(e.g. order, family, genus or species), but is often (and in particular for aquatic 
macroinvertebrates) measured at a mixed family-to-species level.  

River (cf. stream). I use river and stream somewhat interchangeably, but use river 
specifically when referring to larger watercourses.  

Stochastic extinction is an extinction caused by demographic stochasticity (i.e. natural, 
random fluctuations in population densities among years) rather than environmental 
variation. Ovaskainen and Meerson (2010) provide more details.  

Stream (cf. river). I use river and stream somewhat interchangeably, but use stream 
specifically when referring to smaller watercourses.  
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Stressor. Stressors refer to the specific natural and/or anthropogenic factors (such as 
elevated nitrate concentrations, or surface water loss) with potential to cause direct, 
physiological stress to organisms.  

Temporary. Temporary is a comparable term to non-perennial and describes streams 
and flow regimes in which surface water sometimes stops flowing. As such, loss of 
surface flow (i.e. moving water) rather than loss of surface water (i.e. drying) is 
technically the defining feature of a temporary flow regime (Leigh et al. 2016). In 
practice, however, most authors (including me) use temporary to refer to streams that 
sometimes dry (i.e. lose most or all surface water, although pools of surface water may 
remain and subsurface sediments may be saturated). Temporary flow regimes include 
ephemeral, intermittent and near-perennial flow regimes. 

Winterbourne. Winterbourne streams are intermittent streams that occur in the upper 
reaches of rivers fed by the chalk aquifer. Their surface flow originates from rising 
groundwater and springs that typically become active from December, with streamflow 
the continuing to rise until March/April before declining until winter (Berrie 1992). The 
length of the dry phase thus varies depending on a site’s longitudinal position, making it 
difficult to state a typical duration (White et al. 2018). 
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Appendices 

Appendix 1. Research characterizing the effects of drought in 
England’s chalk streams 

A considerable body of research has documented responses to drought in the chalk 
rivers and streams of southern England, although interpretation of all resultant research 
findings can be confounded by concurrent alteration of river flow by groundwater and 
surface abstraction and/or low-flow alleviation schemes involving flow augmentation (e.g. 
Solomon and Paterson 1980; Wright and Berrie 1987; Holmes 1999; Perrow et al. 2007).  

Five notable sets of studies are among those characterizing aquatic invertebrate 
community responses to and recovery after drought:  

1. Field-based studies documented responses to the 1973, 1976 and/or 1997 droughts 
on the perennial River Lambourn and its Winterbourne Stream, Berkshire (Wright and 
Berrie 1987; Wright 1992; Wright and Symes 1999; Wright et al. 2000, 2002, 2004) 
as well as the near-perennial Waterston Stream, a tributary of the River Piddle, 
Dorset (Ladle and Bass 1981).  

2. Long-term, river-scale field research characterized perennial and near-perennial 
reaches on the Little Stour, Kent (Wood and Petts 1994, 1999; Wood et al. 2000; 
Stubbington et al. 2009a; Wood et al. 2010; Stubbington and Wood 2013; 
Stubbington et al. 2015). 

3. Long-term, regional-scale, field-based studies have examined perennial, near-
perennial and seasonally intermittent (i.e. winterbourne) reaches across multiple 
streams in the Colne and Lee catchments, Hertfordshire (Sarremejane et al. 2019, 
2020, 2021b), supported by exceptional mapping of wet and dry in-channel habitat 
conditions (Sefton et al. 2019).  

4. Manipulative experimental studies determined how short (six-day), high (monthly) and 
low (quarterly) frequency dry phases affected food web structure in channels next to 
perennial reaches of the Mill Stream, a side branch of the River Frome, Dorset 
(Ledger et al. 2011, 2012, 2013; Woodward et al. 2012; Lu et al. 2016; Leigh et al. 
2019).  

5. Manipulative experimental studies characterized taxonomic and functional community 
responses to year-long high, moderate and low magnitude drought conditions (Aspin 
et al. 2018, 2019a,b) in channels adjacent to perennial reaches of the Candover 
Brook, a tributary of the River Itchen, Hampshire, with Williams (2016) using the 
same channels to investigate interactions among drought, temperature and 
sedimentation. 
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This research has focused mainly on invertebrate communities in surface (i.e. benthic) 
sediments, with the 2009–15 Little Stour studies also documenting benthic and 
groundwater invertebrates in the subsurface sediments of the hyporheic zone. In 
addition, although not the focus of this essay, other biotic groups have been 
characterized in chalk streams, supporting understanding of whole-ecosystem 
responses: 

The effects of drought on chalk stream macrophytes (aquatic plants) and terrestrial 
vegetation have also received notable attention, including: 

• Wright and colleagues’ research described in point 1 above entailed 
characterization of invertebrate communities on habitats including Ranunculus 
(water crowfoot), Berula (water parsnip) and Callitriche (water starwort). These 
studies also note (but do not characterize) biofilms of epiphytic algae, and 
provide insight into the links between biofilm, plant and invertebrate responses 
to drought.  

• A 10-year study recorded aquatic and terrestrial plant community responses to 
flow variability, including that experienced during the 1989–92 groundwater 
drought and subsequent 1996–98 drought, across an extensive range of chalk 
headwater streams in the Thames catchment (Holmes 1999; Westwood et al. 
2006a,b). Westwood et al. (2017, 2020, 2021) then continued this work, 
creating a classification and indicators to document community responses to 
flow variability and drought. 

• Wilby et al. (1998) report macrophyte survey data collected from sites along 
Hampshire’s Rivers Test and Itchen, from the headwaters to the lower 
reaches, on 17 dates in 1991–1996, encompassing before, during and after 
the dry, hot summers of 1994 and 1995. 

• Ham et al. (1981) mapped sediment and macrophyte composition on an 
unshaded section of the River Lambourn, Berkshire in 1971–76, including the 
1976 drought.  

Relatively few studies have documented the effects of drought on fish in chalk streams, 
with a greater body of research instead reporting general relationships with flow and 
temperature from which species-specific and community-level drought effects may be 
inferred (e.g. for Atlantic Salmon Salmo salar, Mann 1989; brown trout Salmo trutta, 
Mann et al. 1989; eel Anguilla anguilla, Riley et al. 2011; grayling Thymallus thymallus, 
Bašić et al. 2018, Marsh et al. 2021; and communities, Prenda et al. 1997, Nunn et al. 
2010). The few studies directly considering drought include Wright and Berrie (1987), 
who report the effects of drought and a flow augmentation scheme in the River 
Lambourn, Berkshire; and Riley et al. (2009), who experimentally created drought-like 
conditions in the Brandy stream, a 400-m tributary of the River Itchen, Hampshire.  

Experimental research has also document responses of the assemblage of 
microorganisms (including diatoms) in biofilms to drought and related variables in chalk 
stream: studies in the stream mesocosm fed by the Mill Stream (described above) 
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considered biofilms as well as invertebrates (Ledger et al. 2008); and Jarvie and 
colleagues (e.g. Flynn et al. 2002; Jarvie et al. 2002) characterized relationships with 
flow and solar radiation for experimental biofilm communities in the River Kennet, 
Wiltshire. Scattered field-based observations of such assemblages include Moore’s 
(1977) study of sediment-associated and epiphytic algal communities in relation to flow, 
temperature and light (but not drought) in the River Wylye, Wiltshire; and qualitative 
observations of epiphytic algal growth in studies focused on macrophyte assemblages 
(Wright and Berrie 1987; Wright and Symes 1999). Characterization of phytoplankton is 
rare and drought-specific studies are lacking, but characterization of assemblages in the 
River Thames include documentation of relationships with flow and temperature based 
on field observations (Bowes et al. 2016) and associated predictive modelling (Bussi et 
al. 2016). 

Appendix 2. Hydrological drought descriptors 

Hydrological drought is a deficit in streamflow. It can be further characterized by metrics 
that describe its frequency, magnitude, duration, severity, timing, and the rate at which 
conditions change. 

• Drought increases the frequency with which streamflow (or sediment moisture 
levels) falls below a particular threshold, such as the Q95 (the discharge 
equalled or exceeded 95% of the time). (Note that droughts can also be 
described by their frequency, or the return period [e.g. 1 in 5, 10 or 20 years] 
for hydrological conditions of a particular duration, magnitude or spatial extent 
[Vicente-Serrano et al. 2019] although climate change is causing ongoing 
changes in such metrics and their reliability.) 

• A drought can be described by its magnitude i.e. the extent to which 
streamflow, groundwater or moisture levels drop below the long-term average 
(or other defining threshold). Sarremejane et al. (2022) distinguish between 
drought magnitude (or intensity) and severity as the average and cumulative 
deficit in streamflow, respectively. As such, a drought’s severity is determined 
by both its average magnitude and its duration (Keyantash and Dracup 2004). 

• A drought can be described by its duration, and increases the duration for 
which streamflow (or sediment moisture levels) remain below a particular 
threshold, such as the Q95. Drought durations may be restricted to single 
seasons, span multiple seasons (i.e. supra-seasonal drought) or even last for 
multiple years. 

• A drought can be described by its timing, including single-season summer 
droughts and winter droughts. 

• Drought onset and termination, as well as shifts between local-scale 
hydrological conditions, can be described by their rate of change, with rapid 
shifts associated with greater ecological impacts. 

Table 1 in Sarremejane et al. (2022) provides further details of these metrics. 
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Appendix 3. Species of conservation concern within drought-
intolerant families 

The DEHLI (Drought Effect of Habitat Loss on Invertebrates) index was developed to 
characterize macroinvertebrate community responses to drought-driven changes in 
habitat availability at the family level, despite the contrasting habitat requirements of 
species and genera within many families (Chadd et al. 2017). The families below are 
those with the highest (9–10) “drought intolerance score (DIS)” in Chadd et al. (2017), 
where the highest DIS indicate association with habitats typically lost first as the typical 
sequence of drought-driven changes to habitat conditions unfolds (see section 4), i.e. 
rheophilic (fast-flow-loving) ‘EPT’ (Ephemeroptera [mayfly], Plecoptera [stonefly] and 
Trichoptera [caddisfly]) families. As such, an increasingly wide range of other families 
and species may be at comparable risk if drought causes loss of lateral or longitudinal 
connectivity to decline, including formation, then isolation, then drying of pools (Chadd et 
al. 2017). 

The species of conservation concern within each drought-sensitive family are either 
listed as threatened in the most recent Great Britain Species Status Review (Macadam 
2015, 2016; Wallace 2016) and—in one case—is endemic to Great Britain (Craig 
Macadam, Conservation Director, Buglife; pers. comm.). 

Family Species Status1 Notes 
Ameletidae Ameletus inopinatus LC; NS Headwater species 
Chloroperlidae Xanthoperla apicalis EX 

 

Heptageniidae 
  
  
  

Electrogena affinis DD; 
NR 

  

Heptagenia longicauda EX   
Kageronia fuscogrisea LC; NS 

 

Rhithrogena germanica LC; NS   
Taeniopterygidae 
  

Brachyptera putata LC; NS Endemic  
Rhabdiopteryx 
acuminata 

VU; NR 
 

1DD = Data Deficient; EX = Extinct; NR = Nationally Rare; NS = Nationally Scarce; 
LC = Least Concern; VU = Vulnerable 
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H: Soils and Drought: An Essay 
A.M. Tye1, D.A. Robinson2, S. Reinsch 2, A. Keith2 and Parry, S. 2 
1British Geological Survey (BGS) 
2UK Centre for Ecology & Hydrology (UKCEH) 

Overview 
• The summer drought across the UK in 2022 produced significant speculation 

concerning how its termination may impact and interact with the soil resource. 
Two key areas of concern were those related to the potential of intense 
convective precipitation, falling on sun-baked soil and leading to (i) excessive 
runoff and flooding and (ii) erosion of the soil resource resulting from this 
excess runoff. The scientific literature was reviewed to develop a coherent 
understanding of the wider range of impacts of drought on soils for the UK. In 
particular, the review focuses on ‘meteorological drought’ as this is when soils 
experience long dry periods followed by re-wetting. Key themes drawn out 
from the review are:   

• There is generally very little information pertaining specifically to the 
responses of UK soils to drought. This is because unlike surface and 
groundwater, few long-term soil monitoring programs are in place, measuring 
properties relevant to drought. In addition, drought in the UK is unpredictable 
making it harder to plan specific experiments to examine its impacts. 
Information has been gathered from international studies, climate manipulation 
studies and particularly from the more often studied role of wetting and drying 
cycles on soil properties.    

• The key process for soils when rewetting after drought is whether infiltration > 
precipitation. When infiltration > precipitation the soils should be able to absorb 
the precipitation. When precipitation > infiltration, potential runoff and erosion 
may occur, leading to loss of the soil resource and potential degradation of 
surface water quality.   

• The literature review demonstrates the important interactions between soil 
biology, chemistry, and physics with respect to drought. In many smectitic clay 
soils highly visible cracking occurs as drying takes place. However, the role of 
soil biology on soil physical structure, particularly aggregate stability, is one of 
the most important impacts of drought on soils. The decrease of biological 
activity which helps maintain soil structure, is a key impact leading to potential 
slaking, soil crust formation, and potentially decreasing infiltration upon 
rewetting. Changes in the structure of soils may lead to changes in 
biogeochemical cycling of C, N and P through the exposure of aggregate 
protected organic matter. Other biogeochemical cycles may also be impacted, 
particularly those which are redox sensitive and where droughts produce the 
lowering of soil moisture and water tables.   

• When droughts end, results from studies suggest that soil moisture will 
increase rapidly, eventually becoming recharged as more normal precipitation 
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patterns return. However, the understanding of how the shallow water table 
responds with time is limited. The shallow water table is a potential source of 
water to the soil column if drought returns after breaking and more information 
would be beneficial.  

• Key gaps in our understanding are related to the resilience, response, and 
recovery of soil systems. Information is required regarding soil biological 
communities, soil water repellency and the extent that shallow ground water 
may buffer the soil moisture system. In addition, further gaps in our knowledge 
exist regarding multiple stressors (heat, moisture) and the impacts of 
successive extreme events on soil systems (e.g. drought, flood). 
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Summary 

The summer drought across the UK in 2022 produced significant speculation concerning 
how its termination may impact and interact with the soil resource. Two key areas of 
concern raised in the media were those related to the potential of intense convective 
precipitation, falling on sun-baked soil and inducing (i) excessive runoff leading to 
flooding and (ii) erosion of the soil resource resulting from this excess runoff. However, 
whilst knowledge regarding soils and droughts exists in the scientific literature, a 
coherent understanding of the wider range of impacts has not been produced for the UK. 
This essay attempts to draw together knowledge from studies in the UK and abroad 
regarding how soils respond to drought, and importantly what and where our knowledge 
gaps may exist. It is not an exhaustive academic review, but it offers an informed view of 
key processes and characteristics of drought and its impact on soils most relevant to the 
UK. 

The essay takes the following structure: 

Section 1 defines the different types of droughts and their frequency in the UK, as well 
as a brief overview on the likely societal impacts that droughts place on the soil and 
related ecosystems. In particular, the essay focuses on ‘meteorological drought’ as this 
is when soils experience long dry periods followed by re-wetting. Section 2 briefly 
examines the behaviour of moisture in soils and the key processes that contribute to its 
storage and transport. Section 3 discusses the principal changes in the physical, 
chemical and biological properties of soils that result from periods of drought, and 
subsequent rewetting and demonstrates the extensive interactions that occur between 
them. Section 4 examines the processes that are involved in the rewetting of soils and 
links back to Section 2. A key focus is the role of infiltration and what may occur if 
precipitation > infiltration. This is explored further by looking at catchment-scale soil 
response. Section 5 addresses what we know regarding how soils recover after drought. 
Section 6 identifies knowledge gaps whereas Section 7 focuses on how we may 
improve our understanding. 

Much of the information in this essay relating to the potential impacts of drought on soils, 
is derived from experiments where wetting and drying cycles are instigated, or climate 
manipulations are used. This is largely because droughts are infrequent in the UK and 
experiments would need to be already established to capture the impact of drought on 
soils. The essay reports on the large number of interactions present between soil 
physical, chemical, and biological properties in explaining the response to drought. Soil 
physical structure (essential for the infiltration of precipitation) is strongly linked to 
interactions between the soil matrix and soil biology. Changes in soil biogeochemical 
cycles are often linked to the changes in soil physical structure, such as aggregate 
breakdown. Key gaps in our understanding are related to the resilience, response, and 
recovery of soil systems. Information is required regarding soil biological communities, 
soil water repellency and how shallow ground water may buffer the soil moisture system. 
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In addition, further gaps in our knowledge exist regarding multiple stressors (heat, 
moisture) and the impacts of successive extreme events on soil systems (e.g. drought, 
flood). 

1. The context of drought and its impact on 
soils in the UK 
1.1. Droughts and their termination in the UK 
Various definitions of drought exist, with the simplest being the ‘absence of water’, or as, 
‘a prolonged period of abnormally low rainfall, leading to a shortage of water’ [Oxford 
Dictionary]. However, drought is a complex, natural phenomenon, with large variations in 
extent, duration, intensity, and impact. The NOAA recognise several drought types 
including, 1) meteorological drought, 2) hydrological drought, 3) agricultural / ecosystem 
drought, and 4) socioeconomic drought. The NOAA proposes that ’Meteorological 
drought’ occurs when dry weather patterns dominate an area. Hydrological drought 
occurs when low water supply becomes evident, especially in streams, reservoirs, and 
groundwater levels, usually after many months of meteorological drought. Agricultural 
drought happens when crops (or ecosystems) become affected. And socioeconomic 
drought relates the supply and demand of various commodities to drought.” 

Typically, long periods of dry weather in the UK occur when a blocking anticyclone (the 
so called ‘Azores high’) pushes Atlantic anti-cyclones to the north-west. Sometimes, if 
there is drought in southern Britain, the north-west of the country may receive greater 
precipitation. In the UK, a drought is usually defined as an extended period of weather 
(~3 weeks) when less than a third of the expected precipitation occurs. An ‘absolute 
drought is considered ‘as a period of at least 15 consecutive days when < 0.2 mm of 
rainfall occurs. With ‘hydrological’ or ‘agricultural’ drought there is often soil moisture 
present but plants can’t access it, either because it is frozen or because high 
temperatures determine that the rate of evapotranspiration exceeds the rate of water 
uptake by the plant. In the UK, hydrological droughts may occur over several years, and 
often involve dry winters, when precipitation does not fully replenish soil moisture 
storage, or reservoir and water table levels have not risen in response to summer 
evaporation. Major droughts in England and Wales between 1800 and 2006 have been 
identified and these are listed in Table 1. The comments demonstrate the complexity of 
drought types and periods. Kendon et al. (2013) suggest that whilst major droughts in 
the UK such as those cited in Table 1 are infrequent, in recent decades there have been 
a cluster of major rainfall deficiencies (e.g. 2010-12, 2004-2006, 2003, 1995-97, 1990-
1992, 1988-89). 
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Table 1: Major droughts in England and Wales 1850 – present (From Marsh et al. 2007; 
Kendon et al. 2012; Marsh, 2003) 

Year Duration Comments 
1854-
1860 

Long Drought Sequence of dry winters in both 
southern and northern 
England 

1887-
1888 

Late winter 1887- summer 
1888 

Major drought across British Isles. 
Extremely dry 5 month sequence in 

1887. Primarily a surface water drought 
1890-
1910 

Long drought Long duration with some wet interludes 
(e.g. 1903). 

Drought initiated by a series of dry winters 
1921-

22 
Autumn 1920-22 Major drought. Second lowest 6 month and 

3rd lowest 12 month rainfall totals 
for E & W. 

1933-
34 

Autumn 1932-Autumn 
1934 

Major drought, severe across southern 
Britain 

1959 Feb-Nov Major drought over three seasons most 
severe in eastern, central and NE 
England 

1976 May 1975-1976 Major drought. Lowest 16 month rainfall in 
E & W. Extreme in summer 1976 

1990-
92 

Spring 1990 – summer 
1992 

Widespread and protracted rainfall 
deficiencies 

1995-
1997 

Spring 1995 – summer 
1997 

Third lowest 18 month rainfall total for 
England and Wales 

2003 Spring to Autumn 2003 Feb – Apr 2003 rainfall total for UK as a 
whole lowest since 1956, Brief interlude 

late spring to early summer when rainfall at 
near average but onset of heatwave in July 

signalled a very arid phase lasting to 
October causing an agricultural drought. 
Only 25-40% of average rainfall in period 

Feb – Oct. 
2010-
2012 

Jan 2010 – March 2012 One of the longest prolonged droughts of 
the century which when terminated ended 

up in the wettest April to July, over 
England and Wales in 250 years. 

2018 June, July, August Agricultural drought caused by a series of 
heatwaves 

2022 June to August Many regions in England received less 
than half the average rainfall. Still ongoing 

and expected to continue into 2023. 

The duration and spatial extent of drought determine the range and severity of impacts. 
In this essay, the focus is largely on ‘agricultural and ecosystem’ drought, given its 
frequency of occurrence and potential impact on agricultural and ecosystem processes 
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in the UK. Whilst ‘hydrological drought’ may occur over multiple years, it is likely that 
rainfall occurs during these periods, albeit at lower than ‘average’ quantities, thus not 
impacting soils in the manner that a prolonged rain free period may. 

A further important aspect of drought is how they terminate. In the UK, drought 
terminations can occur in any season, though they are more common through the winter 
than the summer half-year since rainfall is more ‘effective’ during winter as 
evapotranspiration is lower (Parry et al. 2016). Despite intense convective rainfall being 
primarily limited to the summer, there is no indication that rates of recovery from drought 
are higher in summer than winter (Parry et al. 2016). For soils, the process of drought 
termination is particularly important as the perceived threats of erosion and flooding may 
be influenced by the intensity of rainfall. The breakdown of drought can be divided into (i) 
the initial breakdown, (ii) the resumption of longer-term weather patterns that lead to 
more usual weather conditions, and (iii) the return of more typical soil moisture 
conditions. The initial breakdown of drought is of importance as this is when soil 
properties are likely to have been altered significantly by dry conditions. However, initial 
breakdown is likely to exhibit large scale spatial variability, and rainfall can be highly 
variable in intensity. Ideally, soft gentle rain at the end of the drought is preferable, but 
often dry periods end with large convective storms, with high intensity rainfall. 

1.2. The observable drought – soil related impacts the 
public may recognise 
It is likely that the principal soil related impact of drought in the U.K. that the public 
recognise, is that on vegetation. The dieback of vegetation during drought periods is 
often demonstrated in the media by satellite images of the country before and after 
drought (Figure 1). Along with the die back of vegetation, frequently asked questions are 
raised relating to crop yields and the impact of drought on food production and likely 
increases in retail prices (Geng et al. 2015). For agricultural production, the extent of 
impacts on crop yield may partially be driven by antecedent weather conditions. For 
example, one of the impacts of the 2018 heatwave/drought in the UK, was that mean 
winter wheat yields across the country were reported to have been reduced by an 
average of 5.1 % (Clarke et al. 2021). However, this drought followed a wet spring which 
boosted soil moisture, meaning that impacts on yield were less than expected. This type 
of scenario adds complexity to explaining the impact of drought on crop yields. Besides 
crops, multi-year drought can also cause tree / forest mortality. Predicting the resilience 
and recovery of trees and forests to drought is hindered by the predisposition of trees 
entering the drought event. This includes the cumulative effects of previous water deficits 
on combination with other environmental factors (e.g. pest outbreaks) that influence 
survival, mortality and recovery of tress from drought (e.g. Anderegg et al. 2007; Choat 
et al. 2018). A further feature of many droughts is an increase in wildfires (e.g. the 
Saddle Moor fires in 2018) which removes the vegetative cover, leaving bare soils, prone 
to soil erosion 
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Copyright NASA Worldview: EOSDIS Worldview (nasa.gov) 

Figure 1: Before and after satellite photos of the impact of drought on the 
browning of vegetation across the UK in 2022. 

A second observable factor of drought on soils is that of soil cracking. This occurs as 
smectitic clay minerals dehydrate and shrink. This can lead to the undermining of 
foundations of houses and infrastructure. The process is of major economic 
consequence with damage to infrastructure in the UK estimated to be ~£100 million a 
year, and sometimes reaching £400 million in very dry years (Harrison et al. 2012). 

1.3. Soils and geology of England and their general 
susceptibility to drought 
The impacts of drought may vary in their timing and severity as the way soils will 
respond will be largely determined by the properties of the soil and the parent material 
(bedrock or superficial geology) from which it is derived. The Soil Survey of England and 
Wales have identified >700 soil series and created 296 geographic soil associations 
across England and Wales with 92 occurring in Wales. In Scotland around 600 different 
soils have been identified (Dobbie et al. 2011). These soils demonstrate a huge range of 
properties (Avery, 1990), and also indicate the complexity of possible responses of soils 
to extended drying and rewetting. In addition, land-cover (vegetation type and soil 
sealing through construction) will also be key features determining the impacts of 
drought on soil moisture levels and run-off. 

https://worldview.earthdata.nasa.gov/?v=-51.14474665995669,24.028747588967843,50.62651543050644,75.59020342151888&t=2022-08-14-T19%3A38%3A31Z
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2. Key soil processes and properties relating 
to soil moisture storage and infiltration 
To understand the impacts of drought on soils it is necessary to understand the key 
processes associated with water movement and storage in soils. This section provides a 
brief overview to (i) soil moisture storage, (ii) soil structure and (iii) infiltration. 

2.1. Soil moisture retention – an overview 
In terms of the global hydrological cycle, the overall quantity of water in soil is small, 
∼0.05%. However, it’s importance in both the global energy balance and the supply of 
water to plants far outweighs its physical quantity. The water retained in soils, termed 
soil moisture, is the life blood of terrestrial ecosystems. Plants take up water containing 
nutrients from soil. The water is used in photosynthesis for growth and the production of 
food, feed and fibre. Moreover, soil moisture is required by the soil microbiome to 
function, its activity being closely controlled by soil moisture levels. In turn, the 
microbiome is responsible for processing dead organic matter, contributing to the global 
carbon and nitrogen cycles, and producing materials that are important in developing 
physical characteristics of soil such as its strength and structure. Soil structure is 
fundamental to how precipitation, landing at the earth’s surface, is partitioned into that 
which infiltrates, and that which runs off. In addition, scientists are beginning to 
understand the role that soil moisture plays in determining the magnitude and 
persistence of heat waves through land atmosphere interactions (Miralles et al. 2019). In 
addition, the drying out of soils during heatwaves can play a role in mitigating deadly 
heat stress by reducing humidity (Wouters et al. 2022). As a result of the importance of 
soil moisture to earth system processes, droughts or floods which push soil moisture 
levels beyond their normal operating range, are likely to have a cascade of impacts. 

To develop an understanding of the impacts of drought on soils, an overview of soil 
hydrological processes, both at the scale of the soil profile, and at the grain scale where 
water interacts with the soil matrix is required. The main processes that determine the 
storage and movement of water in soils are summarised in Figure 2. Water arriving at 
the ground surface as precipitation will infiltrate or run off. The water that infiltrates, 
distributes itself through the soil profile. The moisture stored within the plant root zone, is 
potentially available to plants through uptake and may be transpired back to the 
atmosphere by plants. Some soil moisture will be directly evaporated back to the 
atmosphere and never make it into the transpirable soil moisture pool. Conversely, water 
moving beyond the root zone may move downwards through the vadose zone and into 
the saturated zone providing recharge to ground water. Water may also move laterally 
generating interflow through the soil. 
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Figure 2. The basic processes in the soil water balance. Produced by David 
Robinson (UKCEH) for the purposes of the project 

Once in the soil, water interacts with the soil matrix at the grain scale. Two important 
characteristics play fundamental roles: cohesion and adhesion. Cohesive forces arise 
from the intrinsic properties of water, in particular hydrogen bonding, which causes 
molecules to be attracted to one another. Cohesive forces are responsible for the 
phenomena of surface tension. This is the tendency of a liquid surface to resist rupture 
when placed under tension. It is this phenomenon that causes water to curve or bead in 
contact with air. At the air water interface, water molecules in contact with air at the 
surface have fewer water molecules to interact with and as a result form stronger 
attractions. This water forms spherical droplets and can support small objects such as 
pond skaters. Adhesive forces are those that form between the water and other parts of 
the soil matrix, such as clay minerals. Adhesion and cohesion lead to the phenomena of 
capillarity. Examples of capillarity are (i) when a narrow tube is placed upright in water 
and the water is seen to climb up the tube against gravity because of the strong 
attraction between water and glass and (ii) when a dry paper towel is dipped into water 
and moisture climbs up the paper towel. In soils it is the balance of these and other 
forces (e.g. gravity) that control the storage and movement of water. 

Every soil has a specific capacity to retain water as soil moisture, based on properties 
such as its texture (the proportions of sand, silt and clay), organic matter content and 
mineralogy. The arrangement of these materials provides the soil structure and the pore 
network which form spaces or pores in the soil. The surface area of the materials and 
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the size of pores they form determine the extent to which the water can interact with the 
material through adhesion. These forces, termed the matric forces, resist the action of 
gravity on the water retaining it in the soil. The matric forces are much stronger than 
gravity and are therefore dominant. This results in perhaps one of the most important 
relationships in soil science, the water retention curve. The suction (-m) is typically 
related to soil moisture (cm3/cm3) via a ‘Soil Moisture Release Curve’ (SMRC), with 
curve parameters derived from the fitting of a function (Van Genuchten, 1980) or similar 
equation (Figure 3). 

 
Figure 3. Soil water release curves for different soil textures. Produced by David 
Robinson (UKCEH) for the purposes of the project 

A key characteristic of the SMRC is that when drying occurs, the large pores empty first, 
leaving the remaining water in smaller pores with greater interactions with soil matrix 
surfaces, where it is held more tightly. Moreover, Figure 3 illustrates the importance of 
soil texture and how fine-grained soils with greater proportions of clay, a greater surface 
area and small pores retain more water. Field capacity (-3.3 m, Figure 3) represents the 
amount of water held by the soil after excess water has drained via gravity, typically a 
few days after saturation. 

The permanent wilting point is the suction at which plants cannot obtain water and hence 
wilt; the value is typically -150 m but will depend on species. Plants have evolved 
different water management strategies. Isohydric plants maintain a constant midday leaf 
water potential whereas anisohydric plants have more variable leaf water potentials, thus 
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keeping their stomata open for longer under drought conditions, often drawing water 
from soil at very low water potentials (Maherali et al., 2004). Practically it is important to 
know that the moisture release curve differs depending on whether the soil is wetting or 
drying, a phenomenon known as ‘hysteresis’. Thus, the equilibrium soil moisture at a 
given suction is generally greater in drying than in wetting. This hysteresis effect can be 
attributed to (i) the geometric nonuniformity of the individual pores, (ii) the contact angle 
effect, (iii) entrapped air which decreases the water content of newly wetted soil and (iv) 
swelling, shrinking or aging phenomena resulting in changes in soil structure, pore space 
and connectivity. 

2.2. Soil structure 
Soil structure is a key property in the transport of soil moisture, both downwards through 
infiltration and upwards through evapotranspiration processes. It also contributes to the 
shape of the soil moisture release curve, particularly at the wetter end of the curve, 
where free water draining under gravity is of greater importance. Soil structure exists at 
different scales, and is largely dependent on the textual, and mineralogical (e.g. clay 
types and contents and oxides) properties of the soils derived from the parent material, 
along with the climatic influences on weathering processes and vegetation type and 
decomposition. The term soil structure refers to the shape, size and degree of 
development of aggregation, the process whereby primary soil particles form into natural 
or artificial structural units (peds, clods, artificial or natural fragments). These form 
together to produce the arrangement of solids and spaces within soils and will help 
determine infiltration. Gao et al. (2023) suggested that the movement of soil moisture is 
largely via preferential flow, largely produced by a variety of biological activities. 

2.2.1. Macro-scale structure 

Peds and fragments come in various shapes and sizes and include shapes described as 
platy, prismatic angular blocky, subangular blocky and granular. Size ranges from fine (< 
2 mm) to very coarse (>10 mm). These properties combine to form the macro-structure 
of soils and represent how the soils may break apart on a large scale and provide 
macro-flow or preferential flow paths. The key to how soils structure is impacted by 
drought relates to the depth that changes occur and how this may increase the size of 
preferential pathways for infiltration (Gao et al. 2022). This will be particularly relevant for 
clay soils, especially those that have a high proportion of smectitic clay minerals, which 
through shrink swell processes may form large peds, increasing preferential flow 
pathways (see Section 3.1). Soils forming from sandstones and siltstone lithology may 
have very little structure in the subsoil. For soils formed from depositional processes it is 
likely that a more layered subsoil may occur where different sediments with different 
properties lay over each other, creating differences in potential soil moisture transport. 

2.2.2. Micro-scale structure 
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Soil aggregation is a key structural property of soils and is important in determining 
porosity, infiltration and gaseous exchange. It is often used as a ‘soil quality’ indicator. 
Aggregate stability measurements provide an indication of a soils ability to resist 
disintegration under physical stresses such as tillage, raindrop impact and wind erosion. 
It is often described using a ‘Mean Weight Diameter’ index (MWD) that characterises the 
structure of the soil by integrating the aggregate size class distribution into one number. 
However, measurements of aggregate stability are typically undertaken on specific class 
sizes; those classified as macro- (>250 μm) or micro- (<250 μm) aggregates (Six et al. 
2000). The difference between the MWD size distribution before and after testing for 
aggregate stability has been termed the ‘Disaggregation Reduction’ (e.g. Rawlins et al. 
2015). Soil aggregation is described in terms of hierarchy and is dependent on soil type. 
Oades and Waters (1991) examined the fractionation of aggregates after disaggregation 
treatments. They suggested that in alfisol and mollisol soils, macro aggregates > 250 μm 
diameter, broke down to micro-aggregates 20-250 μm in diameter, prior to particles < 20 
μm being released. In oxisols (typically highly weathered soils), aggregation has a 
greater dependence on sesquioxides as soil organic carbon (SOC) is often lower. 
Aggregates were found to resist disaggregation initially, before breaking down into 
particles, thus showing no hierarchy. 

The role of SOC in the formation of aggregates has been found to be a key variable 
determining aggregate stability (Oades, 1993). At larger scales plant roots and fungal 
hyphae are found to create sticky substances that enmesh particles forming aggregates. 
At smaller scales mucilages from roots, hyphae and from bacteria and earthworms are 
involved in creating smaller aggregate sizes. However, these stabilising agents can be 
decomposed by microflora and fauna leading to a breakdown of structural stability. The 
continual process of formation and breakdown of aggregates determines a soils health 
and drainage properties. Findings suggest that macro-aggregates often act as protection 
for microaggregates and the breakdown of macroaggregates normally leads to the 
formation of more stable microaggregates. These are generally enriched in OC and act 
as an important SOC store (Angers et al. 2022; Six et al. 1999, 2000). In temperate 
climates the stability of aggregates is strongly related to organic carbon status of the 
soils, texture, multivalent cations that act as bridges between organic colloids and clay, 
mineralogy and land use (Oades, 1984). The management of soils can impact 
aggregation. Soil tillage has been found to reduce fungal hyphae networks and have a 
significant effect on the creation and stability of aggregates (Duchicela et al. 2013). 

2.3. Infiltration 
Imagine yourself in the kitchen mopping up water that has spilled on the counter-top. 
You reach for the dry kitchen paper to mop up the water. The dry paper towel quickly 
absorbs the water, but its ability to soak up more water reduces as it becomes wetter. 
The ability of the dry paper towel to quickly absorb the water is due to capillarity, the 
process previously described. When the towel is dry the matrix suction in the towel is at 
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its highest and it quickly wicks in water, slowing as the capacity of the towel decreases. 
Soils behave in a similar way with two components governing the ingress of water into 
the soil. When a wetting fluid, such as water, has contact with dry soil, the water is drawn 
in simply due to capillarity. When this process occurs without the influence of gravity e.g. 
as horizontal flow, it is considered a ‘sorption’ process; controlled by the characteristics 
of the soil and matrix forces. When gravity aids the process, it is termed infiltration; the 
sum of capillarity and gravity (Assouline, 2013). The infiltration capacity, or infiltrability is 
the maximum rate at which the soil can absorb water at the surface (Horton, 1940). In 
the case of dry soils this rate is initially higher than in wet soils, but the two reach an 
equilibrium and a steady state which in theory occurs at the saturated hydraulic 
conductivity (Ks). Based on theory, soils that have experienced drought and are dry 
should exhibit the highest infiltration capacity initially as shown by the solid black line in 
Figure 4. 

 

Figure 4: Diagram showing the how infiltration rate changes with time and with 
soil condition. Produced by David Robinson (UKCEH) for the purposes of the 
project. 

 

3. What happens to soils when they 
experience extreme drying and later 
rewetting 
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In this section the major changes that soils experience when exposed to long periods of 
drying, such as those produced by an ‘agricultural or ecosystem’ drought, are examined. 
Importantly these changes may impact soil moisture movement and infiltration. 

3.1. Physical changes in soil structure in response to 
drought and rewetting 
This section considers the physical behaviour and structure of soils in response to drying 
and re-wetting and the likely impact of drought conditions. The processes described are 
important as the distribution and spatial extent of different soil types in catchments of 
soils prone to these physical changes will determine the catchment response when the 
drought terminates. 

3.1.1. Shrink-swell and cracking 

The process of shrink-swell and soil cracking is a common feature in many clay soils, 
particularly across southern Britain, and is the process known to potentially cause 
significant damage to infrastructure. This process occurs in soils that contain smectitic 
clay minerals which demonstrate change in volume in response to its moisture content. 
Soils susceptible to shrink swell behaviour are shown in Figure 5. Smectitic or 
expandable clay minerals have an interlayer space in their structure, and may swell up to 
10% when wet by adsorbing water into the interlayer space. This structure will collapse 
causing shrinking when drying out. Typical soil series where this occurs in England are 
those such as the Denchworth, and Hanslope series. Whilst the soils are likely to crack 
to some extent (depending on the amount of smectitic clay available) in most summers 
due to drying, the prolonged drying in periods of drought, can enable large, deep cracks 
to form, which may extend to depths of 3 m (Harrison et al. 2012; Hawkins, 2013; Jones 
et al. 2020). Infiltration has been examined in these soils and modelled using cores and 
lysimeter blocks (Jarvis & Leeds-Harrison, 1987; Bradley et al. 2005; Harris and Catt, 
1999). The hydraulic conductivity in these soils when there is no sign of cracking was 
found to be as low as 0.26 mm to 4.38 mm h-1 in an Evesham clay soil (Jarvis & Leeds-
Harrison, 1987), whilst hydraulic conductivity at 0.5 m depth was as low as 0.4 mm h-1 
(Leeds Harrison et al. 1986). However, in a small, replicated field experiment on 
Denchworth soils, where cracking had appeared, typically over 90% of the runoff was 
found to move rapidly through the subsoil into drain flow within about 2 hours of peak 
rainfall (Harris and Catt, 1999). This process is known as preferential flow. The rewetting 
of the soils in autumn is likely to cause some swelling and ‘annealing’ of cracks, although 
there is still debate regarding the importance of hysteresis in shrinkage and subsequent 
swelling processes in clay (Holtz & Kovacs, 1981). The cracking of these soils, in the 
context of water availability, can be considered an important ‘resilience’ factor during a 
typical spring and summer as they allow rapid recharge and re-wetting. This process is 
widely recognised (Somasundaram et al. 2018). 
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A further feature of soil cracking is that it may increase evaporation rates from soils. 
Poulsen (2022) suggested that in moist cracked soils, the soil cracking increased 
evaporation by 60-65% compared to uncracked soil for wind speeds ranging between 0-
5 m s-1 and a range of cracking densities. Hatano et al. (1988), working in cracked clay 
soils, suggested that evaporation from the soil surface accounted for 2-12% of the 
evapotranspiration budget, but evaporation from the cracks alone accounted for 10-50% 
of the evaporation, although the cracks accounted for only 6.7% of the soil surface area. 
Thus, in cracking clay soils, drought may increase and enlarge soil macropore size and 
evaporation surface, accelerate the evaporation of pore water, lower the water retention 
capacity of soil and degrade physical and mechanical properties (Zeng et al. 2020). Soils 
with different SOC contents with depth can have different shrink-swell and infiltration 
behaviour between soil horizons. 

 
Figure 5: Soil Parent Materials in England which may exhibit shrink swell 
characteristics due to smectitic clay concentrations. Contains BGS Geology 
Data©UKRI and OS data © Crown copyright and database right 2022. 
 

3.1.2. Aggregate breakdown 

Some studies have examined the manipulation of climate on soil aggregate stability. 
Those focused on creating drought conditions and provide an indication as to how 
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aggregates may respond to dry periods in the UK. Zhang et al. (2018) examined 
aggregate stability in afforested areas on a loess soil in China, where precipitation was 
excluded, and understory removed. Results showed that the removal of understory and 
the exclusion of precipitation and throughfall resulted in decreased soil aggregate 
stability and aggregate -associated organic C pools, whilst having no influence on total 
SOC. Yang et al. (2019) carried out a similar precipitation exclusion experiment in sub-
tropical plantations. They found precipitation exclusion reduced soil aggregate stability 
as expressed by the mass fraction of macroaggregates and the MWD of aggregates. In 
these environments, a reduction in free Al oxides and an increase in porosity was 
considered the likely cause. These experiments demonstrate that soil aggregation may 
be impacted by changing environment, but UK studies have yet to be undertaken. 
However, a reduction in mucilage and polysaccharide production by roots and soil fauna 
in dry soils is likely to impact aggregate stability (Treseder et al. 2010). 

The strength of soil aggregates will help determine a soils behaviour to drought and 
rewetting. Aggregate disruption may occur through (i) slaking, (ii) the differential swelling 
of clays, (iii) mechanical disruption through kinetic energy (e.g. more intense rainfall) and 
(iv) physiochemical disruption. Slaking is probably the most important and widespread 
mechanism and is caused by the trapping of air through rapid wetting. The trapped air 
then pushes soil particles apart, collapsing the particle (Xiao et al. 2017). This may lead 
to a decline in porosity as pores are blocked by the released particles. Splash 
detachment is another important process in aggregate breakdown and is affected 
directly by the physical properties of rain such as raindrop size, terminal velocity, rain 
intensity, kinetic energy, and momentum, along with soil properties such as organic 
matter content, calcium carbonate content, particle size and soil structure (Sharma et al. 
1991). Xiao et al. (2017) examined rainfall intensity (60 mm hr-1) at different heights (0, 
1, 1.5. 2 and 2.5 m) to achieve different quantities of kinetic energy. The rates of splash 
erosion followed the order of loamy clay soil < clay loam soil < sandy loam soil, but the 
MWD of disintegrated aggregates followed the reverse order. A feature of slaking and 
splash detachment of aggregates is that it increases unattached fine particles that can 
be transported by splash erosion, downslope. Assuming drought reduces the strength of 
organic matter binding of particles, then it is likely that drought will lead to some 
reduction in aggregate stability with implied consequences for processes such as 
infiltration and erosion. 

3.1.3. Surface crusting 

Surface roughness is a key control on overland flow, with greater variation in surface 
roughness influencing the depression storage of water, infiltration, overland flow velocity 
and overland flow pathways (Govers et al. 2000). A further consequence of aggregate 
disruption, especially via intense precipitation and splash detachment is the formation of 
layers of fine soil particles that when dry create a layer of ‘surface sealing’. When 
hardened by the sun, this dry layer has the potential for (i) reducing infiltration, (ii) 
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increasing surface flow and erosion, and (iii) impeding the shoots of plants breaking 
through the surface. 

3.2. Biological impacts of droughts and rewetting on 
soils 
3.2.1. Impacts of extreme drying on soil ecosystem function and 
nutrient cycling 

The soil is an ecosystem where plant roots and the soil microbiome interact with the 
abiotic components of soils, developing soil structure, which helps to define a soil’s 
specific infiltration properties. Microbial and fungal populations are instrumental in the 
processing of waste and the cycling of nutrients in soils, producing substances that help 
bind soil particles together into aggregates in addition to changing biogeochemical 
cycles. Thus, understanding how extended periods of drying and heat will impact plant, 
microbial, fungal and soil faunal functioning, and how this contributes to the infiltration of 
water and a range of other processes is important. Moreover, many microbial and fungal 
populations are involved in symbiotic relationships with plants. Thus, impacts on soil 
microbial and fungal populations communities and function may impact plants and vice-
versa. Here we explore some of the more important responses related to drying and 
drought for the belowground ecosystem. 

 

3.2.2. Soil biological responses to drought 

A meta-analyses summarised the findings of drought effects on biological soil responses 
(Abbasi et al. 2020) which are mainly mediated by plant roots, soils fauna and soil 
microbes. Plants, whether grasses, herbs, agriculture crops, single trees or forests, each 
have unique root systems that vertically and horizontally anchor them in soil. Plant 
rooting patterns are species specific, and also depend on prevailing soil characteristics 
(e.g. Thomas 2000). Soil microbes are interconnected with plant roots, in the 
rhizosphere, which are the areas of highest microbial activity. It has been shown that the 
soil microbial community can improve the drought tolerance of plants (Kannenberg and 
Philips 2016, Kour and Yadav 2022, Rubin et al. 2017). In addition to the plant 
rhizospehere, there is microbial activity in the bulk soil which is not directly associated 
with plants. This activity is much lower, but it may contribute to soil moisture movement 
by creating biofilms. Myccorrhizal networks connect rhizospheres of mainly trees and 
woody species across bulk soil. Chandrasekaran (2022) for example concludes that 
plant root physiology changes under drought, allowing arbuscular mycorrhiza fungi 
(AMF) to alleviate drought stress by enhancing AMF colonization and increasing nutrient 
(N, P, K) uptake. Similar results suggested that soil K is a driver of changes in root 
morphology and the alleviation of plant drought stress (Xu et al., 2021). Belowground 
interactions and responses to drought in the physical soil environment influence how 
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plants and microbes (and fauna) experience reductions in soil moisture content, the 
mechanisms they have as a community to deal with reduced hydrological connectivity, 
and which changes they may induce (Figure 6). All adaptive mechanisms in response to 
drought will have an effect on the soil environment which cause changes in other 
properties (e.g. soil C content). 

 
Figure 6: Theoretical framework of how drought affects soil microbes – and how 
this links to the soil carbon pool. Reproduced from Malik and Bouskill (2022) 
under the CC BY 4.0 licence. 

3.2.3. Effects of drought on soil Carbon and Nitrogen processes 

In general soil biological processes decline during droughts; water-logged soil being the 
exception. However, the belowground chemical environment may change during 
drought: it has been found that (i) root C concentration can increase without an increase 
in belowground biomass and (ii) total soil C accumulates due to overall decreased 
biological activity (Abbasi et al. 2020, Qu et al. 2023). The increase in root C content 
may be due to reduced mycorrhizal and microbial activity, trading C for N, however, the 
root C:N ratio may not be significantly changed. Root C may also be used to expand the 
root network, exploring the soil vertically for alternative water (and nutrient) sources. This 
is required to maintain the water potential needed for water transport within the plant; if 
the soil moisture falls to the matric potential of the permanent plant wilting point, water 
movement within the plant is disconnected and the plant dies. 

Prolonged low soil moisture movement may cause reduced availability of N and 
macronutrients, leading to plant browning (loss of chlorophyll) and earlier litter production 
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as defence mechanisms to survive drought fail (Bogati and Walczak 2022). During 
prolonged drought, loose litter may accumulate on top of the soil surface. Under average 
rain patterns, this litter will be decomposed by soil microbial enzymes (fungal and 
bacterial) which ensures that OM and nutrients are returned to the soil. During prolonged 
drought, lower (to none) faunal and bacterial activity and lower enzyme activities (Abbasi 
et al. 2020, Bogati and Walczak 2022) slow litter decomposition. This litter is more likely 
to be re-located by wind and this can cause a reduction in soil nutrients and OM – with 
OM being a critical component of soil aggregates and soil fertility (Bogati and Walczak 
2022). In addition, re-located litter cannot build a barrier between the sun and the soil 
surface, meaning the soil may ‘bake’, crack or shrink earlier, leaving the soil surface 
exposed to erosion processes. 

Land cover has been found to influence soil C and N responses to drought, although 
responses have been found to be variable. Soil inorganic N (NH4+ and NO3-) has been 
found to be higher during drought (Abbasi et al. 2020, Qu et al. 2023) whilst NH4+ and 
NO3- were observed to be more abundant under drought in soils with grass, but not in 
forests (Qu et al. 2023, Bogati and Walczak 2022). This decrease of NH4+ availability in 
forests under drought, suggests that forests may have greater ability than grasses to 
maintain the soil nutrient status under drought. This is likely due to their differences in 
rooting systems and overall life strategies. Additionally, labile C in the form of DOC was 
found to increase under drought in forest, grassland and shrublands (Bogati and 
Walczak 2022), making soil C loss more likely when drought terminates. 

When drought terminates and soil rewets, soil biological activity can accelerate, often 
overshooting normal root and microbial activity until an equilibrium between the microbial 
community and the exchange with plant roots is reached. This initial re-wetting causes a 
peak of soil respiration losses and increased nutrient mineralisation (Barnard et al. 2020, 
Manzoni et al. 2012); if there are frequent drying and re-wetting cycles, soil C and 
nutrient contents may decrease. This was explored by Barnard et al. (2020) who suggest 
that besides climate, soil type and prevailing nutrient and C sources (as set by plants), 
the magnitude of change in soil water potential with the termination of the drought 
determines the soil C loss. The highest soil C loss has been found from high-C 
containing soils during drying and re-wetting cycles (Canarini et al. 2017). 

3.2.4. Microbial responses 

In their perspective paper, Malik and Bouskill (2022) summarised the impacts of drought 
on microbial traits and how this feeds back to the soil C cycle. The diversion of resources 
away from microbial growth during drought is proposed to change SOM chemistry, and 
its persistence, depending on the microbial compounds produced. Firstly, microbes must 
maintain a positive intracellular turgor pressure relative to their external environment. 
This is achieved by the synthesis or transport and subsequent accumulation of solutes 
within the cytoplasm. If the external solute concentration increases (hyperosmotic shock) 
water efflux from the cytoplasm into the surrounding cell can result in a drop in turgor 
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pressure. In contrast, a quick decline of external osmolarity (hypoosmotic shock) may 
lead to a swift influx of water, and an elevation in turgor pressure. Turgor pressure is 
highly important for microbes which have evolved different pathways to maintain their 
intracellular turgor pressure under fluctuating external osmolality. Three pathways of 
microbial drought adaptation were described: (i) the production of extracellular polymeric 
substances (EPS) which are the main components of biofilms, (ii) the acquisition of 
solutes from the surrounding environment, but this may be limited by the constraint of 
diffusion in dry soils, and (iii) dormancy via spores. The energetic expenditure decreases 
from (i) > (ii) > (iii) and will ultimately govern the microbial response to drought (Manzoni 
et al. 2014). 

Soil microbial activity ceases, at a nearly constant soil moisture threshold with a water 
potential of about -13.6 MPa in mineral soils and -36.5 MPa in surface litter (Manzoni et 
al. 2012). The constraints microbes experience within soils result from limited water 
diffusion. Or (2007) provides information on activity thresholds for different microbial 
species (Figure 7) with bacteria, but also fungi and soil fauna displaying species specific 
declines in activity with decreasing soil water potential; the order of sensitivity being soil 
fauna > bacteria > actinomycetes > fungi (Table 2; Manzoni et al. 2012). Manzoni et al. 
(2012) also found microbial activity thresholds were much lower in undisturbed soils 
(compared to experimentally broken up soils), likely due to intact aggregates and 
restrictions on diffusion occurring naturally. Interestingly, they did not find an effect of 
biome, climate or fungal-to-bacterial ratio on the soil water potential threshold governing 
activity in the soils. 

Soil microbial communities change when exposed to drought, with drought-resistant 
communities becoming prevalent or changes occurring in soil microbial community 
functioning (Fuchslueger et al. 2016, Canarini et al. 2021). Canarini et al. 2021 
undertook a drought experiment to test the microbial memory to drought in-situ. Plots 
were subjected to (i) no drought, (ii) a single drought, and (iii) 10 years of re-occurring 
droughts in a mountain grassland. They studied the microbial community, as well as C, 
N, and other nutrients. Microbial responses were measured and found to be different 
after 1 or 10-year droughts with soil nutrient components changed after one year, but 
after 10 years being similar to controls. However, although soil nutrient status was not 
different between controls after 10 years, the soil bacterial and fungal communities were. 
This finding suggests that long-term drought events change the soil microbial community 
to maintain ecosystem functioning. 

Table 2: Data extracted from Manzoni et al. 2012 

 

Water potential (MPa) 
threshold 

Fauna / bacteria / fungi 

-0.5 Soft-bodied fauna (e.g. nematodes) 
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-0.6 Nitrifying bacteria 
-2   Hard-bodied fauna (e.g. arthropodes) 
-2 Gram positive bacteria 
-4 Wood decaying fungi 

-10 to -3 Fungi 
-10 Actinomycetes 
-10 Threshold where solute-diffusion ceases: see 

Figure 7: this is where microbial 
activity drastically declines. 

-60 Some xerophilic fungi 

 

Figure 7: Relationship between water activity, water potential and the impacts on 
microbial function. Produced by David Robinson (UKCEH) for the purposes of the 
project. 

3.2.5. Soil water repellency (SWR) 

As outlined above, microbes adapt to drought sequentially, changing the function of 
different microbial communities in the soil. Some microbes are more resilient to drought 
than others and a range of different responses occur within different communities. An 
increasingly documented phenomena is the development of soil water repellency (SWR), 
which may influence infiltration rates. Initially, SWR was linked indirectly to drought due 
to its occurrence after wildfire (Doerr et al., 2000), when multiple organic compounds are 
generated which may coat the soil leaving it water repellent. Evidence suggests that the 
magnitude of SWR depends on the temperature of the wildfire burn. Compounds formed 
at low temperatures may melt and coat soil grains, whilst at higher temperatures 
compounds may be completely oxidised. A number of interlinked processes occur 
following drought induced wildfire, SWR being one and soil erosion often another (Doerr 
et al., 2009b). With climate change it is likely that the UK will experience more drying 
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events and so interlinked wildfire, SWR and erosion are to be expected. Much may be 
learned from the experience in Mediterranean countries where this is more common. 
However, an increasing body of research suggests that SWR is not simply a 
phenomenon associated with wildfire. Doerr et al., (2009a) indicated that background 
levels of SWR in soils are often high so the relationship with wildfire is complex. 

Water repellency is also related to abiotic and biotic phenomena found in a range of 
environments. Perhaps one of the most widely recognised occurrences is the super 
hydrophobicity found in some aquatic plants. Lotus leaves for example, use water 
repellency as a self-cleaning mechanism. In this particular case, water repellency is 
generated physically by fine leaf hairs, whilst many plants also have waxes on leaves to 
reduce water loss. Practically, many golf course managers are aware of the affects as 
SWR as it is a problem in turf grass causing dry-spots on golfing greens (York and 
Canaway, 2000). In soils, SWR is more commonly associated with organic compounds, 
especially waxes and long-chain fatty acids (Graber et al., 2009). However, microbes 
can also become, or exude water repellent compounds; golf greens again being an 
example where basidiomycete fungus may cause ‘fairy rings’ (York and Canaway, 
2000). There is now a growing literature of different organisms or groups of organisms 
that under different circumstances become water repellent. While commonly associated 
with drought, biological SWR can also occur in response to flood. 

Soil water repellency may also occur due to biological organic compounds produced 
because of stresses (Rillig et al., 2019), such as too much or too little water; plants, 
bacteria and fungi all exude water repellent compounds (Seaton et al., 2019). Their 
impact on infiltration will depend on the soil structure. Soils with a uniform pore size 
distribution will often experience reduced infiltration initially. Moreover, the repellency 
may also lead to enhanced air entrapment. However, in soils with large macropores, 
water ponded on the hydrophobic surrounding soil may infiltrate preferentially in 
macropores. It has been proposed that this may result in a competitive advantage for 
some plants in water limited environments (Robinson et al., 2010). 

Stress, or environmental extremes, is an emerging theme with SWR. Rillig et al (2019) 
undertook an experiment examining multiple global change factors, or stressors affecting 
soil microbiology. An important result was that soils generally coped with one or two 
stresses, but when the number increased to 8 or 9, processes such as SWR occurred. 
Seaton et al (2019), used a national data set of SWR measurements to assess the role 
of stress in its occurrence. Results suggested that, ‘a wetter climate and low nutrient 
availability alter plant, bacterial and fungal community structure, which in turn are 
associated with increased soil water repellency across a large-scale gradient of soil, 
vegetation and land-use.’ In the desert in Utah, Robinson et al (2010) proposed that 
stress through extreme drying, led to SWR that provided a soil moisture maintenance 
pool feedback process for woody vegetation. This is an emerging research area, but 
Seaton et al. (2019) found that 92% of soils sampled in Wales showed signs of SWR, 
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indicating that its occurrence is the norm and not the exception and one that drought 
conditions in soil may promote. The advantages of water repellency to micro-organisms 
involves water regulation and management. This may involve keeping water away under 
saturated conditions and creating air pockets, as observed with fungi. Conversely it may 
involve keeping water in the organism as with fungal hyphae during drought (Unestam, 
1991). Moreover, water repellent films have been shown to develop as biofilms 
protecting organisms (Epstein, 2011), including from rapid rewetting following drought. 
These factors, and potential benefits to plants under drought conditions indicate natures 
adaptations, that to date have not been fully explored. 

3.2.6. Macrofauna 

Soil macroinvertebrates are organisms with body widths generally between 2 and 30 mm 
and in temperate systems they can account for up to 79% of soil animal biomass 
(Gongalsky 2021). In turn, these invertebrates play an important role in many soils by 
driving dynamic changes in biophysical properties, with several groups being 
characterised as soil ecosystem engineers (Jouquet et al. 2006). They include common 
taxa such as earthworms, woodlice, and millipedes, as well as the larvae of insects. The 
movement of earthworms through soil shapes the architecture of the matrix, particularly 
the arrangement and size distribution of the pore network (e.g. Capowiez et al. 2014; 
Capowiez et al. 2015). Some earthworm taxa generate characteristic biogenic structures 
such as deep vertical burrows and surface casts. The feeding activities of several soil 
macroinvertebrate taxa (earthworms, woodlice, millipedes) involves the breakdown of 
litter material and the distribution of faeces, thus influencing the incorporation of organic 
matter into the mineral soil. Together, these changes in soil architecture and biophysical 
properties affected by soil macroinvertebrates have significant impacts on soil hydrology 
and the ability of soil to retain moisture. 

Earthworms, being soft-bodied and reliant on moist conditions to allow oxygen exchange 
through their skin, are not tolerant of dry conditions. It is typical that their behaviour 
changes to avoid drier summer soil conditions of a temperate climate. Earthworms may 
migrate down the soil profile to seek more moist conditions and escape desiccation. 
Some species may enter a dormant or semi-dormant state to conserve moisture and 
energy - aestivation, a state of diapause during dry summer conditions, is driven by 
drought conditions. Earthworms create an aestivation chamber, surrounding themselves 
in mucus and knotting their body. Laboratory experiments by Holmstrup et al. (2001) with 
an endogeic earthworm species, Aporrectodea calignosa, and a two week drought, 
found diapause to be induced below -20 kPa water potential, and all earthworms entered 
diapause beyond -40 kPa. It was also noted that these modest water potentials inducing 
diapause may be linked to the abrupt nature of the change under experimental drought 
conditions, whereas earlier field studies under progressive drought found diapause to be 
induced at around -160 kPa (Holmstrup et al. 2001). The increasing number of 
earthworms entering diapause as drought stress progresses from -0.061 MPa to -0.19 
MPa over three weeks (McDaniel et al. 2013) supports this. 
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Drought also has the potential to alter earthworm populations and community 
composition over time through differential impacts on species and functional groups. 
Eggleton et al. (2009) studied earthworm populations in a UK pasture woodland over 72 
consecutive months, with the sampling period including two dry phases. Seasonal 
patterns were evident across most of the common species, with maxima in winter and 
minima in summer, and this was reflected in the total earthworm abundance (Eggleton et 
al. 2009). However, severe declines were noted for the surface dwelling epigeic, 
Dendrobaena octaedra, following successive dry summers, and no adult earthworms 
were found at all in September of 2003 and 2006 following the dry phases. A review of 
climate change effects on earthworms by Singh et al. (2019) suggested that, while 
drought generally had negative impacts on earthworm populations, more evidence is 
needed on the interaction with other context-dependent factors such as soil type and 
environmental stresses. Prolonged drought may increase earthworm mortality. McDaniel 
et al. (2013) demonstrated that a 3-week drought stress, resulting in -0.19 MPa water 
potential, led to 14% mortality of the endogeic A. caliginosa. Evidence also suggests, 
however, that earthworm populations have the ability to recover from severe drought 
events. In the study of Eggleton et al. (2009) populations of all affected species 
recovered from successive dry phases after only one year. Both behavioural (i.e. 
aestivation) and life-history traits (i.e. cocoon production) likely contribute to this 
recovery. It took only 74 days for earthworm cocoon production to recover in treatments 
where earthworms had been induced to diapause (Holmstrup et al. 2001). It is not well 
understood how the impacts of drought on earthworm communities, and the transition to 
recovery, feedback to modulate their dynamic impacts on hydrological and 
biogeochemical processes in soils. 

3.3. Impacts on Drought and rewetting on soil 
chemistry 
Two major ways that drought impacts soil chemistry are (i) the impact on major nutrient 
cycles and (ii) impacts caused by the drying of normally wet organic soils. The 
perturbations caused by drought may result in changes in the transport of macro-
nutrients and contaminants to water and air. These two areas are discussed below. 

3.3.1. Impacts on macro-nutrient cycling in soils 

The major influences on macro-nutrient cycling in soils are intimately linked to the 
physical and biological responses to drought previously discussed. Patel et al. (2021) 
recognised that a soils texture and porosity were important factors in the response to 
drought and flooding as they control microbial communities access to organic substrates 
and thus the chemical response. Whilst a major impact of drought may be the decrease 
in the microbial activity and the recycling of nutrients, He and Dijkstra (2014) suggest 
that the availability of water may be the main diver for reduced plant growth, rather than 
the availability of N and P, which may increase in some ecosystems (see section 3.2.4). 
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Soil moisture is important as plants receive nutrients through the pore water which 
decrease with soils drying out (da Silva et al. 2009; He & Dijkstra, 2014, Yue et al. 2018). 
It has been suggested that decreased P uptake by plants may be associated with the 
death of surface roots, the reduced soil hydraulic conductivity increasing root soil air 
distance and increased root tortuosity reducing flow transmission (Suriyagoda et al. 
2014). Bi et al. (2023) reviewed the impacts of drought on soil phosphorus in soil-plant 
systems. Some studies found an increase in soil P availability due to drought. Possible 
explanations suggested are that during droughts, microorganisms die and release P, 
whilst the uptake of P by plants decreases (Yue et al. 2018). It has also been suggested 
that the activities of plant phosphorus-acquisition enzymes decrease in the mid-to late 
period of drought (Gao et al. 2021). Turner and Haygarth (2003) examined the response 
of P in drying soils from permanent lowland pastures in England and Wales. They 
suggested that increases in soil available P after drying was linked to (i) enhanced 
physical weathering and the disruption of organic matter coatings on clay and mineral 
surfaces, revealing previously protected surfaces where P sorbs, (ii) the release of 
soluble P due to the lysing of microbial cells and (iii) large soil aggregates breaking 
down, reducing SOM protection and increasing soil surface area for P desorption. 
Increases in N availability may also occur for similar reasons. Due to these processes, 
an enhanced pool of nutrient concentrations is often available at the termination of 
drought. These may be susceptible to transport to water courses through leaching (N) or 
associated with eroded sediment (P). Some soil systems may be more susceptible to 
enhanced transport processes. Increased leaching may occur when there is the 
presence of excess N and cracked soils leading to greater conductivity upon rewetting to 
the water table (Kalus et al. 2020). Many clay soils that crack also have under-field 
drainage systems and the combination of soil cracking and drainage systems may act as 
a rapid transport system of macro-nutrients to surface waters. 

As drought terminates greenhouse gas emissions may increase. This is typical of wetting 
and drying cycles in soils and is often called the ‘Birch effect’ (Birch, 1958). Whilst 
drought causes a decrease in microbial activity and soil respiration, rewetting will 
stimulate microbial populations, leading to an enhanced pulse of CO2, CH4 and N2O. 
The processes driving this are (i) a decrease in the physical protection of SOM caused 
by the disruption of aggregates, thus creating a pool of nutrients to be exploited and, (ii) 
a physiological effect where compatible solutes produced by microorganisms and 
accumulated in cells to maintain the balance of osmotic pressure under drought 
conditions will be disposed of through the rupture of cell membranes. Again, this 
provides a food source for soil microbes and fauna. These effects are likely to be 
variable between land-cover types. However, despite this pulse being produced on 
rewetting, studies have suggested that the amounts of GHG’s being released may 
decrease overall because of the impacts of drought over its period. Jin et al. (2023) 
carried out a meta-analysis and found (i) drying-rewetting cycles decreased CO2 
emissions by an average of 9.7% and did not affect emissions and uptake of soil CH4 
and N2O; (ii) the impacts of drought and rewetting were different between ecosystem 
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types. They suggested that the impacts of drying-rewetting was positively regulated by 
organic C and N concentrations, pH, clay concentration, and soil depth for CO2 
emissions, and negatively controlled by C:N ratio and silt concentration. For N2O 
emissions, negative controls were C:N ratios, silt concentrations and soil depth. Overall 
results suggested that CO2 emissions were significantly decreased by drying and 
wetting cycles while the fluxes of CH4 and N2O were not affected. Results, especially for 
CO2 suggest that the pulse created on re-wetting could not compensate for the 
deficiency of CO2 emissions during the drought period, and that the substrate created on 
re-wetting is quickly utilised. 

The temperature response of soil CO2 emissions was largely unaltered with 
(experimental) warming across most ecosystems (Carey et al. 2016). This follows the 
normal temperature sensitivity of soil processes where, on average, with every 10oC 
increase in temperature, soil respiration increases 2.6-3.3 times (Bond-Lamberty & 
Thomson 2010, García-Palacios et al. 2021). Temperature-induced increases in soil 
CO2 emissions requires soil activity (plants and roots) as well as available C. Available 
C will partly derive from plant root exudates, but also from increased mineralisation of 
SOM, and thus, the reduction of the soil C pool (García-Palacios et al. 2021). The 
highest loss of soil C with warming is observed from high-C soils (Crowther et al. 2016). 

3.3.2. Impacts on wetland soils 

The drying out of wetland (organo-mineral, peat) soils caused by extended dry periods 
and drought may lead to potential changes in soil chemistry and their vulnerability 
(Stirling et al. 2020). A key mechanism when wetland and peatland soils dry, is to allow 
ingress of oxygen into the soil profile, producing an increase in the oxidation of organic 
matter and reduced inorganic species, particularly sulphides. Drying of many wetland 
soils often results in cracking which aids the ingress of O2 to greater depths, enhancing 
the changes to biogeochemical cycles (Estop-Aragonés et al. 2012). Oxidation of 
sulphides can cause soil acidification and metal mobilization which may impact surface 
water quality. Increased oxygen can also impact GHG production, with decreases in the 
production of CH4 through oxygenation, although the degassing of the profile may 
increase emissions (Estop-Aragonés et al. 2016). Increases in the production in N2O 
may also occur through increased O2 availability and an increase in nitrate caused due 
to ammonium oxidation (nitrification) (Chen et al. 2012). Leaching of this nitrate into 
reduced zones can lead to increased N2O production. Drought typically increases CO2 
production in previously wet soils due to increased decomposition of OM under aerobic 
conditions. Increasing wetland soil temperature during drought, while soils maintain 
moisture and substrate availability can also increase OM decomposition due to 
decreased effort being required to reach activation energy for chemical reactions (Moinet 
et al. 2018). There are as ever differences produced in different organo-mineral soils and 
peat soils because of their properties (Stirling et al. 2020). Hughes et al. (1997) 
investigated summer drought in a small area of flush wetland in a three-year experiment 
in Wales which included summer drought / rewetting cycles. They found drought impacts 
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on peat-water chemistry included; (i) a decrease in the summer peaks of DOC and Fe 
concentrations in soil solution and (ii) a decrease in acidity and (iii) an increase in the 
natural autumn-summer peaks in sulphate and acidity concentrations in the peat water. 
Similar, increases in sulphate concentrations were later found after a natural drought. 
The increase in sulphate is considered due to the oxidation of reduced S compounds in 
the peat. This has implications for contaminated wetland and peat soils in old mining 
areas of the UK as the decrease in pH due to sulphide oxidation could mobilise many 
metals (e.g. Cd, Pb, Zn). 

 

4. What happens to soils and hydrological 
processes as catchments re-wet 
The key process involved in the rewetting of soils is that of infiltration. If infiltration 
exceeds precipitation, it is likely that runoff and erosion will be low. Infiltration rates may 
be influenced by the changes in soil structural and biological properties and processes 
described in Section 3. This section firstly examines the abiotic and biotic factors that 
may influence individual soil profiles types and then secondly, these impacts are 
examined in the context of how they may impact catchment response. 

4.1. Impacts on soil infiltration upon rewetting 
4.1.1. Abiotic factors influencing infiltration 

In Section 2.3 the process of infiltration is described. A key theoretical point is that dry 
soils should have the greatest potential for infiltration. However, as has been 
demonstrated, many soil processes associated with drought and rewetting may influence 
the infiltration process, making predictions of the rate of wetting more difficult. Thus, 
even, when the precipitation rate does not exceed the infiltration capacity, soils will wet, 
but not necessarily as might be predicted from laboratory measurements. A key element 
of soil hydrology is the ability to predict the time to ponding and when run-off may start. 
Infiltration in the field and its steady state hydraulic conductivity (K) can vary substantially 
from the ideal steady state infiltration rate represented by the saturated hydraulic 
conductivity (Ks) determined from laboratory measurements. The following are some of 
the key factors that are likely to alter the ideal steady state infiltration rate and so impact 
wetting when drought terminates: 

Storm structure: As discussed, intense storms may generate rainfall that exceeds 
infiltration capacity. However, if the infiltration capacity has not exceeded the temporal 
variability of the intensity within, the same rainfall event can induce drainage and 
redistribution to occur simultaneously in the same soil profile (Assouline, 2013). As a 
result, hysteresis in the relationship between suction and water content can affect the 
infiltration process. 
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Air entrapment: When water infiltrates into soils it rarely fully wets the soil. Air becomes 
entrapped in the soil and reduces the steady state infiltration rate as a result. 
Measurements of steady state infiltration rates in the field compared to those produced 
for saturated hydraulic conductivity in the laboratory are typically one half to two thirds in 
magnitude (Figure 4; Field bounds reality) (Miyazaki, 2005). The soil water content that 
the soil saturates at with air entrapment, which is lower than the true saturated soil water 
content, is often called the satiated water content. This satiated water content is often 
~5% lower than the true saturated value. 

Frost and thermal effects: If the soil experiences freezing conditions ice crystals can 
form in the soil and have the same impact as entrapped air, reducing the pore space 
available for infiltrating water and hence reduce the hydraulic conductivity. This will only 
be an issue early in the year when freezing conditions follow winter or spring drought. 
However, thermal effects more widely, can alter the hydraulic properties by changing the 
surface tension and viscosity of liquid, or by altering the soil structure due to thermal 
expansion of minerals. The former is considered the main influence and differences are 
likely to be less than an order of magnitude (Gao and Shao, 2015). 

Soil structure and sealed layers: Dry conditions may reduce the cohesion between soil 
particles, making them more vulnerable to being wind-blown, and potentially settling and 
clogging pores upon re-deposition. This essentially results in the special case of a 
layered soil profile termed ‘capped’ or ‘sealed’. A sealed layer may occur with aggregate 
breakdown, lack of grain cohesion, hard setting or the destructive action of raindrop 
impacts on the soil. The seal forms a layer that impedes water flow and hence reduces 
infiltration (Römkens et al., 1986a, 1986b). Conversely, recent research has shown that 
slowly permeable layers resulting in perched water tables may be cracked and breached 
under drought conditions, resulting in dewatering (Robinson et al., 2016). This 
mechanism was proposed to have induced an alternative soil moisture state where 
infiltration was increased to such an extent that the soils didn’t fully rewet in the winter. 

Soil mineralogy and grains: If a soil has a high clay content there is potential for 
swelling following rapid wetting. As described previously (Section 3.1.1), drought may 
open up macropores through cracking, but rapid rewetting may close them again 
reducing porosity and infiltration (Giraldez and Sposito, 1985). The thermal expansion of 
grains may also alter the pore structure as previously mentioned. 

Soil solution: Capillarity and the sorption of water into soils depends on the adhesion 
between water and surface and is described by the contact angle between the water and 
surface. The electrolyte concentration, especially in the presence of sodium can exert a 
strong influence on the contact angle and hence the capillarity. (Assouline and Narkis, 
2011). Following drought, the soil solution may be much more concentrated, moreover, 
low electrolyte concentration rainfall can have a devastating effect on soil structure in 
saline soils, casing structural collapse. There are few saline soils in Britain, but areas 
around the coast may be more susceptible. 
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Wetting front instability: This can occur for a variety of reasons which may be 
structural, or physico-chemical and impact the infiltration process (Raats, 1973; Philip, 
1975; Jury et al., 2003). 

Abiotic soil water repellency: Capillarity exerts sorption due to the adhesion between 
water and soil surfaces. Fully wettable surfaces have a contact angle of ~0o; as the 
contact angle increases so the soil becomes less wettable. Contact angles of 90o and 
above are characteristic of water repellency. At this point the soil surface acts in a similar 
manner to a gore-tex coat, where water beads up instead of being sorbed. Infiltration on 
hydrophobic soils is complex, such that hydrophobicity may reduce, or conversely 
increase, infiltration under different circumstances, as previously discussed. Much of the 
interest in water repellency focused on its occurrence after wildfire, and the coating of 
mineral grains by melted hydrophobic organic compounds. In general, infiltration 
decreases after wildfire (Doerr et al., 2009b), likely due to a combination of macropores 
in the soil being blocked by soot and the prevalence of hydrophobic soil surfaces. The 
biological sources of water repellency can lead to increased infiltration in the presence of 
macropores (Lebron et al., 2007), or reduced infiltration in their absence. 

Most of the mechanisms considered above lead to a reduction in infiltration following dry 
conditions, however, there are some notable exceptions which to date have limited 
evidence including the transition to an alternative soil moisture state (Robinson et al., 
2016) and enhanced infiltration due to soil water repellency (Lebron et al., 2007). 

4.1.2. Biotic factors influencing infiltration 

Biological factors also have the potential to impact and alter infiltration rates into soils. 
Robinson et al., (2019) proposed four primary pathways through which the biology alters 
infiltration rates, these are: 

Inputs of organic matter changing bulk density, porosity and/or pore size distribution 
(Franzluebbers, 2002; Jarvis et al., 2017; Rawls, Nemes, & Pachepsky, 2004; Yang et 
al., 2014; Robinson et al., 2021) 

Rooting structure and decreases in porosity through compression induced by new root 
growth, or macropore generation when roots decay (Bodner, Leitner, & Kaul, 2014; 
Fischer et al., 2015; Koestel & Schlüter, 2019) 

Biopore characteristics and abundance resulting from the activity of macrofauna, the 
“ecosystem engineers” (Berry, 2018; Spurgeon et al., 2013; Smettem, 1992) 

Microbial activity, especially in the rhizosphere, which impacts biofilms and 
hydrophobicity (Hallett, 2008). 

4.2. The importance of soil organic matter and rooting 
to infiltration 
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Plants provide the organic material that breaks down into SOM. Drought reduces the 
plant’s ability to produce organic matter, leading to a reduction in SOM levels over time. 
Persistent drought and reduced long-term plant productivity is likely to have the largest 
impacts. Changes in organic matter are important because there is a strong relationship 
between soil porosity and bulk density, or its reciprocal porosity (Robinson et al., 2021). 
The mechanical behaviour of plant roots is important as they move through and explore 
the soil volume in search of water and nutrients. As they do they break up the soil 
creating pores through root holes and fractures. Meta-analyses indicate the important 
contribution plants, particularly woody vegetation, makes to infiltration (Thompson, et al., 
2010; Basche and DeLonge, 2019, Robinson et al., 2022). Robinson et al (2022) 
comparing infiltration under different land uses on the same soil type found that 
infiltration rates were 2.2 x higher under woodland compared to cropland. Grasslands 
were more nuanced, with higher infiltration rates than cropland in general; but likely 
dependent on levels of compaction due to grazing. Native grasses appeared to have 
similar infiltration rates to woodland with rates dropping as grassland soils become more 
highly managed with grazing pressure increasing. Temporal studies with the impacts of 
drought on such systems are less common and represent an important knowledge gap. 
General shrinkage around plant roots may increase porosity for infiltration with drought, 
but conversely there might be less root exploration, especially through fine roots. 

4.3. Linking soil, geology and landcover to catchment 
response to re-wetting 
In the preceding sections the response of soils to drying and rewetting have been 
explored, particularly in response to the infiltration of precipitation. Thus, when 
examining catchment response, it is the spatial distribution of soil types and their 
physical, chemical, and biological interactions, along with their underlying geology which 
will combine with land cover to determine the underlying hydrological response to 
precipitation. In this section we consider the evidence of how the spatial distribution of 
soil types may influence catchment response to drought and rewetting and combine to 
define infiltration and run-off behaviour. 

In relation to catchment moisture transport, the combined behaviour of different soil 
types, along with their parent materials and the geology of catchments is ultimately 
expressed in the hydrographs of streams draining individual catchments. Typical end 
member behaviour catchments can be those which are primarily (i) base flow driven or 
(ii) demonstrate flashy response due to rapid overland runoff components. Catchments 
with high baseflow are often those with high proportions of limestone/chalk or sandstone 
geology and may typically act as groundwater aquifers. High runoff catchments are 
typically those where infiltration is slow due to a high proportion of clay soils, leading to 
greater overland flow. The importance of the spatial distribution of different soil types 
within catchments, is due to each acting as fundamental components in the hydrological 
and groundwater cycles. Thus, soils are often considered as hydro-pedological units 
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(Terzlaff et al. 2014). Within a typical catchment, some of these will act as recharge 
zones, discharge areas and areas of important dynamic storage change (Soulsby et al. 
2015; Blumstock et al. 2016). Geris et al. (2015) examined the hydro-pedological 
controls on catchment water storage during the very dry and warm summer of 2014 in 
Scotland. They found that storage changes in histosols were small (< 40 mm) whilst 
moorland (~100 mm) and forest (~200 mm) podzols showed much greater water storage 
losses. However, storage in soils were quickly replenished once the drought had 
terminated with forest soils taking the longest time (3-4 months). Their results also 
suggested that for long periods during the summer, large areas of catchment soils were 
disconnected from the river network, with run-off generated mainly from the histosols. 

These units are often used in groundwater and hydrological models where the spatial 
variability of soils within catchments is a key variable. In addition, soil moisture 
classification schemes such as HOST (Boorman et al. 1995) are used to describe water 
movement and are particularly useful within modelling approaches (Maŕechal & Holman, 
2005). In one study in Scotland, Soulsby et al (2021) examined the soil moisture 
response and impacts on groundwater and stream flow in relation to the 2018 summer 
drought. This was a drought which followed two previous dry winters that had failed to 
replenish the soil moisture and groundwater stores. Whilst summer precipitation was 
only 63% of the long-term average in 2018, they found soil moisture storage was only 
half of the summer average, with groundwater levels being ~50 cm lower. However, 
recovery of soil moisture and groundwater stores returned rapidly to the to normal winter 
levels during the autumn and winter of 2018. 

Whilst the soil parent material and geology of a catchment will influence the abiotic 
infiltration within the catchment, biological processes, particularly through catchment 
landcover will further influence the catchment hydrograph. Under normal weather 
conditions, landcover particularly the area of forest/wood, grassland and arable 
agriculture along with urban area (soil sealing) are key in determining the catchment 
storm hydrographs. Work on a small catchment in Germany, demonstrated that during a 
drought period (2018-2020), soil moisture recharge was much lower and occurred during 
a shorter time period in winter under forests compared to grassland (Kleine et al. 2020; 
Kleine et al. 2021). Soulsby et al. (2021) also suggest that drought induced soil and 
groundwater storage deficits may be enhanced by land-use policies such as 
reforestation. Whilst trees may reduce short-wave radiation from reaching the ground, 
they also increase so called ‘green water fluxes’ such as interception losses and 
transpiration, thereby reducing soil moisture storage. 

A final feature which is being increasingly investigated concerns the extent that shallow 
groundwater can buffer the soil moisture during drought (Zipper et al. 2015). Depending 
on soil texture and structure there is potential for shallow groundwater replenishment of 
soil moisture based on the upward pull of moisture through capillary action. This can 
help sustain vegetation growth. The evidence for this is demonstrated through 
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experiments that demonstrate ‘actual evapotranspiration’ exceeding ‘potential 
evapotranspiration’. This has been undertaken examining the lowering of the water table 
in dry ecosystems (Healy & Cook, 2002), modelling (Diouf et al. 2020) and lysimeter 
studies (Anapalli et al. 2016). Ultimately, for silt or sand-based soils, this upward pull of 
water through capilliarility will act as a soil moisture buffer, possibly reducing the impact 
of drought on soils. 

4.4. Influence of soil sealing and urbanisation on 
catchment drought response 
Whilst not a direct impact on soils, urbanisation and the sealing of soils have a major 
impact on the catchment hydrograph. However, the impacts of drought on soils above 
urban areas in catchments will combine with the rapid transport of water caused by 
surface sealing. A common image in UK summers is of urban flooding after heavy 
convective rainfall. 

4.5. Influence of soil management and agricultural 
practice on soil response to drought and infiltration 
The UK landscapes and its soils are highly managed. Thus, a major factor as to how 
soils and catchments will respond to drought and rewetting will result from potentially 
long-term land management practices. In recent years, one focus of soil research has 
been examining its resilience to perturbations, particularly those of cultivation and 
climate. Corstanje et al. (2015) defined soil resilience as resistance (degree of change) 
coupled with recovery (rate and extent of subsequent recovery) from a disturbance. 
Examining factors which contributed to physical (void ratio) and biological (respiration) 
function revealed soil taxonomic class, parent material and soil texture were dominant in 
producing resilience, whilst SOM and land use were ranked lower in the significant 
factors for 38 soil types from England and Wales. However, Griffiths et al. (2015) cited 
bulk density, water retention characteristics, soil C and bacterial community as key 
properties in soil resilience and Gregory et al. (2007) again cited SOM being of great 
importance, but also suggested that grassland soils with higher SOM may have greater 
resilience than arable soils. Thus, soils that are well managed, particularly for SOC are 
potentially more resilient to drought due to the influence of SOC on properties such as 
water retention and aggregate stability. In this respect, SOC may delay the impact of 
drought on soil function, but if the drought is prolonged the resilience may continue to 
fade. Droste et al. (2020) suggested that soil C insured crop production against 
increasing adverse weather due to climate change. 
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Figure 8: Impact of different agricultural management practices on infiltration 
rates of cropland soils (Reproduced from Basche and DeLonge (2019) under the 
CC BY 4.0 licence). 

Bearing this in mind, the land cover and the management of agricultural soils prior to 
drought will have an important impact on topsoil infiltration rates. This was demonstrated 
in a global meta-analysis by Basche and DeLonge, (2019), who examined a range of soil 
conservation practices on infiltration rates. Results presented in Figure 8 show their 
results with perennials and cover crops leading to the largest increases in infiltration. 
They also showed that the introduction of livestock tended to lead to lower values of 
infiltration, most likely due to compaction. A wide variety of management practices are 
considered to aid infiltration in soils. These include (i) the addition of organic matter to 
soils, (ii) controlled traffic systems to reduce soil disturbance and reducing equipment 
use when the soils are wet. (iii) limiting the number of times equipment is used on a field, 
(iv) subsoiling to break up compacted layers, (v) switching cultivation practice to min-till 
or zero-till, (vi) applying solid manure or other organic material, (vii) using rotations that 
include high-residue crops, such as corn (maize) and small grain, and perennial crops, 
such as grass and alfalfa, (viii) using cover crops and (ix) farm on the contour (NRCS, 
2011, September 19). However, the extent to which activities such as green manuring 
affect infiltration is not entirely understood. For example, the practice might lead to the 
development of water repellency in certain crops which may be exacerbated by drought. 
Potato fields in Suffolk were found to be strongly water repellent (Robinson, 1999), which 
anecdotally occurred following the ban on stubble burning. However, on certain soils, 
under certain green manures, conditions may be conducive to the generation of water 
repellency, but the extent remains to be determined. 
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4.6. Within drought management practices that 
influence infiltration 
A major concern relates to high intensity rainfall falling on hard or water repellent soils at 
the end of ‘agricultural drought’ causing runoff and erosion. In practice it is likely that 
agricultural practices, especially in arable systems, may reduce these effects. In many 
arable systems post-harvest management practice may reduce the area of soil exposed 
to runoff and erosion. Firstly, the chopping of straw post combine harvester will leave a 
mulch that will reduce raindrop impact intensity and secondly, post-harvest tillage to help 
germinate weed seeds before autumn planting is often carried out. This cultivation is 
likely to increase soil surface roughness thereby decreasing overland flow. Govers et al. 
(2000) demonstrated that soil surface roughness affects depression storage, water 
infiltration, overland flow velocity and overland flow organisation, and cultivations are 
likely to increase all these factors, thereby decreasing the rate of water movement 
overland and increasing infiltration, potentially decreasing flood and erosion. However, 
post-harvest cultivations may be considered less attractive until rain has fallen due to the 
hardness of soil increasing machinery wear and increasing fuel use. These practices on 
soils vulnerable to erosion or catchments where flooding may occur could be considered 
in drought years. 

4.7. Enhanced run-off and erosion 
Two of the key concerns to society of to how soils respond to the end of drought are (i) 
runoff leading to flooding and (ii) runoff causing soil erosion and the loss of the soil 
resource. These events were mentioned in the media as potentially occurring at the 
termination of the 2022 drought, particularly if intense precipitation fell onto hard soils 
and precipitation > infiltration. Beyond individual soil types susceptibility to drought, 
vegetation coverage is key to both these processes as it is primarily responsible for (i) 
reducing the impact of rainfall intensity on processes such as splash erosion and the 
destruction of soil aggregates, (ii) providing a means of reducing moisture reaching the 
soil surface by acting as a surface for evaporation and providing a physical barrier to 
encourage slower overland water movement and (iii) providing a root system that holds 
the soil together. 

Due to the great diversity of soils in the UK, erosion and run-off responses will be 
spatially different. Various published maps (e.g. Evans, 1990) show those soils most at 
risk of erosion, these being light sandy and silt based soils. These lighter soils are also 
likely to be more susceptible to low moisture levels that may have a greater negative 
impact on crop yield. In general, certain areas are known for their susceptibility to water 
erosion under current land use (Boardman, 2013) and these include: 

• The red sandstone soils of the East (Nottinghamshire) and West Midlands 
(Shropshire) and south Devon 
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• Chalklands of southern England because of large areas under winter cereals, 
large fields steep slopes and compaction along tramlines 

• Lower Greensand soils of Bedfordshire, West Sussex and the Isle of Wight. 
These are often cropped with potatoes, maize, vegetables and cereals 

• Silty and fine sandy soils in Somerset around Yeovil (Bridport Sands). 

In areas of the world where drought is more common and greater long-term datasets 
exist, the Universal Soil Loss Equation that combines information on soil texture, slope 
length and angle, vegetation and precipitation have been combined with vegetation 
health indexes to assess the potential of drought on erosion (Masroor et al. 2022). 
Results suggested a positive relationship between drought indices and soil erosion. In 
the UK, Fullen (1992) demonstrated the importance of vegetation cover in decreasing 
erosion in plot experiments on a sandy soil in Shropshire. Using a variety of slope angles 
and lengths, erosion reached 67.4 t ha-1 on bare soils, whilst being negligible on 
grassed soils with similar slope characteristics. A key concern regarding the end of 
agricultural drought is that it will occur with a high intensity rainfall event. Fullen & 
Harrison Reed (1986) demonstrated the impact of rainfall intensity on bare sandy soils in 
Shropshire. On raindrop compacted (capped) soils, erosion rates were found to be up to 
42.7 t ha-1 during individual storms and increased markedly with slope angle. Where 
slope exceeded 13°, erosion was largely in the form of rill erosion. Whereas prolonged 
duration, low intensity events were found to cause relatively small amounts of erosion, it 
was found that high intensity events where precipitation was > 10 mm hr-1 were the 
drivers for major erosion. The role of extreme drought and high intensity rainfall can be 
seen in the landscapes of places such as the Badlands in southern Spain (e.g. 
Ballesteros Cánovas et al., 2017). In these environments, prolonged drought has 
destroyed vegetation leading to landscapes dominated by deep gully erosion. However, 
UK agricultural droughts are unlikely to lead to this degree of vegetation destruction. 
Grassland will generally brown as demonstrated in satellite images often released to the 
media (Figure 1), but will leave root systems in place, offering some maintenance of the 
stability of the soil surface. Soils on which arable crops are grown prior to harvest will be 
protected by vegetation coverage and after harvest will likely maintain root systems until 
cultivation. Maize and root crops where bare soil exists in between rows and the risks of 
erosion occurring during normal growing seasons are appreciated (Vogel et al. 2016). 

There are numerous studies from around the world linking wind erosion in soils and 
drought. In many regions of the world this may be combined with over grazing and 
cropping leaving soil bare (e.g. Kairis et al. 2015). In England there was a history of wind 
erosion in the past, particularly with the removal of hedgerows in the post war years, but 
conservation measures have reduced these occurrences. In England, soils susceptible 
to wind erosion are found in East Yorkshire (Radley & Simms, 1967), Shropshire (Fullen, 
1985), Lincolnshire (Robinson, 1968), the East Midlands (Wilkinsion et al. (1968), and 
the East Anglian Fens (Pollard & Millar, (1968). Chappell & Warren (2003) undertook a 
quantitative study of wind erosion in England. They examined wind erosion flux in 
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eastern England using 137Cs and found net soil loss amounted to ~0.6 t ha a-1 with a 
range of -32.6 to +37.5 t ha a-1. 

Whilst silty and sandy soils may be at greatest risk of erosion, clay soils are likely to 
behave differently and with varying results. They are more likely to initially have higher 
soil moisture retention abilities, but upon severe drying may produce hard surfaces, 
enhancing run-off. Smectitic clay soils that are prone to cracking in dry periods may 
demonstrate rapid recharge of soil moisture after storm events, reducing the pressure on 
runoff and on potential soil erosion. However, because of poor drainage many clay soils, 
have had some form of under-field drainage installed. Combined with cracking these 
drainage systems can act as a very fast flow conduit to streams and rivers, thus 
increasing the flashiness of the storm hydrograph and potentially contributing to 
increased river flow. However, the greatest contribution to flooding after droughts is 
probably the degree of soil sealing within a catchment. Records of flooding after drought 
are usually more often associated with urban flooding as a result of intense rainfall. 
However, rapid runoff via the surface or via drainage systems will likely increase the 
pressure on flooding. 

 

5. Soil recovery after drought 
5.1. Drought termination 
The nature of the rainfall will often determine how soils respond. Intense, convectional 
storms (more typical of drought terminations during the summer half-year) may deliver 
rainfall at an intensity that leads to infiltration < excess thus promoting run-off and 
localised flooding, while steady frontal rain (more typical of drought terminations during 
the winter half-year) may slowly rewet the soil. In addition, after significant perturbation 
of the soil system is it likely that physical, biological and chemical recovery from drought 
will operate over a variety of timescales, and some parts of the system may reflect an 
altered state. 

5.2. Rewetting soils 
In the ideal case that rainfall infiltrates into soils the soils simply rewet. As indicated in 
Section 3, infiltration is not a straightforward process and multiple factors may alter 
behaviour from the expected norm. The speed of rewetting will impact soil processes 
and infiltration, especially in regard to the entrapment of air and time to ponding. For 
soils that may have altered structurally during drought, for example through shrink-swell 
processes, the cracking is unlikely to change back, but remain as structural weaknesses 
which will promote future cracking. It will also impact biological processes, unprotected 
cells subject to rapid rewetting may simply burst without time to adjust. This is why many 
soil organisms produce biofilms which can provide a protective environment. 
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Kaisermann et al. (2017) investigated the legacy effects of drought on bacterial and 
fungal communities. They describe how drought can have a lasting impact on below 
ground communities with consequences on plant-soil feedbacks and plant-plant 
interactions which may change soil functioning and plant community composition. 
However, these studies are in their infancy but demonstrate the more complex legacies 
of drought. These impacts are further complicated by the vast array of soil types and the 
specific climatic, environmental factors and management practices they are exposed to. 

 

5.3. Hydraulic contrast in layered soils 
Experimentation and long-term catchment observations (Hudson, 1988; Robinson et al., 
2016) provide evidence that under certain circumstances some soils do not simply rewet. 
Robinson et al. (2016) observed a phase change in soil moisture that may also 
constitute a shift to an alternative stable soil moisture state. This observation was made 
on peat topped soils over a slowly permeable mineral layer susceptible to cracking with 
the onset of drought, underlain by a permeable fractured bedrock. The mechanism 
proposed that the slowly permeable layer leads to an annual perched water table, 
enabling the formation of a peaty top-soil, commonly found in histosols, podzols and 
leptosols (WRB classification). If the mineral layer was thin enough, drought could crack 
the mineral layer allowing the perched water to drain. As a result, if the cracks do not 
seal in the winter, build-up of the perched water is prevented, and the soil settles to a 
new soil moisture state. This mechanism is feasible in any layered soil system as 
discussed below. 

Figure 9 shows a snapshot of modelled soil moisture distribution for a hydraulic contrast 
layered soil (A) both during a dry (drought) summer period with 0.1 mm of rain in the 
previous 2 weeks, and a wet period in the winter where the soil is saturated after 8.3 mm 
of rain fell in the previous 2 weeks. Two scenario’s are depicted, B) with changing B 
horizon thickness (L2) but constant hydraulic conductivity (K2) and C) with a constant B 
horizon thickness (L2) but changing hydraulic conductivity (K2). The scenarios describe 
a layered soil (peaty layer, over a slowly permeable mineral layer, over a freely draining 
layer). Figure 9 D, scenario B) illustrates the impact of water being impeded by the B 
horizon (L2), which increases as the layer gets thicker. As the layer becomes thicker the 
soil moisture levels are higher in the A horizon (L1) during wet periods; there’s little 
impact on the dry soil. The higher moisture content in the upper horizon (L1) would be 
sustained, as long as the hydraulic conductivity of L2 doesn’t suddenly increase, for 
example through macropore development via cracking or plant roots. Scenario C) is 
where the layer thickness is fixed, but the B horizon (L2) hydraulic conductivity alters. 
Again, the decreasing hydraulic conductivity of L2 causes a hydraulic bottle neck which 
impedes water flow. The water content in L1 increases as L2 decreases unless there is a 
dramatic change in the hydraulic conductivity of L2. As with scenario B this is most likely 
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to occur due to the generation of a macropore network developing, for example due to 
drought and cracking through soil shrinkage (Beven and Germann, 1982; Messing and 
Jarvis, 1990; Lin et al., 1998). Messing and Jarvis (1990) presented a power law function 
for their data showing that an order of magnitude increase in macro-porosity led to an 
increase in hydraulic conductivity of 3 orders of magnitude (~0.2 – 200 cm day-1) in their 
soils. The examples here indicate that about one order of magnitude difference between 
layer hydraulic conductivities is required to begin marked changes in the soil moisture 
frequency distribution in the field. As the hydraulic conductivity contrast increases 
between layers, the A horizon (L1) becomes much wetter. Any breach in the impeding 
layer with hydraulic contrasts >1 order of magnitude would be expected to cause a step 
change in the A horizon soil moisture storage due to the layer draining, resulting in an 
alternative stable soil moisture state in this soil layer. 

 

 
Figure 9: A) hydraulic-contrast layered soil with an A and C horizon with a high 
hydraulic conductivity (K1, 200cm/day), the B horizon (L2) has a low hydraulic 
conductivity (K2). B) The length of the B and C horizon can be altered while K2 is 
kept constant (10cm/day). C) The length of the B horizon is kept constant (5cm) 
but K2 is altered becoming less impermeable (K2 a-e, 200, 100, 10, 1 and 0.5 
cm/day). The effect this has on the soil moisture distribution is shown in D for 
case B and E for case C. The lines on the left are for a dry period and the lines on 
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the right for a wet period. Produced by David Robinson (UKCEH) for the purposes 
of the project 

The major unknown is the extent to which this phenomenon occurs. Long-term soil 
moisture measurements at the Plynlimon observatory over a number of drought periods 
indicate that this happens and is dependent on the soil type and the vegetation (Hudson, 
1988); the role of the vegetation may be important with woody plants putting roots 
deeper into the soil during drought to find water and causing breaches to a previously 
impermeable soil layer. Perched water tables in soils are not uncommon and 
impermeable layers can form through natural processes or management practices such 
as the formation of plough pans or compacted layers. 

 

6. Key questions and unknowns 
This essay has demonstrated that considerable information is available regarding the 
effects of drying on soils. However, this information is often gained from experiments 
based on how wetting and drying cycles impact soil properties or from climate 
manipulation experiments. Evidently, due to the relatively low frequency of droughts in 
the UK, much of this information does not result from studies specifically undertaken to 
examine responses in soils to more severe periods of drought. Whilst a couple of long-
term monitoring experiments of soil moisture have run when periods of drought and re-
wetting occurred, thus providing evidence of the recovery of soils, these experiments are 
rare and this means that relatively little is known about how soils respond and recover 
from extended drought periods. This contrasts to groundwater and surface water 
responses to drought which are captured across the country because of the long-term 
monitoring programs required to understand flooding and the planning of ground water 
resources. A fundamental requirement to understand the impact and recovery from 
drought in soil systems is that data is required prior, during and after drought. As UK 
droughts are unpredictable it is therefore harder to establish meaningful experiments. 
Thus, a number of questions remain to be answered with specific regard to extended 
periods of heat and dry soil, for both individual soil types and how these may contribute 
to catchment responses as drought terminates. These include: 

1. Increasingly, minimum till and zero till practices are used on arable land, as these 
practices have the potential for increasing SOM content and decreasing fuel use. 
These practices may change soil properties linked to infiltration such as consolidation 
and roughness (Bauer et al. 2015). It has also been found that increases in 
preferential flow may occur under min/zero till systems through the development of 
macro-faunal pathways creating greater connectivity for drainage (Galdos et al. 
2019). Key questions are: 
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a. Do modern tillage techniques such as min/zero till increase runoff 
compared to traditional soil management after dry periods? 

b. Intensively cropped grassland, especially fields used for silage production 
and where controlled traffic management isn’t used can result in soil 
compaction which will decrease infiltration rates and increase overland 
flow. How important is this to runoff and infiltration within catchment 
response? 

2. Generally, little is known about soil water repellency (SWR) across the UK soils. 
Therefore, greater information is required regarding: 

a. The spatial extent of SWR, where is it greatest and how much and at what 
rate does it change during extended periods of drought? 

b. The extent to which SWR impacts infiltration following drought and whether 
this has an overall effect on the catchment response? 

3. Soils which demonstrate hydraulic contrasts within their profiles are of interest as 
infiltration processes may be fundamentally changed after drought. Thus, questions 
that need to be addressed include: 

a. How widespread are hydraulic contrast soils and which soils are most 
susceptible to changing infiltration function through drought; is this a 
problem or not? 

b. How does drought affect hydraulic contrast soils and soil moisture 
movement in the soil profile, is it important? 

c. What are the ecological consequences of drought on hydraulic contrast 
soils? 

4.  Recent work has started to understand how shallow water tables may buffer soil 
moisture (e.g. Zipper et al. 2015), in terms of crop production and the potential 
buffering of soil moisture to root systems during dry periods: 

a. What is the extent, and in which soils may shallow groundwater help buffer 
soil moisture for crops, and how long may this process endure in periods of 
drought? 

b. How do shallow water tables recover after drought periods in different soil 
types and with human interventions such as under field drainage systems 

5. With increasing importance being aimed at maintaining and increasing organic C 
storage in soils, the impacts of drought on C dynamics needs to have greater 
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understanding. This essay has shown how drought may impact soil aggregates which 
often act to protect SOC. Key questions would include: 

a. How vulnerable are soil C stores to drought, especially in organo-mineral 
soils with limited water reserves? 

b. What is the impact of rewetting on the magnitude of GHG production in 
different soil types after drought termination? 

c. What is the impact of drought on surface water quality with respect to DOC 
loss after drought termination? 

6. Soil bacterial and fungal communities, and soil fauna have been shown to be 
susceptible to drought. This often impacts soil C and nutrient recycling but also their 
role in in maintaining soil structure and hence infiltration. Thus, further work is 
required to understand: 

a. Whether tipping points exist where soil biological functions do not recover 
after drought or drying-rewetting? What is the impact on soil function of a 
new soil state / function? 

b. Do soil biological components recover ecosystem function after a 
combination of drought-rewetting-disturbance (e.g. fire/flood/pests) and 
what are the reasons for this resilience to another environmental stressor? 

c. Will an increased frequency of ‘agricultural droughts’ expose subsoils to 
drought more frequently? If so, we need to understand the biological 
adaptation of subsoils to droughts, and the potential consequences for 
SOC and nutrient mineralisation. In addition, what is the potential for 
nutrient ‘priming’ SOC and will this ultimately impact soil structure. 

7. With ongoing climate change, it is not just drought which can provide severe 
perturbations to the soil system. Increasingly, extreme weather occurrences happen 
in quicker succession. This means that soils may be subject to further extreme 
weather events, before fully recovering from previous perturbations, experiencing 
multiple stressors in quick succession. Key questions are: 

a. What impact will multiple stressors (e.g. flood, drought, temperature 
extremes both high and low) have on the function of soils? 

b. Where will multiple stresses most likely occur in the UK? 

c. How will more frequent floods or droughts impact soil structure and 
function? 
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d. Which soils are most resilient to drought and multiple stressors, why, and 
how may we increase soil resilience? 

8. An area of increasing interest is the role and feedbacks between soils, vegetation and 
atmosphere and how these may influence the intensity of droughts and heatwaves. 
This research is in its infancy, but a key question would be: 

a. How strong is the link between soil moisture, drought and the persistence 
and magnitude of heatwaves across UK? 

9. Soils are an integral component of aquifer dynamics, being the initial receptor for 
precipitation. As discussed in this essay changes in the physical structure of soils 
may occur during droughts and, particularly in the case of shrink-swell processes 
soils, these can extend to ~3 m. Thus, a key question would be: 

a. What role does drought have on aquifer recharge, and is recharge slower 
or faster after drought and what role do soils and land-cover play? 

10. The recovery of soil functions with the termination of drought has been studied across 
ecosystems and for different components of the soil system (see above e.g. bacteria, 
fungi, C, nutrients). Different intensities of drought have been experimentally imposed 
to ecosystems and soil types for decadal periods (e.g. Robinson et al. 2016, Seaton 
et al. 2022, Sayer et al. 2017). However, these experiments are not commonly used 
to test the effect of additional disturbances (e.g. wildfire) on soil function recovery. 
From geographical regions where wildfires are common (e.g. southern Europe), the 
combination of drought x fire showed effects on soil chemistry and soil biology 
(Hinojosa et al. 2019). In addition, forest windthrows (or felling of mature forests for 
timber production) and pest outbreaks are relevant examples where recovery of soils 
may fail when paired with (severe) droughts and there is a knowledge gap that exists 
around these issues. 

11. Research on microbial community responses to peatland re-wetting (after drainage) 
suggests some recovery of soil function after long-term drought events. Emsens et al. 
(2020) observed that microbial communities in 13 fens recovered with rewetting, but 
only if the SOM content was above 72% of the initial content. This finding suggests 
that soil biological functions can recover if the physical and chemical environment is 
still favourable. Further, Gao et al. (2020) performed a meta-analysis on the effects of 
wetting and drying cycles on soil C and phosphorus. The data showed that the soil 
microbial communities recovered from drought after re-wetting across soil and land-
use types. Drying and rewetting was found to have different effects on the magnitude 
of components in the soil N and P cycle, potentially slowly changing the chemical 
environment for soil biota. Once a better understanding of future drying and rewetting 
cycles, their frequency and magnitude is gained, research should be targeted to 
explore how soil biological components respond to these new pressures given a 
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change in the soil physical and chemical environment. This knowledge is required 
across a range of soil types vs. land uses. 

12. Knowledge is required on how different drought-exposed soil ecosystems (and on 
different soil types) recover after a major perturbation such as fire or flooding. Will the 
previous ecosystems and their functions return to their pre-disturbance state, or will a 
new ecosystem establish? What consequences will a change in ecosystem structure 
and functioning have in terms of soil resources (C and nutrients) in an agricultural 
context as well as from a financial perspective? 

 

7. How to improve understanding 
In Section 6 it was noted that one of the main issues with assessing the impact of 
drought on soils was their infrequency and the difficulty in setting up experiments when 
there is little knowledge when droughts may occur. In this section we offer routes 
through which greater understanding could be gained. 

How does drought impact the behaviour of HOST soil drainage classes? 

A relatively straightforward desk study approach would be to revisit the HOST classes 
and assess how they may respond to drought with reference to infiltration processes. 
Classes may need to be broken down further, dependent on soil parent material, 
considering clay mineralogy and land cover, to further refine the interactions described in 
this essay such as SWR and shrink swell. 

Monitoring and long-term infrastructure 

The impacts of drought could be further understood using long-term experiments. These 
provide the before and after allowing the magnitude and recovery of drought impacts to 
be analysed. Recently, work has been undertaken for the Welsh Governments using 
high resolution aerial photography to assess soil erosion and disturbance (Tye et al. 
2022). Using high temporal resolution aerial photography, such as provided by Sentinel-
2 or Planet Lab satellites, information could be obtained on erosion deposition fans and 
the area of bare soil that droughts may create. This analysis could be followed up walk 
over surveys to assess the extent of processes such as rill erosion after drought 
termination. The UKCEH – COSMOS network soil moisture network is able to 
understand the 0-15 cm soil moisture response, but this does not cover deeper soil 
where soil moisture storage occurs. As part of the NERC-BBSRC funded ASSIST 
program data, data on soil moisture and shallow groundwater interactions on a clay soil 
in southern England has been gathered for the 2022 drought. In addition UKRI has 
invested £38 million in Flood Defence Research Infrastructure (FDRI) and this should 
provide greater information on catchment response to droughts and floods. 
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New technologies 

Satellite technologies now exist such as satellite interferometry (e.g. DInSAR – 
differential interferometric synthetic aperture radar), using the Sentinel 2 network, that 
are being assessed to monitor land movement changes (e.g. peat shrinkage), vegetation 
changes (vegetation dying and over grazing) and soil moisture. Soulsby et al. (2012) 
suggest that a greater focus should be made on understanding soil moisture deficits and 
this could be achieved through the wider use of cosmic ray neutron sensors and hydro-
geophysics such as the BGS PRIME 4D electrical resistivity tomography system used for 
monitoring sub-surface moisture in soils and infrastructure (Holmes et al. 2022). 
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I: Review of the state of research on drought 
– Agricultural impacts 
Ian P. Holman, Centre for Water, Environment and Development, Cranfield University 

Overview 
About the review 

The variability in the UK’s climate, topography and soils leads to multiple different 
outdoor and protected farming systems and large regional differences in their 
distribution.  Agriculture is often cited as one of the most drought-sensitive sectors, with 
productivity and financial impacts developing over multiple time-scales and which can 
persist, materialise or be realised long after rain has returned and the drought has been 
considered to have ended.  Because of these lags between the drought and some of the 
adverse consequences for farms and businesses, drought impacts may be ignored, or 
forgotten, in society and government. 

What is covered: This review synthesises the state-of-the-art understanding of how 
agriculture and horticulture is affected by, and responds to, drought, sub-dividing the 
industry into (1) rainfed arable and livestock farming, (2) protected cropping and (3) 
outdoor irrigated cropping sub-sectors.   

What is not covered: This review does not consider indoor livestock and poultry 

Key findings 

• Agricultural and horticultural sub-sectors are variably sensitive to 
meteorological, soil moisture, hydrological and (to a lesser extent) socio-
economic drought.   

• Drought impacts manifest in many different ways over a range of timescales, 
including through changes in productivity, quality, livestock welfare, business 
profitability and farmer wellbeing.  Due to the resulting spatial complexity, 
there remains a poor granular understanding of drought impacts and the 
barriers and enablers of pro-active and reactive drought responses. 

• The highly competitive financial environments facing most farmers leads to 
farm business decision-making strategies that increase the economic 
efficiency of production to the detriment of system redundancy, diversity and 
resilience to drought. 

• Increasing drought resilience carries costs which do not deliver financial 
benefits in most years.   
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Recommendations 

• Evaluating drought sensitivity and impacts across agriculture requires 
improved data.   

• Better understanding of barriers and enablers for improving drought resilience 
is required, especially within irrigated production systems; 

• The minimum lead time and forecast reliability that are required from drought 
monitoring and early warning systems to provide the business confidence to 
implement pro-active drought responses need to be determined; 

• Future trends in the drivers affecting agriculture and agricultural water demand 
need to be better characterised through co-development with food supply 
chain actors.  In particular, understanding the conditions in which investment 
in irrigation in currently rainfed livestock and arable farms becomes profitable, 
and the potential for future regional migration of UK irrigated production. 
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1. Introduction 
Agriculture, as measured by the Utilised Agricultural Area (UAA), covers 71% or 17.2 
million hectares of the UK, with 6.1 million hectares being croppable (Defra, 2021) and 
99% being rainfed (Hess et al., 2020).  The variability in the UK’s climate, topography 
and soils leads to multiple different outdoor and protected farming systems and large 
regional differences in their distribution (Table 1).  The South west and North West have 
62% of the dairy industry which relies heavily on good grassland production for forage.   
The East of England contributes 30% of field vegetables, 35% of the potatoes, 62% of 
sugar beet and 28% wheat, 23% barley and 24% of the OSR.   Whereas the South East 
contributes 43% of both top and small fruits.   

Table 1.  Regional percentage areas of key agricultural enterprises in England in 
2021 (Adapted from Defra, 2022)  
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North East 2 1 0 0 0 0 0 4 5 6 1 8 13 3 

North West  5 6 14 3 1 1 1 2 5 1 26 13 20 2 

Yorkshire & 
Humber 18 19 13 3 8 0 1 14 16 16 7 12 14 38 

East 
Midlands 26 15 9 26 24 2 4 20 16 19 6 11 8 9 

West 
Midlands 7 15 12 8 2 30 21 10 7 11 14 13 14 5 

Eastern 30 33 22 17 64 7 14 28 24 25 1 5 2 30 

South East 6 3 25 11 0 44 50 13 13 14 5 9 8 5 

South West 7 7 5 30 1 16 9 9 15 9 39 30 20 8 
Notes: HNS Hardy nursery stock, Pots potatoes, OSR Oilseed rape) 

Agriculture is often cited as one of the most drought-sensitive sectors, with the term 
“agricultural drought” describing low soil moisture content often used synonymously to 
mean “drought affecting agriculture”.  From a drought perspective, different farming 
systems have large differences in their sensitivity to the different types of drought (Table 
2). 
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Drought impacts on agriculture develop over multiple time-scales and may persist long 
after rain has returned and the drought has been considered to have ended. These 
delayed impacts range from reduced crop yields and/or quality at harvest; shortages of 
stored fodder and bedding in the following winter; difficulty in filling on-farm reservoirs 
affecting irrigation supply in the following growing season; to reduced livestock fertility 
affecting births in the following year; to economic impacts on business profitability and 
viability (Figure 1).  Because of these lags between the drought and some of the adverse 
consequences for farms and businesses, drought impacts may be ignored, or forgotten, 
in the wider community. 

 
Figure 1. Negative (red) and positive (green) drought impacts reported in Farmers 
Weekly and Farmers Guardian trade magazines in 2018 

Table 2. Sensitivity of farm types to different types of drought and water scarcity 
(adapted from Holman et al., 2019) 

Farm type Sensitive to: 

Meteorological 
drought 

Agricultural 
drought 

Hydrological 
drought 

Socio-
economic 
drought 

Outdoor 
livestock 

  (lack of feed 
/ fodder; 

 (where reliant on 
springs and 

 (fodder 
supply) 
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increased 
costs) 

streams for stock 
watering; 
abstractions for 
washing, cooling 
etc; and drainage 
ditches for wet 
fences) 

Arable 
(rainfed) 

    

Arable and 
horticulture 
(irrigated) 

  (if licenced 
volume is 
insufficient) 

 (due to 
restrictions on 
direct abstraction, 
but can be reduced 
by on-farm 
reservoirs) 

 (irrigation 
equipment) 

Protected 
cropping 

 (where 
rainwater 
harvesting is 
employed) 

  (where reliant on 
direct abstraction or 
mains water, 
although certain 
exemptions exist) 

 

Indoor 
livestock 
and poultry 

 (but may be 
sensitive to 
high 
temperatures) 

 (lack of 
fodder/bedding; 
increased 
costs) 

 (as animal 
welfare 
considerations 
likely to prevent 
restrictions) 

 

 

2. Review of drought impacts and adaptation 
in rainfed UK arable and livestock farming 
Arable and livestock systems that rely on rainfall are the two dominant farming systems 
in the UK, but the UK’s climate mean that they tend to be the most extensive farming 
types in the south / east and west/north of England, respectively.   

There are much fewer drought studies related to livestock systems in the UK compared 
to crop-based systems, despite international understanding of the impacts of high 
temperatures and drought on grass yield and quality [e.g. Sheaffer et al., 1992]; animal 
productivity (quality and quantity of meat, milk, wool, etc.) and livestock fertility, 
particularly cows [e.g. De Rensis an Scaramuzzi, 2003; Alves et al., 2013]. 

2.1. Meteorological drought 
Wreford and Topp (2020) suggested that rainwater harvesting and storage, which is 
sensitive to meteorological drought, may be used in some livestock farms but there were 
no cited studies. 
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2.2. Agricultural (soil moisture) drought impacts 
All rain-fed agricultural systems in the UK are sensitive to the impacts of soil moisture 
drought as there is little opportunity for reactive adaptation (Rial-Lovera et al. 2018).  
However, the impacts on productivity (yield and quality: Keay et al., 2014; Knox et al., 
2010) differ between drought events (due to severity and timing), between individual 
crops (including fodder crops) and between crop and grass varieties.   

Wheat is less sensitive to drought than barley but has greater sensitivity that rye and 
triticale (Cho et al., 2012).  Between about 25% (Foulkes et al. 2001) to 30% (Foulkes et 
al., 2007) of wheat in the UK is grown on shallow or sandy soils which are easily 
droughted.  Yield losses from drought can range between 2 – 4.5t/ha (Foulkes et al., 
2007), with modelled historic yield losses for var. Claire near Cambridge due to key 
drought events ranging from 15% in 1943 to 29% in 1976 and 38% in 1921 (Clarke et al., 
2021).  The importance of cultivar and drought timing was shown in a lysimeter study by 
Dickin and Wright (2008), who found that yields were reduced by drought from growth 
stage (GS) 61 by 17% (var. Xi-19) to 24% (var. Deben), whilst drought from GS 45 
reduced yields from var. Claire by 53%. 

Within crops, genetic improvements due to crop breeding and change in agronomy also 
makes estimating yield loss to drought problematic when separating natural variability 
from drought response (MacKay et al. 2011; Talbot 1984).  Mechler et al., (2010) 
suggested that decreasing deviations from a 5-year moving average of yield during 
drought years in oilseed rape, unlike barley, was evidence of adaptation but may have 
reflected the most severe (1976) drought being at the beginning of the time series. 

Notwithstanding impacts on yield, food crops have minimum standards that are required 
for their end market and drought during key growth phases may adversely affect the 
quality (OECD, 2023, NABIM, 2023) and thus price.  However, there are few studies that 
assess drought impacts on crop quality (e.g. Rey et al., 2016).    

The majority of studies looking at drought impacts in UK outdoor livestock systems have 
assessed the impacts of a soil moisture drought on fodder and forage crops.  Perennial 
ryegrass (Lolium perenne L.) is the most important grass species in Britain, being a 
major constituent of both permanent and temporary grassland but is drought sensitive 
(Lambert et al., 2020). Grass growth during the 1976 drought was negligible in the south 
of England with many areas completely desiccated and animals needing supplementary 
feeding (Roy et al. (1978).  Lee et al. (2019) found that drought caused a reduction in 
productivity in perennial ryegrass, but there was substantial variation between varieties 
(up to 82%), with the optimal variety changing depending on drought severity.  Grass 
yields in dry years can be increased through inclusion of other grasses (Lambert et al., 
2020) and legumes (Kuchenmesiter et al., 2013). Forage maize (Zea Mays L.) is an 
increasingly important fodder crop for intensive production systems, which requires 300-
400mm from May to October in Southern England (Bunting, 1978) and is suggested to 
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have medium-high sensitivity to drought (Brouwer & Heibloem, 1986) but good response 
to irrigation (Klocke et al. 2007; 2014).   

Agricultural practices can increase the drought sensitivity of grassland, with reductions in 
soil water retention in improved grassland compared to neighbouring semi-natural 
grassland being ascribed to soil compaction (Wallace and Chappell 2020), which is 
common in some grassland systems (Palmer and Smith, 2013).  Irrigation is currently 
not commonly used in grassland systems in the UK to reduce drought sensitivity 
(Wreford and Topp 2019), but the impacts of drought on permanent pasture in Wallace 
and Chappell (2020) were offset by the addition of moisture from summer slurry 
applications which enabled continued sward growth and reduced sward damage.  

There are very few studies that look at the indirect impacts of drought on livestock and 
meat and milk production.  Salmoral et al. (2020), combining analysis of UK national 
farmers magazines and farmer interviews in Derbyshire, showed that the reported 
impacts of drought were overwhelmingly negative and spanned pasture growth and 
yields, feed and bedding availability, animal growth and welfare, milk production, 
financial performance and farmer wellbeing.   

Wreford and Adger (2010) analysed the deviation from the five-year moving average 
around historic drought years in UK cattle, sheep, pig and poultry production, and 
showed that sheep and cattle production tended to both increase and decrease whilst 
pig and poultry production mostly decreased.  However, they recognised that their 
method could not absolutely separate the effects of drought, policy changes and farmer 
responses.  Mechler et al., (2010) similarly found livestock production to have a varying 
response to drought/heat wave years over time and that it is difficult to unpick the effects 
of weather on livestock production from policy or other shocks. Similarly, in their study of 
heat stress impacts on milk yields, Dunn et al. (2014) concluded that their observed 
changes could be the combined effects of reduced pasture quality due to drought 
associated with the hot weather and heat stress in the animals. 

2.3. Hydrological drought impacts 
Livestock farms require access to reliable supplies of water as animals need a regular 
daily water supply to regulate body temperature and maintain organ functions (Ward & 
McHague, 2007).  Drinking water for livestock is the largest agricultural use of water 
accounting for 41% of total use or 75 million m3, with a further 13 million m3 used for 
washing down (Defra 2011).  Consequently, they can be highly reliant on private 
boreholes and small water sources such as drainage channels, streams and springs to 
provide drinking water for cattle and sheep (Salmoral et al., 2020; Hess et al., 2018) and 
to form ‘wet fences’ to control livestock movement (Holman et al., 2019).  The proportion 
of farms abstracting water from surface water for immediate use is significantly higher in 
DA (about 53%) and SDA (about 69%) farms compared to non-LFA farms (about 25%) 
(Defra 2017), although no volumes were recorded.  Consequently, LFA grazing livestock 
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farms used the lowest percentage of mains water of all farms types (Defra 2017).  Given 
that between 25-39% of sheep, beef cows and other cattle have access to watercourses 
(Defra, 2011), the drying up of such small water sources during droughts can lead to 
significant costs and effort in order to provide livestock with vital alternative water 
supplies. Riley et al. (2018) consider that the high connectivity of small water bodies with 
their surrounding environment makes them particularly vulnerable to having highly 
modified discharge as a consequences of agricultural and forestry drainage, with 
implications for flood and drought control further downstream but make no mention of the 
associated hydrological drought risk to livestock agriculture.  Consequently, the financial 
implications of the short-term failure of small water supplies during hydrological drought, 
particularly in upland areas which could lead to a reduction in herd size through 
slaughter or sale of stock (Hess et al., 2018), are unknown. 

2.4. Drought responses 
Research in the UK has shown similarities in reported drought responses within outdoor 
livestock farming at national and local scales that are largely reactive, crisis-driven and 
contribute to the hidden personal burden of extreme events on farmers (Salmoral et al., 
2020).  The main farm-level coping strategies reported from the 2018 drought were: (1) 
management of available grazing and feed; (2) selling livestock to reduce feed demands 
and improve cash flow and (3) purchase of additional feed (Salmoral et al., 2020).  
Additional short-term measures included Government derogations or temporary 
prescription adjustments (TPA) to relax certain regulations on farming activity; and 
private sector actions including flexible loan agreements from financial institutions; and 
modifications to retailers’ and processors’ contractual terms and specifications of 
livestock products (Salmoral et al., 2020).  Feed purchases in 2018 were affected by 
socio-economic drought impacts as fodder import subsidies in the Republic of Ireland 
increased competition for domestic feed (Byrne, 2018). 

Wreford and Adger (2019) identify many longer-term adaptation options to variable 
precipitation and water availability for the livestock sector.  For example, drought impacts 
may be reduced by introducing drought tolerant species (e.g. Marshall et al., 2016; Neal 
et al., 2009), incorporating legume and herb forage species that provide greater nutrition 
into pastoral systems (e.g. Kemp et al., 2010) or general species diversification (Kirwan 
et al., 2007), but consideration needs to be given to growth patterns and production 
trade-offs (Lee et al., 2013; Wreford and Topp, 2020).  However, there is scant evidence 
of increased drought resilience resulting from adaptation within the outdoor livestock 
sector (Salmoral et al., 2020; Wreford et al. 2010).  The majority of farmers interviewed 
in Salmoral et al. (2020) had no measures to reduce the impact of future droughts.  
Wreford et al. (2010) suggested declining production impacts of recuring UK droughts 
were indicative of evidence of adaptation within pigs and poultry production, although the 
national scale of analysis doesn’t allow for the differing regional nature of the droughts or 
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balance of indoor versus outdoor production systems.  Wreford et al. (2010) did not look 
at dairy production due to the impacts of changing policy on production. 

 

3. Protected cropping 
3.1. Background 
Protected cropping can include both edible and non-edible produce and relates to crops 
which are grown under polythene or glass. The area of protected cropping under 
glasshouses and polytunnels (including Spanish polytunnels) has increased greatly in 
recent years, particularly in the soft fruit sector.  In the last Glasshouse survey (Defra 
2007), 22% of the total protected area was under polythene but this is expected to have 
increased greatly in area and proportion since.  There are currently around 800 ha of 
protected fresh vegetables, worth £374M, and 3000 ha of glasshouse crops (Defra 
2021).  However, an unknown proportion of the 12,000 ha of plant and flower production, 
worth £1,137M, and 10,000ha of soft fruit worth £629M (Defra 2021), is grown under 
protection.  However, 81% of Hardy Nursey Stock growers used irrigation, based on the 
2005 irrigation survey (Knox et al., 2010). Earlier estimates of the proportion of 
strawberries (the main soft fruit) grown under polytunnels include grower estimates of at 
least 70% (Evans 2013); whilst Calleja et al. (2012) estimate 81.3% of the strawberry 
crop on ‘large farm enterprises’ to be under polytunnels in 2009.  Defra (2011) estimated 
that 9+2 % of farms use rainwater storage but no indication of use is provided, although 
irrigation using collected rainwater was estimated at 442,000 m3 in 2010.  Mains water 
supply, which makes up about 1% of total irrigation water for agriculture, is mostly used 
on protected edibles cropping to ensure reliability of supply and microbiological water 
quality (Hess et al., 2020). 

3.2. Impacts of drought 
Salad crops are increasingly grown hydroponically using artificial substrates or nutrient 
film technique (NFT), whilst the UK soft fruit and ornamental horticultural industry are 
increasingly using container grown systems, including bags, buckets, troughs and 
modules (Atwood, 2013).  The underlying drought sensitivity of protected cropping stems 
from their complete reliability on irrigation and, particularly in container or pot-base 
production, the smaller soil volume available for water storage (Lea-Cox et al., 2001).  

These are all high value sectors that are entirely reliant on irrigation to maintain yields 
and quality (Rey et al., 2018).  Increasing pressures to reduce the volume of water used 
due to rising costs of mains water, reduced availability of water in some catchments and 
changes to abstraction licencing combined with concerns regarding runoff and enhanced 
downstream flood risk (Entec 2006, Centre for Rural Research 2008), has led to growing 
interest in rainwater harvesting.  This can be as a sole water source, or in combination 
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with surfacewater abstraction, groundwater abstraction or mains water supplies (Dunn 
and Adlam 2019).   

Protected cropping can therefore potentially be vulnerable to meteorological drought 
when rainfall supplies (frequency and amount) are insufficient for rainwater harvesting to 
meet irrigation needs; and hydrological drought if abstraction licences are unable to meet 
irrigation need. Although crops grown under protection and container-grown crops have 
an exemption from Section 57 emergency drought restriction on surface water 
abstraction (AHDB, 2022), abstraction licences for irrigation of protected cropping can be 
subject to hands-off flow conditions.  However, due to the high financial value of 
protected crops (Rey et al., 2018) and their very high sensitivity to water stress, such 
businesses are likely to have back-up from groundwater and/or mains water.  There is a 
statutory excemption from Drought Order restrictions for irrigating plants that are grown 
or kept for sale or commercial use using mains water, reducing the likelihood of supply 
restrictions.  Consequently, the direct impacts of drought are likely to be felt through 
reduced product quality and increased production costs, but there is little information on 
drought impacts on this sub-sector. 

 

 

 

 

4. Outdoor irrigated cropping 
4.1. Background 
Unlike many cereal crops which are never seen by the consumer, the value of fresh 
produce is strongly determined by visual aspects and buyer protocols which include size, 
shape and skin finish (Hingley et al., 2006, OECD, 2018).  Consequently, controlling soil 
moisture through supplemental irrigation becomes critical for growing high quality, high 
value fresh produce in drier regions of the country. 

Irrigation was second largest user of water in agriculture accounting for 38% of the total 
volume used or 70 million m3 (Defra 2011).  Main crop potatoes and vegetables for 
human consumption dominate the irrigated area (38% and 25%, respectively) and 
volume applied for irrigation (48% and 26%) in 2010 (Defra 2011).  UK potato and 
outdoor vegetable production were worth £820M and £1320M, respectively, in 2020 
(Defra, 2020), although not all production is irrigated.  High-value irrigated vegetable 
cropping typically abstracts 160 × 106 m3 in a dry year (Weatherhead et al., 2015) with 
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half the total irrigated area and 57% of the total volume of water applied concentrated in 
the Anglian region 

4.2. Impacts of hydrological drought 
The emphasis of retailers’ on quality standards within the fresh produce supply chain has 
resulted in supplementary irrigation becoming essential to ensure the viability and 
profitability of key crops, including potatoes, outdoor vegetables and orchard fruit, in 
some regions. Rey et al. (2016) estimated that the on-farm financial net-benefits of 
irrigation for these outdoor crops that would be lost in a ‘design’ dry year if irrigation in 
England Wales were banned were around £204 million, reflecting the crop-specific loss 
of quality and yield benefits. Anglian Water and University of Cambridge, (2013) reported 
that drought in 2011 led to an estimated 15% reduction in potato yield. 

However, abstraction of water for agricultural irrigation has the lowest priority for water 
allocation in the UK under drought conditions in order to protect public water supplies 
and the environment (Salmoral et al, 2019).  Salmoral et al (2018) probabilistically 
estimated the national- and regional-scale economic impacts arising from mandatory 
abstraction restrictions (section 57 restrictions) within drought management plans (taking 
account of catchment-specific river flows and irrigated crop areas).  However, these 
impacts do not reflect the impacts arising from irrigation constraints imposed by Hands 
Off flows as abstraction licence conditions.   

4.3. Responses to drought 
Agriculture’s low priority for water during drought partly reflects perceptions that the 
financial value of water use in agriculture and horticulture is low compared to other 
sectors (despite high financial benefits per unit of water applied for some crops -  Rey et 
al. 2016), and that there is scope to increase the ‘efficiency of use’ of agricultural 
irrigation during drought conditions.  Whilst irrigating at night to reduce evaporation 
losses was the most common short-term coping strategy identified by Rey et al., (2017), 
changing irrigation schedules to either reduce irrigation depth over the full area or reduce 
the area irrigated were also common strategies (Knox et al., 2000)- both of which lead to 
(uncertain) yield and quality penalties. Socio-economic drought impacts also hindered 
responses in 2018, when hiring or buying additional irrigation equipment was challenging 
due to a lack of equipment on the second-hand market and limited supplies of new 
irrigation equipment due to the wider European drought  (National Farmers Union, 2019) 

In common with many regions or countries, the allocation of water for agricultural 
irrigation remains economically sub-optimal.  The lack of regulatory flexibility to 
overcome the historic limitations of licence allocations (e.g. those awarded on a first 
come, first served basis) means that many irrigation licences have allocated water that is 
not abstracted, even in drought years (Chengot et al., 2021); whilst other abstraction 
licences have been fully utilised and have unmet demand.  Multiple bureaucratic, 
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financial and timing constraints on water trading and contract options (Rey et al., 2019; 
Rey, 2015) limits their utility to address this mismatch in the UK. 

Longer term actions reported in Rey et al. (2017) included the development of a farm 
drought management plan to inform drought responses (76% of respondents), 
investment in alternative water resources and more efficient irrigation infrastructure 
(43%) and modification of crop choice and planting programmes (18%) (Rey et al., 
2017).  There has been major investment in on-farm reservoirs to synchronise the timing 
of abstraction with water availability rather than irrigation need (NFU 2015; Rey et al., 
2017), which may partly explain the perceived improvements in drought resilience within 
irrigated growers in easter England (Rey et al., 2017).   

 

5. Discussion of knowledge gaps 
Given the complexity of the UKs agricultural systems and their differing sensitivity to 
droughts outlined above, it is inevitable that there are many uncertainties in our 
understanding.  Key issues emerge from the above studies relating to: 

• Understanding the impacts arising from past droughts 

• Barriers and enablers for improving drought resilience 

• The potential of drought monitoring and early warning systems 

• Future trends affecting agriculture and agricultural water demand 

5.1. Understanding past and current impacts 
Despite agriculture’s widely acknowledged sensitivity to drought, there remains poor 
quantitative and empirical evidence of the impact of drought on UK farming.  This goes 
from drought impacts on the production (yields and, especially, quality) of crops, 
livestock and livestock outputs through to the financial costs to farm businesses, the 
supply chain and consumers.  Consequently, there is a lack of baseline evidence to 
underpin operational and regulatory decisions and to demonstrate the need to pro-
actively support agriculture and food supply chains to become more drought resilient 
(Table 3).  This partly contributes to the largely reactive, short-term responses from 
regulators, farmers and the food industry that are seen during each drought event.   

The impacts of each drought are different due to the interaction of drought event 
characteristics (location and spatial extent; timing and severity) with agriculture and 
horticulture’s drought vulnerability which differs regionally, between farming systems and 
between farms due to different soils, water sources, crops, livestock and markets.  
Modelling assessments provide simplified insights into potential crop-specific yield 
losses due to drought but, for example, only one wheat cultivar on the AHDB 
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recommended list to growers had been calibrated in the widely used Sirius wheat model 
(Clarke et al., 2021) that was estimated to be grown on 2% of the total UK wheat area.  

The complex inter- and intra-farm differences mean that understanding the financial 
impacts of drought is challenging as multiple effects make up the aggregate drought 
impact, including drought-induced changes in productivity, disease burden, input costs 
and output prices (Salmoral et al; Clarke et al., 2021). All of these can change positively 
or negatively as a consequence of a drought, leading to a spatially complex mix of 
winners and losers at all scales e.g. crop yields can be adversely impacted by soil 
moisture stress or be increased due to higher radiation levels where soil moisture stress 
is low due to soil type, marginal climatic areas or due to irrigation.  Consequently, 
regional droughts do not clearly affect national yields (Clarke et al., 2021) but have 
significant regional economic damages.   

There are few robust assessments of the regional or national impacts of drought on crop 
production and financial damages in the UK.  It is difficult to separate the impact of soil 
moisture drought from restrictions on irrigation water abstractions during hydrological 
drought, but dry weather between 2010 and 2012 was estimated to have caused losses 
of £400 million to UK agriculture (Anglian Water, University of Cambridge.  2013) with 
losses in 2012 valued at £72 million to irrigated potato production in England (Akande et 
al., 2013).  Knox et al. (2000), Rey et al. (2018) and Salmoral (2018) have all assessed 
the potential financial impacts of restrictions on abstraction, based on integrating the 
severity and timing of restrictions, irrigating cropping, crop prices and the crop-specific 
yield and crop quality benefits arising from supplemental irrigation that would be lost.  
However, this latter component of the methods are based on Morris et al. (1997) and 
may no longer adequately reflect benefits. 

Outdoor vegetable growers maintain a buffer or 'headroom' between the expected dry-
year irrigation need of their cropping plan (assumed to be based on the 16th driest year 
in 20- Weatherhead et al., 2002) and their water resources allocation (licenced volume).  
This aims to reduce the likelihood that a volumetric shortage during a drought will reduce 
their output of marketable produce and/ or lead to financial loss.  Consequently, most 
irrigation abstraction licences are not fully used in most years, leading to a perception of 
an inefficient allocation of water.  However, there are other legitimate agronomic reasons 
for having headroom, even in dry years, which need to be understood. Otherwise there 
is a risk that reducing licence volumes to reduce (apparent) headroom will lead to 
reduced crop production and/or increased risk of financial penalties to growers and 
increased costs through the food supply chain during drought. 

Not all hydrological drought impacts on irrigated agriculture and horticulture arise from 
abstraction restrictions imposed through Drought Plans i.e. Section 57 restrictions.  The 
inability to meet crop irrigation needs in a given year can also arise from the irrigation 
need being greater than the design dry-year, Hands Off Flow conditions stipulated within 
abstraction licence conditions, insufficient capacity in the irrigation system design (in 
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pumping, conveyance and application) to meet peak irrigation need and insufficient 
reservoir storage.  The relative significance of these is uncertain. 

Table 3.  Key knowledge gaps in understand drought impacts on agriculture 

System Data gap 

Outdoor 
livestock 

What is the frequency and severity of soil compaction, given it reduces 
soil water holding capacity and sensitivity to meteorological drought? 

How resilient are small upland and lowland waterways to hydrological 
drought?  Enabling better understanding of hydrological drought impacts 
in grassland areas; and potential stresses on rural mains water supplies? 

Protected 
cropping 

What is the current areas of polytunnels, given that 100% of crop water 
need is met by irrigation?  Permanent and seasonal polytunnels (as 
opposed to glasshouses) widely associated with the production of soft 
fruit and ornamentals are not captured by Ordnance Survey mapping 
products 

What sources of water does protected cropping use, including rainwater 
harvesting? 

How common are reservoirs within protected cropping businesses and 
what is their storage capacity? 

What are the trends in the use of mains water in protected cropping? 

Irrigated 
agriculture 

What are the areas and geographical distribution of irrigated crops?  
There are no robust datasets of the area and distribution of individual 
irrigated crop types.  GIS products such as Land Cover Map Plus and 
CROME do not separate rainfed from irrigated crops. 

What is the frequency and area of different irrigation application methods 
and scheduling approaches.  Methods have potentially evolved but the 
most up-to-date results are from the detailed water module within the 
2009/10 Farm Business Survey (FBS) and the last (2010) Irrigation 
survey were published in Defra (2011).  

What is the reservoir storage capacity of irrigated growers?  Whilst there 
are data on storage licence limits, the relationship between this and 
reservoir capacity is unknown 

Are irrigators still designing for a historic 4 in 20 dry year? 
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What are the reasons (and their relative importance) for headroom and 
its annual variability beyond weather?  i.e. as a safety net for dry years; 
having insufficient irrigated land; rotational limits of irrigated crops; land 
tenure (land rented out to bigger irrigators) etc 

What are the economic and environmental costs and benefits of Section 
57 restrictions to provide an evidence-based justification for mandatory 
Section 57 restrictions on agriculture and horticulture 

5.2. Understanding drought responses 
Increasing the resilience of agricultural systems to drought can be achieved by the 
farmer reducing the probability of the drought event, increasing the robustness of the 
system to drought or facilitating recovery (Hess et al., 2018).  Probability can be reduced 
by low cost options such as improving the water holding capacity of soils (soil moisture 
drought) or high cost investments such as reservoir storage (hydrological drought)- 
however, large scale investment can lock growers into their current production system 
and lead to reduced flexibility.  Robustness is generally achieved through building 
diversity (having access to different water sources; growing a greater range of crops; 
being able to substitute grazing for conserved fodder (Salmoral et al., 2020) and/or 
redundancy (e.g. having under-utilised grazing: Salmoral et al., 2020; spare irrigation 
equipment, licence headroom).  However, there is a tendency to reduce diversity and 
redundancy, as (1) market pressures drive increased economic efficiency, economies of 
scale and reduced marginal costs of production (Abson et al., 2013); (2) regulatory 
pressures are moving towards reducing headroom; and (3) both diversity and 
redundancy have opportunity costs (Abson et al., 2013) that, unless outweighed by the 
avoided penalties of infrequent droughts, lead to the ‘spare’ resources being utilised.  
Consequently, the highly competitive financial environments facing most farmers have a 
tendency to lead to farm business decision-making strategies that increase the economic 
efficiency of production to the detriment of system redundancy, diversity and resilience to 
drought (Hess et al., 2018).  This leads to a trade-off between the high expected gross 
margins (a common indicator of the economic performance of farm enterprises) of 
specialised production systems and the expected variance of those margins as a 
consequence of variability in environmental, economic, and policy perturbations (Abson 
et al., 2013).  Consequently the current and future land use choices are, and will be, 
influenced by the risk to returns preferences of individual farmers (Baumgärtner et al., 
2010; Di Falco and Chavas, 2006) and their perceptions of drought risk. 

Increasing resilience to drought carries costs, including capital investment costs (e.g. 
farm reservoir construction), operational costs (e.g. soil management) and/or profit-
foregone (e.g. reduced crop area), so that there will not be financial benefits of change in 
all years.  Consequently, different typologies of farms will have different constraints and 
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risk appetite – farms with limited financial capacity to adapt may be more likely to adopt 
practices that save money in all years (Rial-Lovera et al., 2017); whilst capital intensive 
production systems may select risk averse options that minimise regret (Knox et al., 
2010).  

Increasing social capital has been shown as a low-cost means of enhancing drought 
resilience (Holman et al., 2021).  As there are thousands of farms, both large and small, 
dependent on supplemental irrigation, irrigators arguably need to have a more 
coordinated and coherent voice at the local level.  This can be facilitated by the 
formation of Water Abstractor Groups (WAGs) (Whaley and Weatherhead, 2015a) that 
fosters trust (between farmers and between farmers and the regulator; Whaley and 
Weatherhead 2015b), increased negotiating power (Leathes et al., 2008) and increased 
adaptive capacity through improved social networks and knowledge exchange (Holman 
and Trawick, 2011).  However, despite the acknowledged benefits found, there remain 
only a limited number of active WAGs (Whaley and Weatherhead, 2015c). 

Collaboration also has the potential to deliver further benefits in irrigated agriculture 
through facilitating the collaborative management of licenced water resources (Whaley et 
al., 2015b) through water trading (Rey et al., 2019), secondary water markets (Rey 
2015) and water sharing (Chengot et al., 2021) to support more efficient water allocation.  
Chengot et al. (2021) showed that water sharing could potentially significantly reduce 
irrigation deficits during drought across a group of abstractors in an Eastern England 
catchment within the pre-existing abstraction licence and HoF constraints that prevent 
environmental degradation.  However, there remains a lack of understanding around the 
potential operationalisation of such approaches (Rey et al., 2021). 

Table 4.  Key knowledge gaps regarding agricultural responses to drought 

Sub-
sector 

Knowledge gaps 

Irrigated 
cropping 

What is the potential for no-regret reductions in irrigation water 
abstraction during drought? 

 What are the enablers and barriers for investment in more efficient 
irrigation application systems and scheduling systems? 

 What is an appropriate level of current dry-year headroom to provide 
resilience for future droughts? 

 What is preventing the wider development of Water Abstractor 
Groups? 
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 What is the potential of secondary water markets and water sharing to 
allow agriculture to make better use of its allocated water? More 
flexible and collaborative approaches to irrigation abstraction have the 
potential to enable better water efficiency but the implications of 
regulatory barriers, HoFs and s57 restrictions are not sufficiently 
understood 

 How do retailer contracts limit (or enable) responses to hydrological 
drought and change the financial consequences of abstraction 
restrictions? 

5.3. Drought forecasting 
The reactive responses of most UK farmers to drought (Salmoral et al., 2017; Rey et al., 
2017) is partly due to a lack of reliable information on the state and expected changes in 
environmental conditions. Drought monitoring and early warning (MEW) systems offer 
the promise of enabling appropriate and timely management actions (Hannaford et al., 
2019).  They typically use drought indicators (WMO and GWP 2016) to monitor the 
status of rainfall, river flows, groundwater levels, and other hydrometeorological 
variables, relative to historical conditions, rather than impact indicators (Bachmair et al., 
2016). 

Key issues (Table 5) for the design of a useful MEW for agriculture: 

• The choice of indicators: it is unclear whether standardised indicators (such 
as the SPI used in the UK Drought portal), quantitative multivariate composite 
indicators (as recommended by Hannaford et al. 2019) or impact indicators 
(Clarke et al 2021) will have resonance to the diverse agricultural and 
horticultural industry. Clarke et al (2021) found that the correlation between 
SPI and SPEI with simulated yield loss were similar, suggesting that SPI may 
suitable for UK drought monitoring for wheat. However, evapotranspiration 
rates are expected to increase due to climate change, so that SPEI may be 
more appropriate for longer-term use (Haro-Monteagudo et al., 2017).  
Reinforcing this, Parsons et al. (2018) found that a generalised linear model 
using SPEI-6 gave better results against reported impact data.  Standardised 
indicators cannot be interpreted reliably at a national scale in a country with as 
much regional variation in climate and agricultural practice as the UK. The 
same value of SPEI in different locations corresponds to very different soil 
moisture deficits and growing conditions (and thus soil moisture drought 
severity), but Parsons et al. (2018) found that this did not fully explain 
observed regional differences in reported drought impacts.  They suggested 
that such standardised indicators would need to be calibrated on a regional (or 
smaller) scale to be used as an indicator of agricultural drought within a MEW 
system. 
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• Forecast lead times: a business-appropriate forecast lead time is needed to 
enable farmers to take pre-emptive action to minimise the financial impact of 
drought.  However, these lead times are likely to be different in different 
agricultural production systems e.g. informing buying in additional livestock 
feed during the early stages of a drought compared to changing the crop or 
variety selected for planting  

• Forecast reliability: Given the reliability of forecasts with sufficient lead-time 
to inform decision and the relative infrequency of drought risk, farmers are 
reluctant to make changes that they know will lead to reduced returns if a 
drought does not occur (Rial-Lovera et al., 2017; Hess et al., 2018).   Over 
76% of potato growers in Rey et al., (2023) had forward contracts for between 
50-100% of their potato crops, with over 50% of contracts specifying financial 
penalties if the grower were unable to fully deliver due to a water-related issue. 

 

Table 5.  Key knowledge gaps related to MEW systems for agriculture 

Questions 

How have farmers and growers modified their decisions (if at all) based on currently 
available MEW outputs? 

What drought or drought impact indicators are meaningful to the agricultural and 
horticultural sector? 

What MEW lead times are needed to inform decisions in different agricultural sub-
sectors? 

What forecast reliability is needed to provide the confidence to implement pro-active 
drought responses? 

5.4. Understanding future trends 
Following a long period of increasing abstraction, Weatherhead et al. (2015) reported 
that the volume of water abstracted for irrigation was declining by -1.4%/yr between 
1990-2010 after allowing for annual weather variability, partly reflecting increased yields 
and hence decreasing crop areas, increased efficiency, better irrigation scheduling and 
reduced water availability and reliability.  However, it is inappropriate to continue to 
project such past trends forward due to potential future changes in agroeconomic policy, 
market needs, agroclimate variability and change, and resources availability (Knox et al. 
2018) (Table 6).  
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Agricultural water demand forecasting is essential to informing future policy and 
strategies (e.g. Knox et al., 2013; Weatherhead et al., 2015).  There have been 
numerous published studies of the impacts of climate change on irrigated agriculture 
including the implications for the (unconstrained) irrigation needs of currently irrigated 
crops (e.g. Weatherhead and Knox, 1999; Dacchache et al. 2011) and potential changes 
in the spatial distribution of irrigation demand due to changing climate suitability (e.g. 
Dacchache et al. 2012).  However, there are multiple barriers (Knox et al., 2010) to 
transformational changes in farming and food systems, such as movements in key 
commodity production areas in the UK, in response to more extreme conditions 
(Rickards et al., 2012; Folke et al., 2010).  

Supermarkets have increasingly dominated the UK grocery market so that their focus on 
product specification (aesthetic, size and quality standards) has driven supplemental 
irrigation practice and investment (Knox and Hess, 2018; Sutcliffe et al., 2021; Rey et al; 
2023).  Widespread use of irrigation depends on the profitability of irrigation, which in 
turn depends considerably on the price differentials offered for quality produce in the 
market (Knox et al., 2007).  The combination of the challenges of meeting product 
specifications within forward contracts during drought years; price competition with 
discount supermarkets and the reducing profitability of fresh produce may lead to 
changes in markets (pre-pack versus processing) and irrigation practice. 

There is much less understanding of the increased future water requirements for 
currently rainfed crops and livestock systems.  The main adaptations to drought within 
rainfed cropping include earlier planting, selection of more drought tolerant crops and 
varieties cultivars, changed cultivation practices, and increasing soil organic matter (Rial-
Lovera et al., 2017).  As pro-active measures, they cannot reduce impacts once a 
drought has started, unlike supplemental irrigation.  Irrigation of wheat in the UK has 
traditionally been considered uneconomic, but increases in world wheat prices, 
increased drought frequency and the impacts of climate change are likely to make the 
financial benefits stronger (El Chami et al., 2015).  Similarly, given observed drought 
impacts on maize yield in 2018 and the rapid expansion of anaerobic digestion plants, 
supplemental irrigation of maize may become more common (Knox and Hess, 2019). 

Irrigation is currently not commonly used in livestock systems in the UK.  Future changes 
in drought and/or climate that reduce growing season rainfall will reduce the quantity and 
quality of grass forage produced and may (where abstraction water is available) increase 
the adoption of supplemental irrigation in intensive grassland systems (Wreford and 
Topp, 2020) to reduce the need for supplementary feeding (Roy et al. (1978). 

However, for most currently rainfed crops and on most soils, supplementary irrigation will 
not be needed in most years.  Consequently, there is a need to better understand the 
regions and conditions in which rainfed farms would invest in supplementary irrigation 
(leading to increased demand for irrigation abstraction) and the situations within which 
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irrigated farms would increase irrigation of the currently rainfed crops in their rotations 
(leading to increased usage of their volumetric limits). 

 

6. Conclusions 
This review has shown that the sensitivity of farming to drought differs between 
agricultural and horticultural sub-sectors, due to their reliance on different sources of 
water, so that agricultural and horticultural sub-sectors are variably sensitive to 
meteorological, soil moisture (agricultural) and hydrological droughts (and to some 
extent socio-economic drought).  Drought impacts manifest in many different ways over 
a range of timescales, including through changes in productivity, quality, livestock 
welfare, business profitability and farmer wellbeing.  Due to the resulting spatial 
complexity, there remains a poor granular understanding of drought impacts and the 
barriers and enablers of pro-active and reactive drought responses. 
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J: Vegetation drought responses, wildfires 
and their impact on water quality 
Jill Thompson, France Gerard, Douglas Kelley, Rebecca Oliver, Amy Pickard, Maliko 
Tanguy, Maud van Soest.  

UK Centre for Hydrology & Ecology.  

Overview 

Droughts in the UK are expected to increase in frequency and severity over a greater 
area as climate change progresses. Drought causes changes to flowering and fruiting 
phenology, low productivity, increased herbivore damage, disease and ultimately plant 
death. As a result drought impacts carbon storage and cycling, biodiversity, our food 
supply and wildfire occurrence. In addition to the direct impact of drought through low 
water availability, droughts are commonly associated with higher temperatures, 
increased wind and vegetation drying that increases the chance of vegetation fires.   

Terrestrial plants access water from soils that have specific capacities to retain soil 
moisture where water availability depends upon soil mineralogy and chemistry, soil 
structure and organic matter content.  Water availability also depends upon plant roots, 
and microorganisms such as bacteria and fungi.  In addition to rooting depth and 
architecture, bacteria may secrete compounds e.g. osmolytes that impact water flow 
from the soil into roots, while mychorrhizal fungi affect root physiology, and increase 
effective root surface area and thus the soil volume accessed for water and nutrients.  

Plants vary in drought tolerance within and among species, reflecting their functional 
traits, (e.g. leaf shape, size and thickness).  Plant responses and adaptation to drought 
includes, drought escape (e.g. changing phenology and life cycle), drought avoidance 
(e.g. control of stomata and shedding leaves), drought tolerance (e.g. resisting 
dehydration through physiology), and drought recovery where plants protect structures 
and are able to recover post drought. Drought response of different vegetation types 
depends upon characteristics of individual species their interactions and the 
environment. There are few examples of direct measurements of plant drought resilience 
and most information has been based upon observations of species and their 
environments.     

The vegetation type, and thus the vegetation and soil water holding capacity, the timing 
and length of drought conditions and the resultant fuel load from dead and dry vegetation 
determines the potential for wildfires. Drought associated high temperatures and wind, 
and the site location and time of year contribute to devastating fires.  As fires have not 
been a natural feature (e.g. over evolutionary time scales) few if any UK species have 
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evolved to resist fire such as think bark on trees or potential regrow after fire. However, 
some plants have protected growing points under the soil and may regrow. Vegetation 
recovery after wildfires can take many years and depends upon the extent of vegetation 
destruction and impact on the soil, availability of seed sources and management. Before 
vegetation recovery the possibility of soil loss through erosion by wind and water is a 
major concern, and water runoff pollutes waterways. Vegetation fires release much 
carbon and particulate pollution into the atmosphere and those that ignite heavily organic 
soils such as peat can burn long term. The sporadic nature of drought in the UK and the 
danger has made assessment of drought wildfires difficult. Attempts to model the 
potential for fires and their spread have received increasing attention but are currently 
not able to adequately predict them.   

The potential use of Earth Observation (EO) for monitoring vegetation drought has been 
steadily increasing. Drought impacts on plant functions such as photosynthesis, 
chlorophyll fluorescence, leaf water and temperature, can be seen through changes in 
their spectral images, as well as anatomical changes and colour changes due to plant 
mortality. Some 60 EO based indicators can now be used to monitor drought. 
Agricultural drought and soil water can be assessed through microwave backscatter. 
Methods assessing plant biomass can look at the effects of drought while estimates of 
plant water stress are more useful for predicting future drought. Integrated indexes such 
as Vegetation Condition Indexes are increasingly useful and machine learning and 
Bayesian techniques are developing research areas. The index used may depend upon 
vegetation type.   

The land surface component of Earth System Models (ESMs) simulates exchange of 
carbon, water and energy between the land surface and atmosphere and allows 
exploration of changing environmental conditions over large spatial scales to investigate 
historical and to predict future droughts, through changing gradients in soil climate and 
other environmental conditions. Despite the high uncertainty in ESM predications of 
carbon cycle dynamics because of the complex biological processes involved ESMs 
formed the main tool for UN Intergovernmental Panel on Climate change projections for 
reports to policy makers.    

Vegetation drought and wildfire research needs 

We need more information on all aspects of drought monitoring, predicting and impact 
on vegetation, and the models and earth observation needed to assess droughts; 
including specifically:  

1. Species specific information on anatomical and physiological plant responses to 
drought and water stress impact on factors that can be assessed through earth 
observation – such as changes in in their hyperspectral images.   
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2. Species specific differences and variation within species in drought tolerance and 
resistance, especially for UK species. Standard methods to assess plant drought 
independently of their environment.  Also the genetic basis of such variation so 
that if possible ecotypes, varieties and species can be selected for drought prone 
areas and to select for climate change in the future.  

3. nteractions between plant species, and the biotic environment including other 
plant species, microbes and fungi as well as the abiotic soil environment and the 
impact of soil nutrients and biochemistry on drought resistance. Also the impact of 
species communities in different vegetation types and the impact of facilitation 
and competition on vegetation drought resistance and resilience.   

4. Potential for species and vegetation types in the UK to suffer wildfires and recover 
after fires. The impact of wildfires on atmospheric pollution and water courses, 
and soil structure and function, and potential for post fire soil recovery. Controlled 
experiments are required to reduce the variability and discover mechanisms.  

5. Climatic, vegetation and abiotic conditions that lead to drought and increased 
potential for wildfires.    

6. The data collected through 1-5 will contribute to earth observations that should 
increase the potential to develop predictive models of drought and fire and their 
impact.   
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1. Summary scope of this essay  
1. Introduction. Definitions and scope of this review – Summary of the impact of drought 

on vegetation in a range of habitats, the potential for wildfires and their impact on 
water quality.  

2. Impact of drought on plant species and vegetation in different habitats forest, 
grassland and heathland  

3. Potential for drought mitigation through vegetation structure, and species selection 
and acclimatization.  

4. Impact of drought and related wildfires on water quality (e.g. pH, suspended 
sediments, organic matter and nitrogen) in at risk habitats.  

5. Vegetation drought detection through Earth Observation monitoring and changes in 
evapotranspiration signals.  

6. Modelling and forecasting drought induced wildfire events.  

7. Summary of knowledge gaps and research needs to further our understanding of 
drought impacts on vegetation, and wildfires. 

1.1. Introduction and scope: Drought, soil, plants, 
vegetation and wildfires 
Drought for plants is impractical to define (Lloyd-Hughes 2014) because it depends upon 
the attributes of the subjects of the drought, their evolutionary history, the impact of the 
climate regime and the environment in which the drought occurs. Drought is, therefore, a 
general qualitative term, defined by Sheffield and Wood (2011 Chpt 1), as a  “deficit of 
water relative to normal conditions”. Sheffield and Wood (2011 chpt 2) also noted that 
“Drought is a silent and pervasive disaster that creeps up over weeks and months, often 
without warning” and that it “can cover extensive areas for many years with devastating 
impacts”.  

Despite the difficulty in defining the parameters that cause or describe a drought for any 
location, particular species and plant community, we recognize that a drought in 
vegetation is occurring or has happened when we see plants wilting, turning brown and 
dying, crops failing, soils may be cracked and dusty and there may be vegetation fires.  

The impact of drought on individual plants and vegetation types depends upon the local 
environment and the usual climatic conditions that the vegetation is adapted to, how long 
reduced precipitation continues and associated weather effects such as temperature and 
wind, and the distribution of precipitation that ends the drought. It is difficult to determine 
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at which point low precipitation will become a drought, and how intense the drought will 
be in any particular place. This is because the occurrence of a drought also depends 
upon the rate of drought development, the time in the growing season that a drought 
occurs, the species and plant community affected and their usual growing seasons, plant 
phenology and species adaptability, such as their ability to change their form and their 
physiology (Basu et al., 2012)  

Drought occurrence, frequency and intensity is projected to increase in the UK and other 
parts of the world as a result of global warming (see other essay).  Although droughts, as 
a result of extreme cold, can impact vegetation (Olsen et al., 2018), these habitats are 
not common in the UK and are likely to diminish in area with climate change. So are not 
dealt with here. We will also not deal in detail with the cellular (Takahashi et al., 2020), 
biochemical (Wani 2018) and genetic details (eg Shinwari 2020, Bashier et al., 2021), of 
plant drought tolerance, as these are a major study in their own right and outside the 
scope of this essay.  

The details of UK drought history and predicted future scenarios are dealt with in another 
essay. We will focus here on droughts caused by lack of water and potentially 
associated with high temperatures, give an overview of ecological drought impacts on 
plant species and vegetation types and their potential to acclimatize to drought.  Drought 
may lead to vegetation wildfires, which have major impacts during the fire itself, and for 
post-drought vegetation recovery. We will consider the impact of drought and wildfire on 
natural/semi natural vegetation (agricultural drought is covered by another essay), soils 
and watercourses. Finally, we will consider the potential for assessing drought using 
Earth Observation and remote sensing, and the use of ecosystem models. 

1.2. Drought and the Soil environment 
Before considering the plants themselves, to understand droughts' effect on vegetation, 
it is important to know how plants interact with soils from which they extract the water via 
roots and associated fungi (see below). A detailed review of drought and soil is covered 
in another essay, but we summarize important plant soil features here to provide context. 
Each soil has a specific capability to retain water as soil moisture, and the soil water 
availability for plants depends upon soil properties such as parent material and soil 
mineralogy, soil texture (proportion of sand, silt and clay), soil structure including pore 
size, pore networks, and organic matter content. Soils form aggregates of soil material 
and the size of pores and surface area of aggregates they form determines the extent to 
which the water can interact (through adhesion) with the soil and move through it. Soils 
with large aggregates and large pores may hold a greater volume of water, and release it 
readily, which can lead to low water tables inaccessible to roots, and high rates of 
evaporation from the soil. Small soil pores hold water tightly through interactions with soil 
material surfaces, which limits water movement and makes it harder for plants to extract 
water. A change in soil volume in response to changing water content can cause clay 
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soils to shrink and swell causing soil cracking, which may increase the rate of water loss 
to deeper soil layers and cause physical damage to plant roots and expose roots to a dry 
atmosphere. Cracking also changes water infiltration patterns and rate of water loss 
through evaporation from deeper soil layers. Soil organic matter increases water-holding 
capacity, but drought reduces the strength of organic matter binding of soil into 
aggregate particles. Soil aggregates are unstable and may collapse during drought, 
resulting in smaller soil pores, lower water holding capacity, greater water adhesion, and 
soil surface sealing. Surface sealing occurs when dry layers of fine soil particles infill the 
pores and reduce the soil water infiltration capacity, so precipitation runs away rather 
than infiltrates into the soil, and plant roots are less able to penetrate soils to extract 
water.  The soil structure and composition together determine the soil water holding 
capacity and availability of water to the plants.  

Without precipitation, there is no evaporative cooling, so dry soils will reach higher 
temperatures (Turner et al., 2021) that may directly kill plant roots and disrupt fungal 
connections.  Dry soils are more vulnerable to erosion from wind, and when rainfall 
returns erosion from surface water flow. Water arriving at the ground surface as 
precipitation will infiltrate or run off. Some moisture may be directly evaporated back into 
the atmosphere and never enter the rooting zone where it is available to plants.  The 
water that infiltrates moves down into the soil and redistributes throughout the soil 
profile. Water may move laterally through the soil or move beyond the plant rooting zone 
into a saturated zone providing recharge to ground water.  

In addition to the physical attributes of soil that determine water availability to plants, as 
noted above, the soil also provides nutrients to plants.  Nutrients availability is affected 
by soil moisture, as low soil moisture reduces the rate of decomposition of soil organic 
matter to release nutrients, reduces nutrient movement through the soil profile, and the 
direct uptake of the nutrients into the plants, either directly through the plant roots 
(Sondergaard et al., 2004), or through associated fungal networks. Prolonged low soil 
moisture may also cause reduced availability of nitrogen and macronutrients, through 
water limited slow decomposition of plant litter and reduced activity of microorganisms. 
During prolonged drought, loose litter may accumulate on top of the soil surface as it 
fails to decompose and acts as a ready fuel source for fire ignition.  

1.3. Other weather related impacts on drought 
In addition to the lack of precipitation that directly causes a drought, other aspects of 
weather are important.  During periods of low rainfall there is often less cloud cover that 
allows more intense sunlight to reach the land. Intense sunlight causes high 
temperatures that increase the rate of evaporation from the soil surface, so the impact of 
low rainfall on soil moisture will occur more rapidly and soil will dry to deeper depths. As 
well as causing higher soil temperatures that increase evaporation from the soil, heat in 
the atmosphere increases air movements and wind, which in turn increase evaporation 
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from the soil and the evapotranspiration rate from the plant. High temperatures, and 
intense sunlight from clear skies, can cause direct effects on plant physiology through 
increased leaf temperatures, which denatures leaf proteins, and sunlight may bleach leaf 
chlorophyll and thus reduce photosynthesis.   

1.4. Direct effect of drought on plants 
The effects of drought can be devastating on plant growth and survival. At the whole-
plant level, the effect of drought is evident as decreased CO2 assimilation and growth, 
leading to eventual mortality if the drought conditions are severe enough. Under drought 
stress, plants can experience carbon starvation, hydraulic failure, and increased 
vulnerability to disease, pests and fire (Choat et al., 2018). Plant browning and shedding 
of leaves may act as a defence mechanism to survive drought periods (Bogati and 
Walczak 2022). In areas where short term droughts often occur, an increase in root 
carbon content and root relative to shoot biomass enables the plant to “search” for more 
water.   

The main effects of drought on plants is a reduction in the water stream from the roots to 
the leaves and water movement throughout the plant. Once inside the plant water is 
required to move nutrients to the parts of the plant where they are needed or through the 
xylem vessels and from cell to cell, and in turn water is required to move the products of 
photosynthesis and protein production throughout the plant (Sondergaard et al., 2004). 
Plant parts (mainly leaves) have stomata that are actively controlled pores through which 
carbon dioxide enters the plant for photosynthesis to produce carbohydrates for energy 
and growth, and from which water exits the plant in a process known as 
evapotranspiration.  Evapotranspiration creates a ‘water stream’ movement from the 
roots to the stomata via xylem vessels and throughout the plant tissues. When soil 
moisture is not readily available and to prevent high rates of water loss from the leaves, 
the stomata close. As leaf water deficits increase in response to a decrease in either 
atmospheric humidity or soil water potential, carbon fixation through photosynthesis is 
reduced through enhanced diffusive resistances within the leaf (closure of stomata 
and/or decline of mesophyll and chloroplast conductance), and drought-induced 
impairments of metabolic processes (Flexas et al., 2006, Lawlor and Cornic, 2002, 
Yordanov et al., 2000). Plants exhibit either isohydric or anisohydric strategies.  An 
isodydric strategy of water regulation where plants close stomata to avoid drought-may 
induce hydraulic failure that runs the risk of depleting plant carbon reserves if the 
drought is long. Hydraulic failure results from reduced soil water supply coupled with 
high evaporative demand causing xylem to cavitate or collapse, preventing water flow 
through the plant and desiccating plant tissues. Plants that follow anisohydric behaviour 
typically suffer from hydraulic failure, maintaining higher rates of stomatal conductance 
during drought stress to enable carbon uptake. Although considered more drought-
tolerant, anisohydric strategies predispose plants to hydraulic failure (and development 
of air embolisms in xylem vessels) because they operate with narrower hydraulic safety 
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margins during drought, and if the drought is sufficiently intense plants risk running out of 
water before running out of carbon (McDowell et al., 2008).  The risks of hydraulic failure 
increase when water availability declines across the plants’ rooting zones or vapour 
pressure deficit increases at their leaf surfaces. Closed stomata, to prevent excessive 
water loss through transpiration and hydraulic failure, reduces the uptake of carbon 
dioxide for photosynthesis may result in carbon starvation. This stomatal closure and 
reduction of internal water movement also prevents nutrients and other plant produced 
products such as carbohydrates and proteins travelling to where they are needed 
throughout the plant. 

1.5. Plant Growth Promoting Bacteria (PGPB) and 
Fungal Mycorrhizae 
Bacteria are the important microorganisms of plant root rhizospheres that affect plant 
physiological and biochemical activities. PGPB have important role in plant growth and 
development, they provide plant growth promoting substances to their host plants and in 
turn get protection and food in the form mutualistic approach. These bacteria secrete 
various compounds in the form of osmolytes, antioxidant, phytohormones etc. that 
enhance the root osmotic potential under drought stress. (Ullah et al., 2019a, b). In 
addition, they also regulate the plant growth under drought stress, either by direct 
(enhanced production of phytohormones) or indirect through increasing availability of 
nutrients. The soil microbial community can improve the drought tolerance of plants 
(Kannenberg and Philips 2017, Kour and Yadav 2022, Rubin et al., 2017). Plant growth-
promoting rhizobacteria (PGPR) are responsible for mitigating drought stress in dry 
environments (Niu et al., 2018) and inoculating PGPR into crop plants can increase their 
drought tolerance (Gontia et al., 2016). In experiments with cereals, microorganisms 
were found to play a vital role in reducing the adverse effects of drought stress, thereby 
improving plant productivity (Khan et al., 2020) . The oxidative damage in the plants 
grown under different environmental stresses can be reduced through the presence of 
microorganisms and enabling the cereals to cope with drought conditions.  

Mycorrhizae are fungi that form an association with host plants and can increase drought 
tolerance through physiological and molecular processes. Fungal hyphae external to the 
roots increase the effective root area exposure to soil and build an extremely branched 
mycelia that can connect plants together in a mycorrhizal network (Simard et al., 2015). 
The mycelium can absorb water from a greater volume and deeper soil, which is then 
transported to cortical plant tissues and through plant tissues. Arbuscular mycorrhizal 
fungi (AMF) are one of the most important soil microbes and function as symbionts with 
roots of plants (Brundrett and Tedersoo  2018) they enhance growth of the host plant via 
promoting water uptake and nutrients to control abiotic stresses, such as drought stress 
(Bowles et al., 2018).  
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Chandrasekaran (2022) found that during droughts plant root physiology may change to  
alleviate drought stress by enhancing AMF colonization (Wu et al., 2017), and increasing 
nutrient (N, P, K) uptake. Soil K is a driver of changes in root morphology and may assist 
in the alleviation of plant drought stress (Xu et al., 2021). The soil community can also 
produce a legacy effect of drought on plant performance of species as tested by 
Buchenau et al., (2022) on the grass species Lolium perenne, Bromus hordeaceus and 
Alopecurus pratensis, and the forb species Centaurea jacea, Diplotaxis tenuifolia and 
Prunella vulgaris. The interplay between plants, microbes and fauna in the soil 
determines the magnitude of drought stress the ecosystem experiences (see review by 
Malik et al., 2022). 

1.6. Other impacts of drought on plants   
Drought does not always kill plants, but can affect them in other ways at different points 
in their life cycle, and at different times of the year. The temperature during a drought is 
often higher than usual and its effects depend upon the time of year and the life stage of 
the plant. Spring and autumn droughts are often cooler and, therefore, less damaging 
than mid-summer droughts, where lack of precipitation combined with hotter 
temperatures makes drought more intense and damaging.  Spring droughts may affect 
flowering, pollination and thus future fruit set and seed production. Naturally dispersed or 
sown seed may be killed or suffer reduce seed germination, and subsequent seedling 
death. Drought in the middle of the growing season will affect overall plant growth and 
productivity, and fruit and seed development that will reduce future species survival 
chances. These are particularly damaging for agricultural crops. Late season drought 
may affect bud development for the next year in perennial plants and crops.  

Stress caused by low soil moisture and high temperature also affects plant susceptibility 
to disease, pests and fire (Choat et al., 2018).  Water is required to produce secondary 
protective compounds in response to pathogen and pest attack, using soil nutrients, and 
carbohydrates and proteins produced in plant leaves that are then transported using 
water to the region needed.  Drought stress closes stomata, reduces photosynthesis and 
protein production, and slows water transport through the plant (Vasquez-Gonzalas et 
al., 2022)  This potentially prevents plant defences protecting them from attack by 
herbivores and pathogens  

1.7. Plant responses and adaptions to drought. 
Vegetation responses to drought are affected by the timing of drought (duration, severity 
and magnitude), in addition to when drought occurs in the phenological cycle. For 
example, a drought event that occurs in the height of the growing season will result in 
greater growth reductions and/or higher plant mortality than drought during a less active 
growth period (Drewniak and Gonzalez-Meler, 2017). A severe drought with a long 
duration will impact plant response and survival differently than short, frequent droughts. 
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Therefore, the time a plant has been exposed to drought cycles is an important driver of 
trait changes that increase drought tolerance (Alves et al., 2020, Drewniak and 
Gonzalez-Meler, 2017). Acclimation to drought, that is the acquisition of the ability to 
tolerate drought, includes both genotypic and phenotypic changes, with water stress 
shown to induce the expression of genes that are associated with adaptive responses of 
stressed plants (Yordanov et al., 2000). Water stress experienced over longer time 
scales, particularly in long-lived plants such as trees, can lead to acclimation, rendering 
plants less susceptible to the negative impacts of drought (e.g. xylem cavitation) (Zhou 
et al., 2016). At the ecosystem level, this coupling of the carbon and water cycles affects 
gross primary production (GPP) rates and evapotranspiration in response to water stress 
(Jaideep et al., 2020). 

 
Figure: Effects of drought stress and morpho-physiological responses in plants, 
from: Drought Tolerance Strategies in Plants: A Mechanistic Approach Ilyas, M., 
Nisar, M., Khan, N. et al., Drought Tolerance Strategies in Plants: A Mechanistic 
Approach. J Plant Growth Regul 40, 926–944 (2021). 
https://doi.org/10.1007/s00344-020-10174-5  Reactive oxygen species (ROS) 

Plants have evolved different water management strategies and functional traits to 
control the balance between stomata being open for carbon dioxide to enter and for 
evapotranspiration to occur to maintain internal plant physiology, and closing stomata to 
prevent too much water loss.  Species vary in the number of stomata and location of 
stomata and the degree to which they can control them.  Some plants can finely control 
their leaf water, while others are more adapted to variable leaf water and are able to 
keep their stomata open for longer and to draw water from drier soils (Maherali et al., 
2004). In stressed conditions, plant adaptations and acclimation that allow stomata to 
stay open and maintain transpiration in dry conditions could lead to surface cooling when 
compared to when drought causes complete cessation of transpiration. Studies on urban 
trees demonstrate the cooling effect of transpiration from vegetated surfaces (Winbourne 
et al., 2020).  

https://link.springer.com/article/10.1007/s00344-020-10174-5
https://doi.org/10.1007/s00344-020-10174-5
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On exposure to long-term drought, plant acclimation can include adjustments at different 
levels including leaf physiology, anatomy, morphology, chemical composition, xylem 
hydraulics, growth and/or carbon partitioning (Zhou et al., 2016). These changes in 
allometry (i.e. increase in water absorbing roots and decrease in transpiring foliage) 
occur to optimise hydraulic conductance and maintain the water transport capacity of the 
plant (Choat et al., 2012, Magnani et al., 2002, Martin-StPaul et al., 2013). Decreasing 
leaf area is often observed to reduce water use, maintain leaf water potentials, and 
therefore buffer leaves from effects of water limitation and desiccation (Limousin et al., 
2010, Martin-StPaul et al., 2013). Changes in xylem anatomical features, such as the 
production of more cavitation resistant xylem (e.g. adapting conduit diameter, wall 
thickness or pit membrane features) can also increase plant tolerance to drought (Hacke 
et al., 2001, Lens et al., 2011).  

Plant responses and adaptions to drought have been divided into four types 1) Drought 
escape, 2) Drought avoidance, 3) Drought recovery and 4) Drought tolerance. Plant 
species may have a combination of these types; each type has evolved a wide range of 
variations (Fang and Xiong 2015, Basu et al., 2016).   1) Drought escape includes plants 
changing their life cycle to mitigate drought stress. If water is not available at the time for 
seed germination, flowering or fruiting and the plant has phenotypic plasticity, they may 
be able to adapt and change their phenology and thus mitigate the effects of drought 
(Kramer 1995). 2) Drought avoidance protects the plants through behaviours such as 
control of stomata to reduce evapotranspiration, dropping leaves, and increasing depth 
and density of roots to increase access to available water resources.  3) Drought 
recovery is the ability of plants to restart growth and reproduction after exposure to 
drought stress.  Some species drop their leaves  decrease the plant structures they need 
to maintain, and reduce transpiration and rate of water loss before low water potential 
causes plant mortality. After the drought has finished the plant regrows leaves or roots 
(Manavalan et al., 2009) and the plant continues to survive. Loss of leaves also reduces 
the tension on the water column in the xylem vessels and this reduces the chance of 
embolisms that could permanently block the xylem vessels and kill the plant. 4) Drought 
tolerance enables plants to resist dehydration through physiological activities such as 
production of osmoprotectants (Luo 2010). Drought resistance can include all four of 
these mechanisms.   

The impact of drought depends upon the species and their specific functional 
morphological and structural traits.  Plant height, xylem structures and hydraulic traits 
(Barros et al., 2015) affect plant internal water movement, leaf area and number of 
stomata per unit area, affect evapotranspiration rates, while rooting depth and root 
fungal associations affect access to water from the soil.  

Other functional morphological traits that impact drought responses include root form 
and rooting depth and pattern, which are frequently species specific, and also depend 
upon surrounding soil characteristics (sections above, e.g. Thomas 2000) and other 
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abiotic factors. Combinations of traits are species specific and some of these traits vary 
more among individuals of the same species, than among different species particular in 
tropical forests.  Plant genetics physiology and biochemistry are also important but are 
not dealt with here (see e,g, Ilyas et al., 2021). In addition, leaf size and shape, cuticle 
thickness (Read et al., 2003), and distribution of cell types within plants all have their 
individual effects. Two tree species Picea abies and Fagus sylvatica that commonly grow 
in the same regions represent diverse hydrologic anatomy and physiology, which affects 
their drought responses. For example, Picea abies (spruce) is an evergreen 
gymnosperm with tracheids, few stem parenchyma cells, needles, and a mostly shallow-
rooting system, while Fagus sylvatica (beech) is a deciduous angiosperm with xylem 
vessel elements, a higher proportion of xylem parenchyma, broadleaves, and a 
heartrooting system, with coarse roots spreading horizontally and vertically from the 
rootstock, with its fine root distribution below that of spruce (Grams et al., 2021).  

The development of some traits often depends upon the environment in with a plant is 
growing, so there may be a legacy effect. Some plants in an environment with frequent, 
short-term, low-intensity droughts may suffer less during a drought than plants that have 
been established in wet areas, which are then subjected to unusual drought conditions. 
Hasibeder et al., (2015) found that short term summer drought altered the carbon 
allocation to grass roots, which enabled plants to withstand subsequent droughts more 
easily. A phenology-growth trait complex may evolve in response to differences in 
precipitation. For example, populations of Abies alba from areas characterized by 
generally low levels of precipitation have evolved to start the growing season early, grow 
slowly, and have a high water use efficiency (Csilléry et al., 2020). 

In the UK droughts tend to co-occur with high temperatures (as noted above). In 
response to increasing temperatures experienced within the growing season, numerous 
studies show that plants can adjust their photosynthetic rates to maintain higher carbon 
assimilation rates. Thermal acclimation of photosynthesis in response to rising 
temperatures typically increases the optimum temperature for photosynthesis towards 
the new growth temperature, which increases or maintains the photosynthetic rate 
respective to the growth temperature (Yamori et al., 2014).  However, numerous studies 
show plants can acclimate to their environment, in that the optimal temperature for 
photosynthesis is adjusted to growth conditions experienced over the timescale of days 
to weeks(Dusenge et al., 2020, Slot et al., 2021, Way and Yamori, 2014). Acclimation of 
photosynthetic capacity to drought has been shown in Eucalyptus species (Zhou et al., 
2016).  

1.8. Drought and Species Response  
As noted above, during drought spells, plant systems actively maintain physiological 
water balance by (i) increasing root water uptake from the soil, (ii) reducing water loss by 
closing stomata, and (iii) adjusting osmotic processes within tissues (Rodrigues et al., 
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2019; Gupta et al., 2020; Seleiman et al., 2021). Plants in their usual habitats adapt to 
their environment through variety of means ranging from transient responses to low soil 
moisture, to major survival mechanisms of escape by early flowering if seasonal rainfall 
is absent (Basu et al., 2016).  

The sheer diversity of plant species grown across climatic regions including extreme dry 
conditions demonstrates that plants have evolved to endure degrees of drought stress 
with an array of morphological, physiological, and biochemical adaptations (Bohnert et 
al., 1995). As noted above it is the difference between the usual climate conditions, 
particularly water availability that the plant usually experiences, and the relative 
reduction in water availability and its interaction with other environmental factors, which 
results in a “drought” experience for particular plant species in a particular location.  

Species of similar functional type regarded as components of a homogeneous group 
(sclerophylls) that all showed a high degree of sclerophylly (hard leaves that are tough 
and leathery) and lived in the same environment, adopted completely different ways to 
avoid drought (Read et al., 2003). Mediterranean species Olea oleaster behaved as a 
‘drought-tolerating’ species. Drought was ‘avoided’ by Ceratonia siliqua by a ‘water-
spending’ strategy and by Laurus nobilis by a ‘water-saving’ strategy combined with the 
capability of recovering even minimal water losses by drastically dropping leaf water 
potential (Lo Gullo 1988). Different species exhibit different vulnerabilities to drought 
impacts (Blackman et al., 2016, Locatelli et al., 2021) and develop different ‘coping 
strategies’ which can be grouped in two categories (Jump et al., 2017): drought-
avoidance and drought tolerance  

Even within species, plants display very different sensitivities to drought. For example, 
three genotypes of the perennial bioenergy grass Miscanthus showed contrasting 
responses to drought. One displayed stomatal regulation of water loss by reducing leaf 
conductance and photosynthesis to retain green leaf area, even under severe water 
shortage. The other two varieties lost leaf area under drought by senescence (Clifton-
Brown et al., 2002). Differences in whole-plant water use efficiency were not detected in 
the three varieties, suggesting that the ‘best’ strategy for drought survival would depend 
on drought timing, frequency and magnitude (Clifton-Brown and Lewandowski, 2000). 
Miscanthus sacchariflorus and M. x giganteus would be better suited when droughts are 
normally short, however if droughts are prolonged, M. sinensis may survive better as it is 
able to maintain leaf area and continue growth after the drought period has passed. 
Clones of Poplar balsamifera seedlings showed different responses to drought, although 
all were anisohydric they showed different degrees of regulation of leaf water potential, 
shedding leaves stem growth and water use efficiency (Ryan 2011).   

Forest research (https://www.forestresearch.gov.uk/climate-change/adaptation-
measures/tree-species-diversity/) recognizes that drought sensitivity varies among tree 
species. For example, beech, birch and sycamore species are more sensitive than 
hornbeam or native oak species. Species such as Douglas fir and western hemlock are 

https://www.forestresearch.gov.uk/climate-change/adaptation-measures/tree-species-diversity/
https://www.forestresearch.gov.uk/climate-change/adaptation-measures/tree-species-diversity/
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more tolerant of drought and show lower susceptibility to stem cracking than species 
such as Sitka spruce.  An experiment on beech and spruce demonstrated species 
differences between spruce and beech. After a drought, one week after precipitation 
returned the pre-dawn leaf water potentials of drought-stressed trees had recovered, but 
stem diameter growth did not re-establish in the same growing season, and remained 
reduced by 33% in beech and 69% in spruce compared with controls over several years 
(Grams et al., 2021).   

Blackman (et al., 2016) proposed an index of desiccation leading to tree mortality. 
However, reports on species drought attributes are often based upon observations of the 
environmental conditions in which they normally grow, and their responses during past 
droughts. While these observations are valuable to determine impact of climate change, 
for example the phenological observations of Betula pubescens (birch), Fagus sylvatica 
(beech) and Quercus robur (oak) in The Netherlands (Kramer et al., 1995). Results from 
seedlings may not reflect what happens to mature trees as tree breeders have long 
known that seed or seedling traits are often poor predictors of adult traits in field 
conditions (e.g., Resende et al., 2012), with some exceptions, e.g., wood traits (Gaspar 
et al., 2008) or seed size in pines (Zas and Sampedro (2015). Measures of adult growth 
traits in-situ may also not be helpful to predict drought responses when plants are 
affected by management practices and interspecific competition (Kunstler et al., 2011). 

UK forest research has a site assessment tool for selecting where to plant trees, but it 
does not yet include species information for dealing with droughts.  
(https://www.forestresearch.gov.uk/tools-and-resources/fthr/ecological-site-
classification/).  

There appears to be are few direct tests of the drought responses of UK native species 
(such as those for Acer tree seedlings, Khalil et al., 1992), the strategies they have 
evolved, their genetic variation or the plasticity in their drought tolerance (Madouh et al., 
2022).  Some information can be found from other countries, such as in The Netherlands 
where several grass species that are also found in the UK including Lolium perenne, 
Bromus hordeaceus and Alopecurus pratensis (Buchenau et al., 2022) have been tested 
for drought. Species lists for drought tolerant garden plants such as those by Kew 
Gardens https://www.kew.org/read-and-watch/drought-loving-plants-garden and the 
Royal Horticultural society https://www.rhsplants.co.uk/drought-resistant-plants are 
mostly not native.  

There have been experimental tests for the drought tolerance of crop plants, because of 
their economic and food value. Seliman (2021) lists drought tolerance mechanisms for 
wheat, soya, sunflower, cotton, canola, maize and rice, and see the review by Daryanto 
et al., (2020) on a variety of important crops. There is also research into breeding crop 
plants for drought tolerance (Varshney et al., 2021), but agriculture and droughts are the 
subject of another essay. 

https://www.forestresearch.gov.uk/tools-and-resources/fthr/ecological-site-classification/
https://www.forestresearch.gov.uk/tools-and-resources/fthr/ecological-site-classification/
https://www.kew.org/read-and-watch/drought-loving-plants-garden
https://www.rhsplants.co.uk/drought-resistant-plants
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1.9. Drought and vegetation type  
Different vegetation types have different species combinations and develop in different 
environmental conditions that define them. The combination of species and their 
functional traits, species interactions and interactions with the abiotic environment 
determine how vegetation will respond to drought.   

Vegetation types with low species and functional diversity may resist drought if the 
individual species are drought tolerant. For example agricultural species that have been 
developed specifically to be drought tolerant may suffer less than a diverse species 
community of semi natural vegetation that has not evolved drought strategies.  Similarly 
low diversity communities in desert landscapes where individual species have evolved 
drought tolerance, may be less damaged by drought when compared to high species 
diversity communities with non drought resistant species.  However, within a particular 
location, high diversity species communities are generally more drought resistance that 
monocultures, or low diversity vegetation. Drought resistant high diversity plant 
communities may be more drought resilient because some vegetation cover may be 
maintained through some deep rooted species having easier access to water from 
deeper depths. At the same time, those with more responsive stomata may reduce water 
loss and not wilt nor drop their leaves.  Although some species may be lost from the 
community, if some plants persist, the vegetation is ready to respond to renewed rainfall, 
to absorb water reduce erosion and runoff and hold the soil together. The impact of 
drought on individual plant species, and how species interactions in plant communities 
respond in different vegetation types, in different abiotic environments, with different 
plant soil feedbacks requires much detailed research (Veresoglou et al., 2022).  

1.9.1. Drought in forests   

The potential for forests to be damaged by drought on UK is increasing, and there is 
evidence that areas previously considered unlikely to suffer drought will be impacted. 
Drought risks to forest are affected by the forests location and although summers are 
projected to become drier across most of the UK their impact will be site and forest 
specific such as predicted for east central and southern Scotland.  Large scale tree 
mortality not yet observed in Scotland but severe damage was observed in Scotland the 
UK and Scotland after 2003 and 2018 droughts (Locatelli et al., 2021). In Scotland, direct 
effects of severe droughts are likely to be felt primarily on forest productivity. Ovenden et 
al., (2021) report a substantial reduction in radial stem growth of Scots pine in Scotland 
for a period of approximately 5 years after a drought event. The largest reductions in 
productivity from drought on forests are likely in southern England, where temperatures 
will also be warmest. Site attributes such as soil type are also important, and forests on 
shallow, light-textured and freely draining soils that hold less water will be more affected 
by reduced precipitation than those on deep, heavier clay soils.  However, trees growing 
on deep soils, but poorly drained so that they are waterlogged in winter may have 
shallow rooting zones, and therefore may be at risk if upper soil layers dry out in 
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summer, even if there is water in deeper layers 
https://www.forestresearch.gov.uk/climate-change/risks/drought/ 

In addition to drought that leads to tree mortality, drought can lead to reduced tree 
growth, stem cracking, crown dieback, susceptibility to biotic attacks, or pathogens 
(Desprez-Loustau et al., 2006) and increased risk of windthrow and wildfire. Few studies 
have investigated the interactions between drought and other disturbances, with fire and 
pests found to be the predominant co-stressors (Jactel et al., 2012).    

New tree planting, older, and veteran trees are more likely to be most affected by 
drought. As the effects of drought differ with species and tree age, there will likely be 
changes to stand age structure and species composition over time and with repeated 
droughts. Newly planted trees will be particularly vulnerable to droughts, especially those 
on exposed open sites as are smaller, more fragmented woodlands as these will be 
more likely to are more likely to dry out than extensive forest areas when sunlight 
temperature and wind exposure are reduced.  Forests are adaptable ecosystems, 
however, constraints on natural processes can impact forest recovery after a drought 
and the degree of drought disturbance is linked to the precipitation history before the 
drought occurs and forest condition at the time of the drought. 
https://www.forestresearch.gov.uk/climate-change/risks/drought/  

Species composition is significant in determining large-scale responses to drought, given 
the variation of the ability to acclimate to water stress observed within and between 
species. While severe drought may trigger tree mortality within a population, some trees 
will be less vulnerable to dry conditions than others and survive (DeSoto et al., 2020). It 
is suggested that the resilience of forest stands and trees to drought is enhanced by 
increasing diversity in functional species traits (Ammer, 2019) and diversity in hydraulic 
strategies (Anderegg et al., 2018). Species that have the capacity to acclimate to 
drought conditions will therefore be beneficial in maintaining the long-term persistence of 
the global land carbon sink 

As species differ in their vulnerability to drought forests of Scots pine, Douglas fir, and 
Sitka spruce in the UK are expected to be most impacted, however provenance trials 
have shown large variability in drought vulnerability among provenances, which are as 
great as between species. Modelling climate and tree growth through tree rings 
(dendrochronology) may provide information on drought tolerance of some species and 
different species provenances.    
(https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/).  

Although trees often cope with soil moisture deficiencies in one year, damage will occur 
if the soil moisture store is not replenished. Forest recovery from drought depends upon 
the timing and intensity of the drought, and whether there have been repeated droughts 
that had a cumulative effect. Predicting the resilience and recovery of trees and forests 
to drought is hindered by the unknown predisposition of trees entering the drought event. 

https://www.forestresearch.gov.uk/climate-change/risks/drought/
https://www.forestresearch.gov.uk/climate-change/risks/drought/
https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/
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This includes the cumulative effects of previous water deficits in combination with other 
environmental factors (e.g. pest outbreaks) that influence survival, mortality and recovery 
of stress from drought (e.g. Anderegg et al., 2007, Choat et al., 2018)  

Results from the first assessment of the large species and provenance trials of the 
REINFORCE European consortium across a long Atlantic seaboard transect confirm the 
particular vulnerability of young trees (4-year old) to drought. Correia (2018) report that 
mortality in the broadleaves was driven by the size of the difference between 
precipitation in the native and non-native ranges, while conifer survival was affected by 
elevated accumulated temperature. For broadleaved species, this suggests that 
precipitation levels in the region of the source seed material, must be carefully 
compared, with those of the intended planting location. For conifers it is important to 
ensure that the differences in temperature and the length of the growing season between 
the source and target locations are kept to a minimum. This study identified a strong 
negative correlation between tree height and a drought index derived from accumulated 
temperature and precipitation. Conifers were more heavily impacted than broadleaves, 
despite the latter being more susceptible to unfavourable soil properties than conifers.  

Observations on mixed versus monoculture forest stands reveal that Douglas-fir in mixed 
stands exhibit a significant improved growing performance compared to pure stands. 
European beech seems to react indifferently concerning its performance in mixture 
compared to pure stands (Thrum et al., 2016). Differences in drought stress resistance 
and growth recovery time mainly arose between the species. Douglas-fir showed a 
significantly lower resistance and required more time to reach its initial growth level 
again compared to European beech. After drought in a species mixture there was a 
trend for shorter recovery time for Douglas-fir growth and longer recovery time for 
European beech after a drought period (Thrum et al., 2016).  

A global forest study by Jump et al., (2017) showed the importance of looking at forests 
rather than individual species, when environmental favourability declines, increases in 
water and temperature stress that are protracted, rapid, or both, drive a gradient of tree 
structural responses that can modify forest self-thinning relationships. They expect 
forests to become increasingly structurally mismatched to water availability during more 
stressful episodes. Forest research (https://www.forestresearch.gov.uk/climate-
change/risks/drought/) noted that drought risk needs to be assessed and adaptation 
measures implemented to help manage these risks. Research and ongoing monitoring 
can help better understand the risk and impacts of drought on different tree species, 
provenances and sites. 

Drought effects result from the complex interplay between climate extremes, many 
different components of forest ecosystems and other biotic and abiotic disturbances. All 
of these elements will be affected by climate change in ways that cannot be confidently 
projected, which makes predicting the interactions among them very difficult. 
(https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/) 

https://www.forestresearch.gov.uk/climate-change/risks/drought/
https://www.forestresearch.gov.uk/climate-change/risks/drought/
https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/
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Silvicultural strategies such as underplanting (planting seedlings of shade-tolerant 
species such as western hemlock, Douglas fir, and western red cedar, in an established 
stand) increases forest diversity the additional structural complexity provided can also 
have positive effects on drought resilience, such as by reducing air temperatures and 
wind speed, and increasing humidity in a multi-storey stand structure (Stokes et al., 
2020). Mixed species stands also provides drought resilience as different species can 
withstand different degrees, extent and timing of droughts. Recent evidence suggests 
that forests with high structural and species diversity are more resilient and better 
adapted to climate change impacts (Kirby et al., 2009, Ray et al., 2015). 

Other forest management practices such as thinning forests potentially allows for the 
development of larger root systems that may increase future resilience to drought [38]. 
However, thinning may also promote the growth of ground vegetation and thus 
competition for soil water; more ground vegetation growth also increases the risk of 
wildfire spread. In some cases, thinning the overstorey can increase air temperature and 
reduce humidity at canopy level, which may increase tree water loss (Sohn et al., 2016).  
A selection of forest drought risk mitigation strategies can be found here 
https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/ 

Resources and current projects concerning forest drought: 

Project PRAFOR Probabilistic drought Risk Analysis for FORested landscapes An 
ongoing at UK forest research and European institutions to develop probabilistic 
methods, environmental risk assessments and process based models for forests, climate 
predictions and drought impacts. Dealing mainly with conifer species including scots 
pine.  (https://www.forestresearch.gov.uk/research/prafor-probabilistic-drought-risk-
analysis-for-forested-landscapes/). 

There is a recently launched hub for forests and drought in UK 
https://www.forestresearch.gov.uk/climate-change/risks/drought/  

Forest research has a decision support tool to choose the best forest species for a site is 
available for a range of species and uses average climate conditions but it does not yet 
have capacity for determining the impact of possible extreme events such as drought. 
https://www.forestresearch.gov.uk/tools-and-resources/fthr/ecological-site-classification/ 

1.9.2. Drought in Grasslands 

The degree to which plant species diversity in grasslands and herbaceous mixtures may 
promote resilience to drought has yielded inconsistent results with some mixtures 
showing diversity increased, decreased or neutral impacts on biomass production 
depending on the species community, level of productivity and management (Vogel et 
al., 2012). More productive fertile grassland with high relative growth rate species may 
be less able to withstand drought (Grime 2000). Vogel et al., (2000) hypothesized that 
high species richness has a positive effect on productivity but this might result in a lower 

https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/
https://www.forestresearch.gov.uk/research/prafor-probabilistic-drought-risk-analysis-for-forested-landscapes/
https://www.forestresearch.gov.uk/research/prafor-probabilistic-drought-risk-analysis-for-forested-landscapes/
https://www.forestresearch.gov.uk/climate-change/risks/drought/
https://www.forestresearch.gov.uk/tools-and-resources/fthr/ecological-site-classification/
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resistance to climate change. Grassland studies experiments in California showed that 
reduced precipitation had little effect on productivity, but the species community shifted 
as the competition among species changed (Van Dyke et al., 2022). Some of the 
inconsistency of grassland drought responses may be difficulties in considering the 
changes in species richness with productivity measurements. Species mixes where most 
species have similar functional traits may be similarly affected by drought, and the trend 
may be negative between species richness and productivity despite high species 
richness. Hussain et al., (2022) found that biodiversity positively affected resistance to 
drought but mixed effects when considering resilience. Vogel (2012) also noted the 
impact of grassland management and timing of cutting on their grassland drought 
resistance. With few exceptions (e g Grime 2008 in the UK, and Hossain 2022 in 
Germany) most grassland drought experiments have been short lived and the variability 
in results difficult to tease out.  Rainfall reduction experiments in wet years may not 
reduce water sufficiently to cause drought stress and show a difference between 
reduced precipitation and control treatments (Ayling et al., 2021).  Houssain (2022) 
emphasized that plant species diversity stabilize grassland ecosystem productivity and 
increase resistance to climate change. Improvements to grassland drought experiments 
have been suggested by Matos et al., (2020), including a focus on the exploring the 
transitions between wet and dry phases and climate extremes when assessing 
vegetation resilience to climate change.   

The ability for grassland species to withstand drought depends upon the soil, its 
microbes and its drought legacy (Xi et al., 2022).  A study by XI (2022) in planted 
mesocosms reported that: (i) drought decreases bacterial and fungal richness and 
modified the relationships between plant species richness and microbial groups; (ii) 
drought soil legacy increased net biodiversity effects, but net plant species richness was 
unaffected; and (iii) linkages between plant species richness and 
complementarity/selection effects depended on past and subsequent drought. 

Ongoing international experiments on grassland and drought:  

– Drought-Net: A global network merging observations, experiments, and modelling to 
forecast terrestrial ecosystem sensitivity to drought. Established in 2016. Principal 
Investigator(s):Kate Wilkins, Colorado State University; Osvaldo Sala; Peter Wilfahrt, 
University of Bayreuth; Laureano Gherardi; Melinda Smith: 
https://ui.adsabs.harvard.edu/abs/2016AGUFM.B11J..06S/abstract  

– New Drought synthesis project https://lternet.edu/working-groups/a-global-synthesis-
of-multi-year-drought-effects-on-terrestrial-ecosystems/ Published January 16, 2023 

1.9.3. Drought in heathlands  

Calluna vulgaris (heather) and Deschampsia flexuosa are dominant heathland plants in 
the UK. Kongstad (2012) reported the high resilience in heathland plants to drought and 
high temperatures.  After a 3 year experiment by Konstad et al., (2012) they found that 

https://ui.adsabs.harvard.edu/abs/2016AGUFM.B11J..06S/abstract
https://lternet.edu/working-groups/a-global-synthesis-of-multi-year-drought-effects-on-terrestrial-ecosystems/
https://lternet.edu/working-groups/a-global-synthesis-of-multi-year-drought-effects-on-terrestrial-ecosystems/
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drought reduced the growth of the two dominant species Deschampsia flexuosa and 
Calluna vulgaris (Brandbjerg, Denmark). However, both species recovered quickly after 
rewetting and the drought applied had no significant effect on annual aboveground 
biomass production. This heathland plant species community also did not show any 
significant responses to the imposed climate changes and they concluded that these two 
heathland species, on a short time scale, will be relatively resistant to potential changes 
in climatic conditions.  However Kondstad et al., (2012) suggested that the ability of D. 
flexuosa and C. vulgaris to recover from severe drought may change in the future as 
periodic drought events permanently change growth conditions over time. However, 
Seaton et al., (2022) suggested that in heathlands longer term and more intense (up to 
some level) than normal droughts may have a reduced effect as the ecosystem is able to 
adapt as the drought changed the distribution of Calluna vulgaris roots. There were also 
changes to soil bacteria and fungal communities in upland heathland organic soil, which 
may affect the future drought resistance of these heathland communities. Drought 
increased the dominance of fungi over bacteria in temperate heath (Haugwitz 2014).  

1.10. Knowledge gaps, species, vegetation and 
drought 
Drought and temperature response of UK native plant species, their structural and 
physiological adaptability, within species variation and responses to different 
environments is required, and a comprehensive database with this information 
established.  Potentially invasive species should be included in order to predict 
outcomes under climate change scenarios.  

A public searchable database of drought tolerant UK native plants would be useful such 
as that for Oklahoma plants https://www.edmondok.gov/1494/Drought-Tolerant-Plant-
Database 

Interactions among plants and the impact of species competition and facilitation during 
drought, and in different environments, are required in order to understand and predict 
the future.  

Long term and large scale experiments on natural and semi-natural and plant 
communities are required, to look for resistance and resilience of established vegetation.   

Forest-scale experiments are urgently needed to improve our understanding of trees’ 
responses to extreme drought events and subsequent recovery under field conditions 
(Grams et al., 2021). To address questions on the extent that forests will be affected by 
a changing climate, experiments should consider a range of forest ages and species 
arrangements, from saplings/seedlings to mature forest stands (e.g., Lola da Costa et 
al., 2010, Pangle et al., 2012).  

https://www.edmondok.gov/1494/Drought-Tolerant-Plant-Database
https://www.edmondok.gov/1494/Drought-Tolerant-Plant-Database
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Efforts to determine tree drought tolerance by modelling climate and tree growth through 
tree rings (dendrochronology). Tree rings show some evidence that Douglas fir shows 
drought resistance. Investigations in a stand of mature Douglas fir stands identified that 
high wood density and high late-wood to early-wood ratio were associated with lower 
likelihood of drought-induced mortality in affected stands (Martinez-Meier 2008).  
(https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/). 

To allow forest managers to make informed decisions about implementing drought-
reducing silvicultural practices, the forecasts of drought-related risks to growth and 
productivity of Scottish forests estimated by Petr et al., (2014), will require higher spatial 
resolutions, and a better representation of the fundamental interactions between forest 
stands, soils, and climate. 

More investigation is needed to understand how high temperature stress interacts with 
drought, particularly the impact on photosynthetic capacity and biochemical acclimation.  

 

2. Drought and wildfires, impact on soils and 
vegetation.  
2.1. Introduction 
 “Wildfire” are “an unusual or extraordinary free-burning vegetation fire which may be 
started maliciously, accidentally, or through natural means, which negatively influences 
social, economic, or environmental values” (UNEP et al., 2022). Whether caused by 
humans or nature, fires can become wildfires when they burn out of control. These 
contrast with landscape fires - fires that local people and ecosystems are more 
accustomed to and  are critical to many ecosystems' healthy functioning and essential 
cultural and land management tools.  

The impacts of wildfires are experienced over various timescales. The immediate 
consequences include loss of life, wildlife, habitat and crops, and destruction of property 
and infrastructure. The longer-term impacts include environmental damage that may last 
for many years. Drought, leaf drop and vegetation death provides dry fuel that together 
with heat and an ignition source may lead to vegetation fires. Different vegetation types 
will burn in different ways depending on fuel distribution, local weather, and abiotic 
conditions. The intensity of the burn, its temperature and length of burn time of the fire 
have profound effects on the soil, vegetation, watercourses and their subsequent 
recovery. The increase in wildfires around the world is mostly via an increase in fuel 
availability where more dry vegetation is available to burn, and the fires season is 
lengthening through increased number of days when metrological conditions are 
conducive to fire (Jones et al., 2020, 2022).   

https://www.climatexchange.org.uk/research/projects/drought-risk-in-scottish-forests/
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Drought has a major influence on fire occurrences that can be categorised as: (1) direct 
effects on fire weather through drought, higher temperatures, which, when coupled with 
higher winds, make fuels drier and easier to burn (Littell et al., 2016); (2) indirect effects 
resulting from changes in the nature and availability of biomass/fuel; and; (3) direct and 
indirect changes in the frequency and location of natural and human-caused ignitions via 
changes in dry lightning profiles, and changes in demographics and human behaviour 
(Dale et al., 2001; Krawchuk and Moritz 2011; McKenzie and Littell 2017; Restaino and 
Safford 2018). 

The impacts of drought and wildfire on soil and wider ecosystem functions are of 
increasing interest. The processes and responses vary from very small to large 
ecosystem scales. More multidisciplinary ecosystem-based studies are required 
because of the complexity of the different possible effects and reasons for potential 
changes. Long-term monitoring experiments are rare and, if and how ecosystems 
recover after drought or fire is relatively unknown. To understand recovery from fire, 
more data and knowledge about soil processes before and during drought and fire 
events is required. The importance of timing of drought and wildfires events is 
acknowledged. However, information on the disturbance to nutrient availability is 
required as this will affect plant growth and survival at different times of year. Newly 
developed models like SheFire (Brady et al., 2022) will help explore how wildfires and 
soil heating influence physical, chemical and biochemical responses. Ultimately, soil 
moisture deficits can lead to a shift in plant species and physiological changes in 
vegetation more vulnerable to fires (Mansoor et al., 2022).  

2.2. Impacts of wildfire on soils 
The greatest proportion of heat released in fire is transferred to the air while the heat, 
which reaches the ground surface, is transferred into the soil profile through a 
combination of radiation, conduction, convection, mass transport, vaporization, and 
condensation (Stavi, 2019). Interestingly, there is no correlation between fuel load, fire 
intensity, and fire damage to soil (Stoof et al., 2013). Burn severity is a term used to 
describe the loss of organic matter in the soil and degree of soil burning (Parsons et al., 
2010).   

The direct and indirect of fire on soil depends on the soil temperature reached and the 
duration of heating, direct effects range from a reduction in soil organic matter, soil 
porosity, saturated conductivity, soil water retention and infiltration capacity to increases 
in dry bulk density and development of fire-induced soil water repellence (Stoof et al., 
2015). Mataix-Solera et al., (2011) showed that fire could cause both soil aggregation, 
when strong aggregates could form due to the recrystallisation of certain minerals, and 
disaggregation when organic matter was destroyed. Jain et al., (2012) presented a 
classification of five post-fire soil environments ranging from unburned, to absence of 
surface organic matter, to aid the interpretations of fire effects research. The combined 
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effects of fire on soil physical and hydrological changes that change soil properties 
governing water flow and soil stability increase the risk of overland flow generation and 
soil vulnerability to erosion (Stoof et al., 2015). Indirect fire effects on soils are caused by 
soil exposure after the vegetation is removed, increasing the vulnerability to erosion 
(Stoof et al., 2015). 

2.3. Impacts of wildfire on vegetation 
Wildfire is a major environmental process because it removes the vegetative cover, 
leaving bare soils more prone to soil erosion.  Although wild fires have not been a major 
occurrence in past decades in the UK. The predicted drought frequency and intensity 
increase is likely to increase wildfires (e.g., the Saddle Moor fires in 2018). While many 
plant species from fire-prone ecosystems have evolved and are adapted to specific fire 
regimes corresponding to historical conditions, changes from low fire occurrence or 
shifts from the normal regime of fire adapted ecosystems may have severe impacts on 
vegetation recovery, and long-term species persistence (Tangney et al., 2022). Fires 
outside of the historical fire season may lead to decreased post-fire recruitment, 
particularly in obligate seeding species, but a post fire increase in abundance of re-
sprouting species is possible.  

Research on how fire season influences fundamental plant life-cycle stages is 
surprisingly limited (Miller et al., 2017) and often focuses on the local scale. Fire 
seasonality is a component of the fire regime and shapes plant responses to fire. How 
plants respond to fire season variation is linked to seasonal phenological cycles of 
growth, dormancy, flowering, and reproduction, meaning that when fire occurs during 
vulnerable phenological stages, post-fire population recovery responses can be 
negatively impacted. 

The frequency and extent of wildfires is influenced by the intersection of climate, 
weather, ignitions and landscape fuels (Bradstock et al., 2010). Both the short-term 
characteristics of fire events and long-term, interval-related elements of fire regimes can 
shape species distributions. The characteristics of individual fire events filter plant 
functional types in the short-term, leading to local mortality or recruitment failures, while 
the overall fire regime can impart selective pressures on species and traits within 
ecosystems over generations (Keith et al., 2007). As wildfires fall outside the range of 
disturbance normally experienced by local ecosystems, they can overwhelm plants 
adaptations to fire. 

In areas regularly affected by fire, many trees have evolved thick bark to protect xylem 
from flames and heat. As wildfires become more intense, hotter flames that burn for 
longer may burn through the bark, to increase tree mortality either during the fire or soon 
afterwards. Imported species such as giant redwoods do have distinctly thick and 
insulating bark. Other adaptations to fire include the ability to re-sprout from buried roots 
and shoots that are protected from the heat by the soil.  In the UK native tree species are 
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unlikely to have evolved thick bark protection, and few plants will have evolved other fire 
adaptations as historically fires have not been frequent enough to create sufficient 
selection pressure for fire adaptations. Combined, drought and wildfire causes more 
stress to plants, causing increased plant mortality (Hato et al., 2021; Machado-Silva et 
al., 2021).   

For UK forests there are two periods of high wildfire risk: late winter-spring when there is 
dead-dry ground vegetation present (e.g., grass, bracken), overnight-frosts, dry periods 
with low daytime relative humidity; and summer, with hot and dry weather, including 
heatwaves and droughts. Wildfires during the summer are usually more intense and 
more damaging. The changing climate is likely to increase the risk of wildfires in both the 
late winter-spring and summer periods, and may extend the high-risk season into the 
autumn. Compared with warmer and dryer Mediterranean countries there have been 
relatively few forest fires but they do occur especially where grassland or heathland is 
close to woodlands or open rides within forests provide flammable material.  After pest 
and disease outbreaks kill trees that are standing or where fallen trees are left to decay 
the fire risk increases because of the extra fuel loads.  

There are three main types of forest wildfires: surface fires, ground fires and crown fires. 
The most common is the surface fire, where the understory plants such as heather, 
grass, bracken and gorse along forests edges and the understory in open forest areas 
create fire fuel. There can be substantial growth of these fuels along roads and rides, 
before canopy closure, and after woods have been thinned. Surface fires can burn 
fiercely, spread fast with long flames and at high fire intensity. Ground fires consume 
peat and soil organic matter and threaten carbon stores. Smouldering peat fires are hard 
to extinguish and can re-kindle frequently. Tree crown fires occur less frequently, during 
hot and dry summers, but are the most dangerous. They spread from surface fires, with 
ladder fuels such as tall shrubs, low tree canopies, and standing deadwood. Trees in 
poor health, and leaning windblown trees, increase the risk of canopy fires. There are a 
variety of methods to prevent forest fires such as fire breaks (see 
https://www.forestresearch.gov.uk/climate-change/risks/wildfire/ accessed 25 Jan 2023)  

As with drought, soil-plant interactions are affected by changed soil conditions post fire. 
Some plants increase the allocation of biomass to roots to compensate for nitrogen 
limitation after fire, thereby changing the root-to-shoot ratio and leading to an increase in 
soil respiration (Stavi, 2019). On the other hand, restoration of vegetation can be 
relatively fast when rhizome buds of perennial herbaceous plants remain unharmed 
(Bond, 2001). 

2.4. Future wildfires and wildfire drivers 
With projections of more frequent droughts comes increases in wildfires (Figure above), 
along with a corresponding increase in burnt fallen and standing trees (UNEP et al., 
2022. These devastating wildfires will likely become more severe and frequent, with 

https://www.forestresearch.gov.uk/climate-change/risks/wildfire/
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(UNEP et al., 2022) estimating a worldwide increase of 8-14% in the next 10 years and 
31-57% by 2100. 

Several factors influence the level of danger of a particular fire, including the 
environmental conditions such as the weather, available fuel and topography affecting 
the severity of the fire, human factors, landscape modification and resources for 
suppression (Kelley et al., 2019; Yeo et al., 2015). Climate change affects the weather 
that a fire needs to burn if ignited and suitable climate conditions for fuel (Flannigan et 
al., 2016). Whilst the wildfire has increased, the burnt area globally has decreased, 
mainly due to land fragmentation and fuel clearance for agriculture and fire suppression 
efforts in tropical savannas, which see extensive landscape fires (Knorr et al., 2016; 
Andela et al., 2017; Kelley et al., 2019).  

 

 
Left: future changes in wildfire occurrence compared by 2090-2100 vs 2010-2020 
for (top) RCP2.6 and (bottom) RCP6.0 future emissions scenarios. Right: Change 
in fuel dryness (right). The black dots indicate areas of a significant shift  dryness. 
Reproduced from (UNEP et al., 2022) 

Factors influencing fires vary for different regions worldwide, including both natural 
processes and anthropogenic behaviour. For example, both the western USA and 
Australia have a long history of fire across their ecosystems, partly driven by their 
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weather and climate conditions, whereas weather and climate has had less influence on 
fires across Brazil and the Amazon (Alencar et al., 2015; Kelley et al., 2021; da Silva 
Junior et al., 2020). 

2.5. Drought drivers and wildfire changes 
There has not been any comprehensive evaluation of the drivers of wildfire globally, due 
to the relatively short observational record and global fire models inability to reproduce 
extreme fire events (Hantson et al., 2016; Hantson et al., 2020). However, we can infer 
areas where drought conditions are more likely to driver wildlife activity from sensitivity of 
burnt area to fuel moisture relative to other controls (Figure below; Kelley et al., 2019). 
High burning rates in tropical forests are more likely to occur due to low fuel moisture. 
The same is true in boreal forests, though here high fire activity is also limited by 
available ignitions. However, in fuel limited systems such as tropical and Mediterranean 
savannahs and grasslands, temperate woodland, and arid systems such as shrub and 
desert, low fire activity coincides with drier conditions because of the reduced fuel 
production. In large parts of Africa with annual average rainfall less that 800 mm, for 
example drought conditions are associated with less burnt area due to a decline in grass 
biomass and productivity (Alvarado et al., 2020). 

Over the past two decades, droughts and heatwaves have become more frequent and 
severe (Geirinhas et al., 2018; Panisset et al., 2018) they also make it more difficult to 
suppress fire and increase the potential for outbreaks to become wildfires that burn 
unchecked for extended periods (Adams et al., 2020). 

2.6. Models for wildfires spread 
Climate change influences on fire are generally categorised as (1) direct effects of 
climate change on fire weather conditions such as drought, high temperatures, winds, 
and their seasonality; (2) indirect effects on fire through vegetation condition as climate 
change alters the structure, abundance, and energetics of biomass/fuel; and (3) changes 
in ignition potential due to shifting spatiotemporal patterns of lightning and alterations in 
human behaviour in response to factors such as climate policy and environmental 
management (Figure below) (Dale et al., 2001; Krawchuk and Moritz 2011; McKenzie 
and Littell 2017; Restaino and Safford 2018). 

The impact of these complex interacting processes on fire regimes are not well 
understood and depend on whether factors act synergistically or antagonistically (Balch 
et al., 2009; Prentice et al., 2011). One option is to improve representation of fire in 
models, the challenges of which are covered in detail in (Hantson et al., 2016). The 
increase in observational data on fire properties such as burnt area, radiative power and 
fire size, and the development of statistical technique has led to the development of 
empirical assessments of fire drivers and impacts that can help inform model 
parameterisation (Haas et al., 2022) or link directly to fire processes (Forkel et al., 2017; 
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Kelley et al., 2019, 2021)]. However, many of these approaches have limited utility due 
to lack of vital process representation and feedbacks. Large scale model development is 
slow, and many approaches have been developed but it will take some time to develop 
models to the point where they can help us understand and predict fires spread. 

Recent work within the western US using statistical models demonstrated that winter and 
spring climate conditions are critical for predicting summer burned area (Abolafia-
Rosenzweig et al., 2022). Further work suggests that extreme weather conditions will be 
the major driving force for fires, surpassing our ability to implement effective 
management. The complexity of exploring fire behaviour and effects is related to scale, 
heterogeneity and feedbacks. There is a range of complexity across models from direct 
connections to fire weather to including interactions between climate and live and dead 
fuels (FireMIP; Rabin et al., 2017). The addition of processes (fuels, crown fires, within 
canopy climate, extinguish) increases both complexity and uncertainty, and is often 
limited by data availability for benchmarking. 
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Figure: Areas where variations in the annual average burnt area are sensitive to: 
fuel (green); moisture (blue); ignitions (red); suppression (stippled); fuel and 
moisture (cyan); fuel and ignitions (brown); moisture and ignitions (magenta); 
fuel, moisture and ignitions (grey). Moisture areas are the areas most sensitive to 
drought. Reproduced from (Kelley et al., 2019). 
 

2.7. Fire modelling research gaps and needs 
Make progress on linking climate, ecological, and fire management research - identified 
as the biggest bottleneck for developing effective and future-proof fire management 
plans (UNEP 2022). 

Reduce the uncertainty and biases in global models that are currently not able to 
represent the stochastic nature of fires. 
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The increase in observational data on fire properties such as burnt area, radiative power 
and fire size, and development of statistical technique has led to the development of 
empirical assessments of fire drivers and impacts that can help inform model 
parameterisation (Haas et al., 2022) or link directly to fire processes (Forkel et al., 2017; 
Kelley et al., 2019, 2021). However, many of these approaches have limited utility due to 
lack of vital process representation and feedbacks. 

The impact of complex interacting processes on fire regimes are not well understood and 
depend on whether factors act synergistically or antagonistically (Balch et al., 2009; 
Prentice et al., 2011). 

Need to develop more appropriate metrics used in fire model comparisons, to design 
data-model comparisons that help characterize models and identify appropriate use. 

Fire is inherently dynamic with processes that vary across scales from flame to airshed 
to define a fire event (Finney et al 2015, Clements et al 2015). Improve the translation of 
the fire event scale to global application involves abstractions that obscures site-level 
heterogeneity known to influence fire behaviour, such as variability in topography, wind, 
fuel, and belowground conditions. 

A central finding of the Fire Model Intercomparison project (FIREMIP) was that simple 
representations of anthropogenic impacts on fire – based on readily available data such 
as population density or GDP – are a substantial shortcoming in current global fire 
models. Including 1) the absence of a systematic empirical basis from which to derive 
improved representations of people in global models and 2) the lack of appropriate 
modelling frameworks through which to capture and project anthropogenic fire impacts 
globally. 

 

3. Drought induced wildfire and the impact 
on water quality in the UK  
3.1. Introduction 
A detailed overview of the impact of drought on water quality is given in an 
accompanying essay, and here we focus on the effects of drought-induced wildfire on 
water quality. Wildfire affect vegetation and soils in many ways, and the creation of ash 
and changes in soil physical and biochemical properties provide a critical link between 
water infiltration, runoff, and erosion that deposits material into watercourses, with 
subsequent effects on water quality Many studies have been carried out in the USA 
(Paul et al., 2022), but few in the UK. Given the increasing occurrence of wildfire events 
in the UK, particularly over the years since 2019, there is a need to understand the likely 
water quality outcomes of these extreme climatic events. 
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The amount and chemical properties of ash produced during wildfires depends upon the 
vegetation destroyed and the fire intensity (Bodi et al., 2014). Ash may fill soil pores to 
reduce water infiltration into soil, and may be directly washed into watercourses. There 
have been few studies on the impact of wildfires in the UK because of their relative 
infrequency in the past, and the dynamic nature of wildfire events renders it difficult to 
establish water quality monitoring using a Before-After-Control-Impact (B-A-C-I) 
experimental design. More often, wildfire studies will use a control-impact assessment, 
or a before-after assessment, and Evans et al., (2017) remains the only study at the UK-
scale to use this design. This is because the affected water body, Blue Lough, has been 
studied as part of UKCEH’s UK Upland Waters Monitoring Network, where high quality 
data on sensitive freshwater ecosystems has been consistently collected since 1988.  It 
is notable that the findings of this methodologically robust study on wildfire effects on 
dissolved organic carbon are different to the majority of other wildfire studies, and there 
is a need for further studies that employ (B-A-C-I) design to reduce uncertainties 
surrounding water quality outcomes as a function of wildfire. 

There are a number of studies at the UK-scale that assess water quality impacts as a 
function of managed burning to maintain heather stands, and these have been reviewed 
by Williamson et al., (2022) with specific reference to dissolved organic matter 
concentration and quality. Whilst there is evidence to suggest that the effects of 
managed burning are comparable to wildfires, albeit subdued in both magnitude and 
duration (Evans et al., 2017; Pilkington et al., 2007; Ramchunder et al., 2013), there 
should be caution in inferring water quality outcomes between these fire types. Wildfires 
are more severe, persist for longer and burn deeper than managed fires, and as a result 
there are likely differences particularly in the post fire erosional potential that could 
propagate to different water quality responses. Further work is required to understand 
the comparability of these fire types. 

The implications of wildfire for the supply of potable water is of increasing concern 
(Bladon et al., 2014; Robinne et al., 2021) and emerging water quality issues caused by 
wildfire have been reported by UK drinking water providers. Most notably, there is a 
suspected link between wildfire and taste and odour issues reported in drinking water 
sources, and water companies have observed an increased in customer complaints 
following wildfires. Ash is hypothesised as a likely contributor to this effect, either as a 
direct influence or through ash-mobilised contaminant transport to water bodies. 
However there are a dearth of data on this process and a clear research gap that needs 
addressing particularly given the current need for drinking water quality providers to 
understand the impact of climate change on raw water quality. 

Longevity of wildfire effects are another source of uncertainty. Short term responses, 
particularly as a function of high flow events post-fire, have been documented in the 
literature (e.g. Kettridge et al., 2019), but longer-term effects are less certain. Evidence 
for effects persisting a few years post-fire is available (e. g. Evans et al., 2017), yet the 
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majority of studies do not monitor much beyond 2 years after the event, and so longer-
term effects remain poorly constrained. In a Swedish study stream concentrations of 
analytes including total organic nitrogen suggested the presence of fast- and slow-
release nutrient pools that are attributed to fire physiochemical and biological processes, 
respectively (Granath et al., 2021), and respond with half-lives of two weeks and four 
months post-wildfire. The same study found that after three years dissolved nutrient 
fluxes had returned to pre-fire levels. 

3.2. Impacts of wildfire on water quality 
There are a number of literature syntheses on the impacts of wildfire on water quality, 
with provision of potable water and water quality management often the key focus for 
evidence collation (Bladon et al., 2014; Paul et al., 2022; Smith et al., 2011). However, 
evidence on the UK scale is generally lacking and therefore knowledge of fire impacts on 
water quality often must be drawn from international studies, with the majority of 
evidence gathered in North America (Gomez Isaza et al., 2022). In general, wildfires are 
considered to release sediment, nutrients and contaminants into the aquatic 
environment, and change the acidity of the catchment soils resulting in pH shifts in 
receiving waters. Combined, these water quality changes can have acute and sustained 
impacts on aquatic ecosystems. 

3.2.1. Sediment 

Wildfires burn and remove above-ground vegetation, and depending on fire severity, can 
also burn through soils and below ground organic matter, thereby increasing the risk of 
soil erosion by several orders of magnitude (Bladon et al., 2014; Smith et al., 2011). 
Precipitation events following wildfires entrain and suspend eroded material and deliver 
them to aquatic environments, where increased levels of suspended solids in the water 
(turbidity) can reduce water clarity and clog stream- or lake-beds with fine particles 
(Minshall et al., 2001) leading to increased sediment accumulation rates (Evans et al., 
2017). Excess loads of sediment to aquatic environments following wildfires can reduce 
dissolved oxygen resulting in impacts on aquatic biota including fish (Lyon & O’Connor, 
2008). The magnitude of the sediment impact is dependent on the severity of the fire, 
itself determining subsequent vegetation changes and erosion potential. 

3.2.2. Nutrients  

Burned landscapes have been shown to deliver increased levels of nitrogen, 
phosphorus, sulfate, chloride, calcium, magnesium, sodium, and potassium to 
downstream aquatic systems (Bladon et al., 2014). Increases in nitrogen and 
phosphorus post-wildfire have been observed across ecosystem types and climate 
zones, and are attributed to reduced plant and microbial uptake and increased leaching 
into waterbodies (Evans et al., 2017; Granath et al., 2021 Paul et al., 2022; Son et al., 
2015). Nitrogen cycling is known to respond to major ecosystem disturbances including 
wildfires, and for water quality the key effect is sustained loss of NO3- into surrounding 
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drainage systems for a number of years post-fire (Evans et al., 2017; Granath et al., 
2021).  Fire-induced release of phosphorus can change the dominant form of P 
speciation in receiving waters (Son et al., 2015) and response magnitudes have 
generally been shown to be higher for phosphorus than nitrogen (Paul et al., 2022). 
Combined, excesses of nutrient inputs to aquatic environments can drive enhanced algal 
growth resulting in negative water quality impacts. 

3.2.3. Acidity 

Wildfires can change the pH of soil and receiving waters, though there is contrasting 
evidence regarding whether wildfires increase or decrease pH, and the buffering 
capacity of both soil and water likely contributes to differences observed between 
studies. In catchments with low buffering capacity, increases in acid anion 
concentrations can result in a strong acidification response as observed in a lake 
catchment post-wildfire by Evans et al., (2017). Alternatively, alkaline responses have 
been observed due to the increasing the concentration of base cations such as calcium, 
magnesium, and potassium. For example following a wildfire in Portugal an increase in 
riverine pH was detected Costa et al., (2014), and this effect persisted for up to a year 
after the burn. Understanding conditions that may cause contrasting pH responses 
following a wildfire is important as water pH directly affects aquatic biota and has indirect 
impacts on pollutant mobilisation (Paul et al., 2022). 

3.2.4. Aquatic biota  

Few studies have been carried out on the effect of wildfire and subsequent run off into 
watercourses in the UK. Studies in Portugal demonstrated that chemicals wildfire ash 
has toxic effects on fish (Nunes et al., 2017).  Other studies in USA, Canada and 
Australia have reported damaging effects of wildfires on aquatic communities, including 
periphyton and phytoplankton (Charette and Prepas, 2003; Cowell et al., 2006; 
macroinvertebrates (Earl and Blinn, 2003; Hall and Lombardozzi, 2008; amphibians 
(Pilliod et al., 2003), and fish (Spencer et al., 2003). 

3.3. Key evidence at the UK scale: Wildfire effects on 
water quality 
Given the increasing occurrence of wildfire events in the UK, particularly over the years 
since 2019, there is a need to understand the likely water quality outcomes of these 
extreme climatic events. Evidence at the UK scale on wildfire water quality effects is 
limited and available studies have a bias towards upland peat catchments. A summary of 
two studies are given below, but there is a need for additional information to determine 
the water quality risk of wildfires at the UK, with a need for long-term studies across 
ecosystem types. Recent UK wildfires where the impact on water quality was assessed 
include the following; 3.3.1 Blue Lough wildfire (2011), 3.3.2 Saddleworth Moor wildfire, 
2018, and 3.3.3 the Flow Country wildfire, 2019 and summaries follow. 
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3.3.1. Case study - Blue Lough wildfire (2011) impact on water quality. 

Blue Lough is a small mountain lake that falls within a large (36 km2) drinking water 
catchment, operated by Northern Ireland Water. On May 1st 2011 the entire Blue Lough 
catchment was affected by a severe wildfire combusting most above-ground biomass 
and burning into the organic soil in some areas (Evans et al., 2017). Data from the site 
collected through the UK Upland Waters Monitoring Network were analysed to determine 
the wildfire-induced water quality changes.  Following the wildfire a large peak in nitrate 
was detected and it was suggested that a history of high N deposition at Blue Lough had 
predisposed it to disturbance-induced N loss. Loss of nitrate was detected concurrently 
with acidification of the lake, detected through pH changes and this finding suggests that 
UK uplands are sensitive to re-acidifcation through extreme climate events such as 
wildifres. The Blue Lough wildfire study also produced clear evidence of increased 
particulate carbon loss, as well as changes in the quality of DOC indicative of a shift 
towards loss of older soil carbon. Counter to previous studies that suggest that burning 
leads to a dissolved organic carbon increase, the results from this study show a clear 
decrease, likely related to changes in organic carbon solubility as a function of wildfire-
induced acidification.  

3.3.2. Case study - Saddleworth Moor wildfire (2018) impact on water 
quality. 

The 2018 Saddleworth Moor wildfire was one of England's largest recorded, burning 
over 18 km2 of upland terrain that supplies the greater Manchester area with drinking 
water. Of particular concern following this fire was the potential release of contaminants 
into drinking water supplies due to the elevated heavy metal concentrations from past 
industrial activity Robinne et al., 2021). Whilst there is no peer-reviewed evidence 
published about this Saddleworth Moor wildfire, a conference presentation by Kettridge 
et al., (2019) outlined the water quality changes following the first high flow event. There 
was a dramatic change in pH from 6.4 to 3.6, and there was evidence of ash-bound 
contaminant mobilisation. Concentrations of Pb peaked during the storm event, but were 
within previously observed limits of unburned moorland catchments. The water supplier, 
United Utilities, acted promptly in collaboration with scientists, treating burned hillslopes 
and gullies with biodegradable erosion prevention measures. This also prompted a study 
for this region to model contamination potential from future fires in unburned catchments, 
for future risk mitigation (Robinne et al., 2021). 

3.3.3. Case study - Flow Country wildfire (2019) impact on water 
quality. 

Covering 4000km2, the Flow Country is a site of global significance currently under 
consideration for UNESCO World Heritage Site status. Nevertheless, it has also been 
substantially modified in places by drainage and notably forestry (with non-native conifer 
trees), making those areas particularly vulnerable to catastrophic deep burning. These 
areas have been actively used for scientific research, with a wide range of prior data. 
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Following a dry and warm spring a large wildfire burnt approximately >60 km2 within the 
Flow Country peatlands of Caithness and Sutherland, North Scotland in May 2019. 
Unlike other wildfires in the UK, the May 2019 Flow Country fire covered an 
exceptionally large area that included peatlands in a range of conditions: drained, 
drained and afforested, under restoration (through forestry removal and drain blocking) 
and near-natural. The fire created an urgent and unprecedented opportunity to quantify 
the interacting effects of fire, drought and past human interventions on peatland carbon 
storage and water quality. Although fire volatilizes much organic carbon into the 
atmosphere (Bodi et al., 2014), the effect of this fire in the Flow Country caused higher 
dissolved organic carbon concentrations in headwater streams in burned drained sites 
than burned undrained sites (Fernandez et al., 2022), suggesting that drainage primed 
peatlands for a poorer water quality outcome following the fire. This may be due to burn 
depth penetrating further into the soil horizon in drained sites. Dissolved organic carbon 
aromaticity also increased in the burned sites, a response that has been detected in 
previous studies with implications for drinking water treatment (Williamson et al., 2022). 
The findings of this study provide some evidence to suggest that peatland restoration 
though rewetting may reduce impacts of wildfire on water quality. 

 

4. Detection of drought impact on vegetation 
from Earth Observation data 
Glossary of frequently used acronyms 

EO = Earth Observation 

ET = Evapotranspiration 

NDVI = Normalised Difference Vegetation Index 

NIR = Near Infrared 

RS = Remote sensing 

SWIR = Shortwave Infrared 

VI = Vegetation index  

Remote sensing suggests a recent weakening of the terrestrial carbon sink, identifying 
notable clusters of browning in forests globally (Winkler et al., 2021). Greening and 
browning trends reflect changes in the abundance of green leaves, and therefore the 
rate and amount of photosynthesis. Strengthening of browning trends in tropical biomes 
is thought to be due to rainfall anomalies (Winkler et al., 2021). This suggests a risk that 
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with increasing drought episodes, tropical forests could switch from a carbon sink to a 
carbon source (Mitchard, 2018).  

The use of remote sensing (RS) data to monitor drought impacts on vegetation has 
steadily increased in the past half century (West et al., 2019). This growth has 
accelerated since the early 2000s, probably linked to MODIS (Moderate Resolution 
Imaging Spectroradiometer) (on board the NASA TERRA and AQUA satellites) which is 
providing 250m daily global reflectance data since March 2000. A recent review has 
counted a total of over 60 different EO-based indicators to monitor drought impacts on 
vegetation (Alahacoon et al., 2022)  

4.1. Principles for detecting vegetation drought 
The underlying principles for detecting drought impacts on vegetation from EO data are 
linked to various processes: 

Water has an absorption peak in the shortwave infrared (SWIR) spectrum and a 
reduction in water content in leaves can be directly detected by satellite sensors (Figure 
below); 

Drought causes anatomical changes in leaves, leaf pigment alterations (Figure below) 
and a reduction in the Leaf Area Index (LAI). This changes the leaf reflectance in the 
visible and Near infrared spectrum (NIR) and the vegetation indices (VIs) derived from 
these reflectance signals ;  

Once stressed, plants will slow their growth. With severe and prolonged drought, leaves 
will dry out and fall, ultimately leading to plant mortality. Both processes can be detected 
using VI time-series; 

The lack of water availability and stoma closure will cause a reduction in 
evapotranspiration (ET), producing a rise in canopy temperature which is visible in the 
thermal infrared part of the spectrum and the derived land surface temperature (LST) 
observations; 

Reduced photosynthesis (as a consequence of reduced ET and damage to chlorophyll 
biomolecules) will also lead to a reduction in absorbed photosynthetically active radiation 
(APAR) and Solar-induced chlorophyll fluorescence (SIF). APAR is derived from the 
reflectance observed in 400nm-700nm range (Fig.1); SIF is derived from emitted 
radiation in two very narrow NIR bands 757 nm (758.3–759.2 nm) and 771 nm (769.6–
770.3 nm) (Yao et al., 2022). 

ET, and indices derived from ET, are closely linked to plant stress, and can be used to 
estimate drought impacts on vegetation. Algorithms now exist which estimate ET solely 
from RS data (e.g. GLEAM, Martens et al., 2022); 
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Agricultural drought is closely linked to soil moisture, which can be estimated using the 
backscatter signal collected (both passive and active) from the microwave region of the 
spectrum. Microwave backscatter is sensitive to soil dielectric properties which is 
influenced by soil water content; 
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Figure : (a) Spectral Signature of green vegetation, with dominant factor 
controlling reflectance for different wavelengths, and (b) spectral Signature of 
green grass (green line) compared to dry grass (red line) and bare soil (blue line). 
(Image source: from Ashraf et al., 2011). 
 
 
 



461 of 669 

4.2. Categories of Earth Observation approaches  
Based on the principles described above, there broadly are four EO approaches for 
monitoring drought impacts on vegetation : (i) monitoring changes in biomass and plant 
water content, using the vegetation’s spectral signature in the visible, near- and 
shortwave infrared spectrum, see Figure above; (ii) monitoring ET, SIF and/or 
Temperature, using the visible, near- or thermal infrared spectrum; (iii) monitoring soil 
moisture, using the microwave spectrum, and (iv) increasingly favoured, an integrated 
approach, combining multiple of these.  

4.3. Remote Sensing (RS) products and approaches 
for vegetation drought impact 
West et al., (2019) carried out a systematic review of RS based agricultural drought 
monitoring since the 70s, and identified the most commonly used RS products: 

NDVI (and EVI): The Normalised Difference Vegetation Index (NDVI, Tucker 1979) is the 
most established approach to vegetation monitoring. Its success derives from the 
exploitation of the ‘red-edge’ (sharp increase in vegetation reflectance across the red 
and NIR regions of the electro-magnetic spectrum, Fig. 1) to detect photosynthetically 
active plant material, from which plant stress can be inferred. In addition to the NIR and 
red bands, the blue image band is used to calculate the Enhanced Vegetation Index 
(EVI, Huete et al., 2002), which is better suited over high biomass regions, as NDVI 
tends to saturate after a certain point. 

GPP: Gross Primary Productivity (GPP) is commonly used to assess vegetation growth 
and productivity, and represents the rate at which vegetation converts light into energy 
via photosynthesis Gilabert et al., 2015). It is derived from NDVI, through the light-use 
efficiency method of Monteith (1972). 

Backscatter ratio: The backscatter ratio is the proportion of energy in the microwave 
region that is reflected back, and is linked to soil moisture and vegetation stress 
(Vreugdenhil et al., 2018).  

VCI: the Vegetation Condition Index (VCI) is a pixel-based normalisation of NDVI, which 
minimises any spurious or short-term signals in the data, and amplifies the long term 
trend (Anyamba and Tucker 2012). VCI offers a more robust indicator for seasonal 
droughts than NDVI (Liu and Kogan 1996). It has been widely used and proved to be 
effective for monitoring vegetation change and signalling agricultural drought (e.g.Jiao et 
al., 2016). 

NDWI: The Normalised Difference Water Index (NDWI) is very similar to NDVI but uses 
the NIR and SWIR (instead of red) bands. SWIR is sensitive to soil and vegetation 
moisture (Gao 1996). 
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Methods looking at changes in biomass or reduced crop yields using time-series of VIs 
provide information on the impact of drought and are useful to estimate the damage 
caused by a drought a posteriori. However, for early warning purposes, and to monitor 
the development of an agricultural drought, methods that estimate plants’ water stress 
(e.g. based on soil moisture, PET, temperature, leaf water content) are more informative. 

More recently, the tendency is to use integrated approaches (Zhang et al., 2017) to build 
a body of evidence (that includes RS products) showing that the observed vegetation 
stress is due to a drought event (e.g. change in biomass, ET/temperature, water 
availability) rather than for example flooding, pests or diseases.  

Numerous integrated indices exist (West et al., 2019). One of the most long-standing 
ones is the Vegetation Health Index (VHI, Kogan 1997), which combines the Vegetation 
Condition Index (VCI) and the Temperature Condition Index (TCI), and has been used 
successfully across the world to monitor vegetation stress and drought condition (e.g. 
Jain et al., 2009, Singh et al., 2003, Unganai and Kogan 1998). Another is the 
Vegetation Drought Response Index (VegDRI, Brown et al., 2008), which integrates 
satellite-based observations of vegetation conditions, climate data, and other biophysical 
information such as land cover/ use, soil characteristics, and ecological setting. It is 
produced operationally in the U.S. by the National Drought Mitigation Center. Despite 
showing clear benefits, VegDRI is more complex to compute, with the requirement of 
many input data, which might explain why its international uptake has been less 
compared to simpler indicators (Bachmair et al., 2016). Combining VIs with ET data 
(such as GLEAM) (e.g. Nicolai-Shaw et al., 2017, Orth and Destouni 2018) has also 
increased in recent years.  

The use of machine learning algorithm (AI) and Bayesian inference techniques are 
currently two rapidly developing areas of research. AI is very effective in finding patterns 
and connexions within large volumes of multi-source spatio-temporal information, while 
Bayesian models are well suited for modelling complex spatio-temporal variations and 
capturing uncertainties. Both have been used to combine RS products with other hydro-
climatic data to estimate, provide early warnings or forecast vegetation drought impacts 
(e.g. for AI: US:  Brust et al., (2021), China: Shen et al., (2019), Morocco: Bouras et al., 
(2021); Australia: Feng et al., (2020); for Bayesian inference: Salakpi et al., (2022).  
Increasingly also, teams are applying AI methods on data from unmanned aerial vehicles 
(UAV), or drones, to predict crop yield and monitor drought at field scale (e.g. Kyratis et 
al., (2010), Ma et al., (2022) Moyer et al., (2023).  

4.4. Validation of Earth Observation (EO) products 
Many studies internationally have looked at validating these satellite-derived RS drought 
indicators (especially those based on VIs) with ground-truth data, generally crop yield 
data, which are used to assess the overall agricultural impact of the drought. For early 
warning and monitoring on-going droughts however, other field data are more relevant: 
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some of the commonly used ones for measuring vegetation water content are canopy 
water content, leaf equivalent water thickness and live fuel moisture content (e.g. Zang 
et al., 2019). For soil moisture, measurements of volumetric water content with 
COSMOS instrument (based on Cosmic ray neutron count) have been used successfully 
to validate RS products (e.g. Peng et al., 2021, Upadhyaya et al., 2021).  

Strong correlations were found between drought indicators based on VIs and crop yield 
for a wide variety of crop types in North America (e.g. U.S., winter wheat, sorghum and 
corn:Kogan et al., 2012); maize: (Bolton and Freidl 2013), South America (e.g. Brazil, 
white oat: Coelho et al., 2020), Europe (e.g. Germany, maize: Bachmair et al., 2018; 
Spain, cereals: Garcia-Leon et al., 2019), Asia (e.g. India, sugarcane: Dubey et al., 
2018), the Middle East (e.g. Iran, paddy rice: Esfandabadi et al., 2022), Africa (e.g. 
Sahelian region, millet and sorghum: Maselli et al., 1995) and Australia (e.g. wheat: 
Smith et al., 1995). To our knowledge, very few monitoring methods have been applied 
and tested in temperate, wetter and colder parts of the world such as the UK. One 
notable exception is the study by Hunt et al., (2019) who showed that combining satellite 
data (Sentinel-2 MSI) with environmental data and machine learning can accurately 
predict wheat yield in the UK. However, the focus of the study was not specifically on 
drought impacts.  

4.5. Remote sensing and drought impacts on forests 
Remote Sensing to monitor drought impacts on vegetation was originally applied to 
agriculture, dating back to the 70s (e.g. U.S., wheat: Millard et al., 1978); Israel, wheat: 
Blum et al., 1982). However, as awareness increased about the important role that forest 
ecosystems play in global climate, more and more studies have focused on the effect of 
drought on forests (Zhang et al., 2013, in the boreal (e.g. Reng et al., 2011), 
Mediterranean (e.g Gouveia et al., 2017) and tropical regions (e.g.Huete et al., 2008), 
with an explosion of studies in recent years (as shown in review from Torres et al., 
2021). 

The same or similar indicators used to monitor drought effects on crops are applied on 
forests (e.g. Buras et al., 2018, Byer and Jin 2017, Marusig et al., 2020 and Miranda et 
al., 2020). An important difference is that in forests, drought impacts generally appear 
with a time lag of 1- to 2-month, due to the high soil water holding capacity of forests 
(Xiao et al., 2005). The effects of drought can also be much more long-lasting than for 
crops, causing loss of forest biomass and tree mortality, and consequently permanently 
modifying the structure and dynamics of a forest, leading to changes in the carbon cycle 
(Allen and Breshears 2010). In some cases, a drought-induced tree mortality has the 
potential to transform forests from a net carbon sink into a net carbon source (Allen et 
al., 2010, Yang et al., 2018) either temporarily or permanently. RS can also be used to 
monitor indirect impacts of droughts on forests, such as insect eruptions (Goodwin et al., 
2008, Wulder et al., 2006) and wildfires Justice et al., 2006. 
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4.6. Remote sensing summary, knowledge gaps and 
research needs  
A huge range of RS-based drought indicators have been developed over the years to 
monitor drought impacts on vegetation, both for agricultural and forested land. Validation 
work has demonstrated that these products have great potential to accurately represent 
drought impacts on the ground. There is a trade-off between simple approaches looking 
at individual drought effects on plants (loss of biomass, changes in ET or soil moisture), 
or more complex but more accurate integrated approaches, combining these effects, 
used in combination with machine learning techniques to predict impacts. However, with 
the recent proliferation in new approaches it is not obvious which indicator or approach is 
the most appropriate for operational monitoring purposes. Indicator performance may 
vary spatially, depending on factors such as crop/forest type, climate, soil type, etc. 
(Bachmair et al., 2018), making it necessary to carry out local validations. In England 
and the UK, few studies have assessed indicator performance for operational use. Also, 
validation data is sparse and only available at field scale. 

The main limitation to adequately monitor drought impacts through RS is the necessary 
trade-off between spatial, temporal and spectral resolution, when all three components 
are required at high-resolution (West et al., 2019). Sensors with long term records such 
as the Moderate Resolution Imaging Spectro-radiometer (MODIS, launched in 2000) or 
National Oceanic and Atmospheric Administration Advanced Very High-Resolution 
Radiometer (NOAA-AVHRR, first launched in 1978) provide daily data at 1km resolution, 
and are suitable for regional applications, but too coarse for monitoring at field scale, 
especially in segmented landscapes such as the British countryside. Other freely 
available sensors such as MSS, TM, ETM and OLI on board the Landsat series (first 
launched in 1972) offer data at high-resolution (30m) every 16 days which generally 
results in a limited number of useable (cloud free) observations per year. This is not 
enough for monitoring and early warning purposes (Graw et al., 2019). The recent 
Sentinel-2 MSI mission (first launched in 2015) with a revisit time of 5 days and spatial 
resolution of up to 10m is enabling improvements in drought impact monitoring and initial 
studies have suggested a real potential in the remote sensing of vegetation (e.g. 
Lambert et al., 2018, Sadeghi et al., 2017, Vanino et al., 2018).  

Progressing the use of RS for drought impact monitoring and forecasting in England and 
the UK will require solutions that reduce the impact of cloud on observation availability 
and explore the use of AI and/or Bayesian inference approaches, and an increase in the 
spatial and temporal volume of validation data.  
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5. Using Earth System Models to understand 
drought impacts  
Drought often co-occurs with other stresses such as high temperatures, elevated ozone 
concentrations, rising CO2 concentrations and increased Nitrogen deposition. This 
complexity of interacting effects varies over time and between geographic location, due 
to, for example, heterogeneity of soil properties, elevation, and vegetation cover. The net 
result of these interactions at the global scale determines the amount of carbon taken up 
and stored by the land. Understanding the size, spatial heterogeneity, and persistence of 
the carbon sink now and in the future is important because of its role in driving climate-
carbon feedbacks (where uptake of CO2 by plants slows the growth rate of CO2 in the 
atmosphere, therefore slowing global warming). It also controls surface energy 
exchanges that impact regional temperature and precipitation. 

Vegetation responses to interactions between different climate and environmental 
drivers, and how the response of the land surface feeds back on to climate can be 
explored using Earth System Models (ESMs). The land surface component of the ESM 
simulates the exchange of carbon, water and energy between the land surface and the 
atmosphere. This land surface component (also referred to as a Land Surface Model 
(LSM) therefore provides the lower boundary conditions for the atmospheric component 
of the ESM. ESMs/LSMs allow exploration of the vegetation response to changing 
environmental conditions over large spatial scales covering changing gradients of soil, 
climate and other environmental conditions, and over long temporal scales to investigate 
historical and future impacts under different scenarios of climate change. ESM 
projections form the main tool to predict future climate change and underpin much of the 
regular United Nations Intergovernmental Panel on Climate Change (IPCC) reports that 
inform policymakers. 

However, high uncertainty in ESM predictions of carbon cycle dynamics is well known 
(Arora et al., 2013) owing to the complex nature of the biological processes involved. 
Model predictions of the terrestrial carbon store range from a significant carbon sink to a 
carbon source (Cox et al., 2013, Sitch et al., 2015). This variability remains an issue, 
with the large spread seen across CMIP5 land carbon cycle models little changed in 
CMIP6 (Arora et al., 2020). 

5.1. Knowledge gaps For Earth System and Land 
Surface models 
The large uncertainties in Earth System Model predictions of the future global carbon 
sink are due, in part, to poor/missing representation of key processes such as how 
vegetation responds to water stress. For example, ESMs fail to capture mortality in trees 
due to drought, and acclimation of trees to drought including changes in biomass 
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partitioning. Prediction is difficult because the physiological mechanisms underlying 
drought survival and mortality remain poorly understood, nevertheless, ESMs lack key 
processes that would improve their ability to predict ecosystem responses to drought 
(McDowell et al., 2008). Climate model predictions suggest severe and widespread 
droughts over many regions of the globe in the next 30 - 90 years (Dai, 2013), which 
suggests improving the ability of EMSs to model vegetation response to water stress 
should be a priority. 

In most Land Surface Models the treatment of soil moisture stress on vegetation is 
through a linear response function (β) that limits gas exchange as water deficit increases 
(Verhoef & Egea 2014). The use of the β function has been identified as a key source of 
uncertainty in LSMs (Blyth et al., 2011, Verhoef and Egea, 2014, Vidale et al., 2021). 
Currently, ESMs tend to represent plant water stress by either reducing stomatal 
conductance or photosynthetic capacity or both (De Kauwe et al., 2015). Vidale et al., 
(2021) explored combinations of non-linear β function responses applied at different 
points in the photosynthesis – stomatal conductance pathway (i.e. carbon assimilation, 
stomatal conductance, or mesophyll conductance). They found that treatments allowing 
ß to act on vegetation fluxes via stomatal and mesophyll routes were better able to 
capture the spatiotemporal variability in water use efficiency during the growing season, 
and therefore improved responses to water stressed conditions. However, whilst 
alternative parameterisations of β are a first step to improving modelled plant responses 
to water deficit, further development to how the soil-plant hydraulic system is 
represented is required to capture plant water dynamics more accurately. The use of 
optimality-based plant hydraulic transport models shows some promise (Eller et al., 
2020).  

The response of photosynthesis to temperature has been identified as a significant 
source of uncertainty in Ecosystem models (Rogers et al., 2017, Tharammal et al., 
2019). Most models represent the optimal temperature for photosynthesis as fixed in 
both space and time, differentiated only by photosynthetic pathway (C3/C4), or by 
coarse plant functional type categories. 
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K: Drought: A review of the social and 
behavioural scientific evidence for public 
messaging 
Kevin Collins, The Open University. 

Overview 
ABOUT THE REVIEW  

Effective public messaging around drought in England depends on insights from the 
social and behavioural sciences to help inform timing, content and delivery of messages.   

SCOPE  

The scoping review focusses on the published literature and draws on UK and 
international examples to develop insights into different approaches to drought 
messaging and their effectiveness in generating a public response appropriate to the 
message.   The review does not include detailed abstract discussion of the different 
conceptual models of behaviour.    

KEY FINDINGS  

There is no single understanding of drought nor a single homogenous ‘public’ for which a 
unified model of drought and drought related messaging is universally relevant and 
applicable.    Public messaging as a one-way process to alter ‘unsustainable’ behaviours 
assumes that what is sustainable is known and rational individuals are primary causes of 
inefficiency.  A more systemic understanding of human behaviour as practice situates 
individuals within a context and complex interplay of knowledges, experiences, attitudes, 
technologies, social networks, trust, beliefs, cultural norms and values, and lifestyle.  
Information is processed through multiple and ‘more than rational’ routes based on 
intuition and emotions. Although there is limited quantification of impacts and longitudinal 
study, posters and information leaflets have minimal impact upon general audiences. 
Social media, while relevant for short term messages for some, remains one-way and 
does not reshape discourses and narratives.  Messaging from a collective platform of 
stakeholders is more likely to be trusted than a single author.  Irrespective of timing, 
format or media, messaging which does not recognise or change the practice context will 
be ineffective beyond the short term.  Efficiency framings in current messaging discounts 
welfare implications and reproduces expectations of the future availability and uses of 
water.   
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RECOMMENDATIONS  

• Reshape design and content of messaging based on behaviour as practice 
and multiple ways of knowing and using water in culturally and geographically 
diverse households and communities.     

• Messaging should be flexible and multi-layered in terms of content and 
characterised by ‘long-term’ actions augmented by ‘short-term’ actions as 
needed within drought sequence and should convey human agency as a 
cause of drought.   

• Focus on resilience and building adaptive capacity drought as part of systemic 
managing of the flood-drought dynamic of water as a totality in a climate 
changing world.    

• Rethink messaging as a two-way or multi-actor/node process or system of 
‘knowing and acting about drought’ to develop a drought learning system 
rather than drought messaging system.    

• Explore scope for innovations such as citizen science as a platform for two-
way drought messaging and learning within communities.     

• Research on how reception of drought messaging is shaped by trust in water 
governing organisations and the potential dissonance of focussing on the 
individual compared to industry.   
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1. Aim and structure 
To provide advice and recommendations on effective public messaging around drought 
based on evidence of what has worked and understandings from the social and 
behavioural sciences.  

The report structure is as follows. The scope is set out in Section 2 and methods are 
summarised in Section 3.  Some key terms and framing are noted in Section 4, before 
the main discussion in Section 5.  The conclusions relating to the aim are set out in 
Section 6 while Sections 7 and 8 provide commentary on current gaps and future 
research based on the preceding sections. 

 

2. Scope 
The work is focused on public messaging about water usage leading up to and during 
times of drought in England. Included in the scope are:  

• timings of messaging during the next winter, spring and summer – both 
continuity of messaging over time and any seasonal variation 

• national scale – all England – and local scales (e.g. within water company 
areas) messages are in scope.  While the geographical focus is England, 
consideration is also given to other geographical areas that have experienced 
droughts and messaging for other risks and emergencies as appropriate 

• quantitative data on how much water can be saved in the short-term (e.g. the 
months leading up to and during a drought) to determine the potential size of 
public water supply savings 

• links between messaging and other forms of public communication and 
engagement should be identified including who is best placed to do what. 

 

3. Methods 
The work constitutes a review identifying previous empirical evidence and data on public 
messaging about drought. This is complemented by research-based insights and 
theoretical understandings of the issue in the absence of empirical evidence, and also 
commentary on future research relating to drought messaging. 

The work draws upon social and behavioural sciences relevant to various themes 
including perceptions, motivations, and action. The evidence from the review is used to 
provide commentary on: 

• Key social and behavioural scientific insights about public messaging on 
drought 
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• Advice on the timing, content and how messages should be delivered 

• A view on the limitations of the evidence base and recommendations for 
improvement. 

 

4. Context and key terms  
Owing to its maritime climate, the UK is generally understood to be a ‘wet’ country.  
Droughts are intermittent and, while they may be significant, they have tended to be 
short term.  It is perhaps no surprise then that there are more than a hundred words and 
phrases for describing rain in the English language, but very few additions to the general 
lexicon associated with drought. 

To the extent that language reflects perceptions and concerns, so drought in the UK is a 
“hidden” pervasive risk, defined and perceived in different ways by diverse stakeholders 
and sectors – most often as meteorological, agricultural, hydrological, and socio-
economic drought (McEwen et al., 2021).   

In terms of the general public, concerns about drought have tended to be seen as 
indicative of a ‘good’ summer, rather than as a developing risk to water supply, human 
health, food and energy systems and the environment.  The dynamics of drought – slow 
onset and intensification often masked by rainfall – add to the difficulties of 
communicating about drought to the general public.    

Determining ‘effective public messaging’ requires insights into the meaning of effective; 
who or what is the public; and what is understood by messaging.   

For the purposes of this review, the following interpretations are adopted: 

• Effective – does the messaging lead to change in behaviours? This does not 
directly consider efficiency (is the messaging a good use of resources?) or 
efficacy (does the message achieve its specific purpose such as ‘getting 
people to turn off the tap’?) but they will be relevant. 

• Public – heterogenous in terms of histories, context, social, cultural, gender, 
residential status, locality, histories and experiences etc.        

• Messaging – the wider process or system of communication and learning in 
the public sphere rather than a singular focus on content elements such as ‘do 
not use your hosepipe’.  Much of the literature reviewed hints at this more 
expansive conceptualisation of messaging, but tends to be focussed on 
specific content and encouragement to change water use. 

• Drought – an emergent property, phenomena and dynamic process which 
arises from complex socio-ecological interdependencies.  In the literature, the 
term drought is often reduced to a state or singular ‘thing’, with the implicit 
assumption of drought as a largely ‘natural’ event or occurrence.  
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• Drought messaging – in a public context, the provision of advice, information 
or knowledge to reduce domestic demand and / or change water practices 
among one or more populations and regions.  This may be focussed on 
voluntary practices and / or pertain to legal stipulations such as introduction of 
hose-pipe bans under the Flood and Water Management Act 2010.   

These interpretations are not assumed to be universal or reflected in the literature, but 
are important in maintaining a critical perspective on the following. 

 

5. What we know about public messaging 
This section sets out what is already known about public messaging in a range of 
contexts and thematic areas. To identify some social and behavioural scientific insights 
about public messaging on drought, the first part draws on theories relating to human 
behaviours, before the focus shifts to more practical aspects relating to strategies.  

The following draws on several recent extensive reviews of the literature relating to 
behaviour change and water or resource related issues.  For ease of reading here, the 
numerous individual citations within any one review to published works are omitted, but 
can be followed up by reference to the cited review paper itself.  

5.1. Defining public messaging 
Public messaging is a very broad term.  There is no accepted definition other than to 
refer to content being sent or made available to members of the public.   

Depending on context, public messaging could be understood as passing on simple 
information with a singular focus such as ‘do not use your hosepipe’.  It could also be 
understood as the wider process or system of communication and learning about 
drought in the public sphere.  Much of the literature reviewed hints at this more 
expansive conceptualisation of messaging, but in practice messaging tends to focus on 
the specific content and behaviour change elements inviting recipients to alter their use 
of water. 

Public messaging can take many forms from one-off social media tweets and posts, 
emails, printed information leaflets and signage, to organised events, comprehensive 
publicity and media campaigns and associated reporting. 

 

5.2. Purpose and assumptions  
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The purpose of public messaging is often assumed to be to change public (usually 
household) behaviours in order to achieve or progress some measure of sustainability.  

While at one level this seems entirely reasonable, the purpose of public messaging is 
usually defined from the originator’s point of view and may not be ‘received’ or 
experienced as such by the public or other recipients.  Public messaging may be 
experienced as something more negative such as ‘interference’ or ‘greenwash’ (de 
Freitas Netto et al., 2020). 

The linear assumption that improved public communication or messaging leads to 
positive public response to water conservation, increases trust in water utilities between 
a water utility and the public, and help achieve sustainable drought policies is widely 
questioned (Tortajada and Nambiar, 2019). 

When then is the underlying aim of the message? Is it to encourage smaller scale 
‘everyday’ changes to improve ‘efficiency’ of the current system? An example could be 
‘only use the washing machine when it is full’.  Or is the messaging aiming to 
fundamentally question existing practices and substantially transform the mental model 
of how we use water?  An example could be ‘household use of water is no longer 
sustainable’.  Messaging in either case will be designed, communicated and received 
very differently.   

Within the efficiency framing, messaging tends to be based on the premise that current 
behaviours lead to an unjustified or unjustifiable waste of resources.  It follows that 
correcting behaviours are needed to promote greater levels of environmental 
sustainability (Grilli and Curtis, 2021).  However, this premise assumes: 

1. what is sustainable is known, at least with reference to current behaviours and 
practices 

2. individual behaviours are the primary causes of unsustainability 

3. such behaviours exist in all parts of a society or community 

4. each individual contributes equally to the unsustainable behaviours and, by 
extension, to sustainable behaviours 

5. those seeking to instigate behaviour change know the right course of action and 
behaviours to encourage in the public messaging. 

Public messaging based on these assumptions risks framing current individual 
behaviours as ‘bad’ and new behaviours as ‘better’ - a framing which carries entailments 
of judgement, failure and guilt as well as a superior understanding of the situation by 
others. The framing also risks assignment by the policy and practitioner community of 
responsibility for the current ‘unacceptable’ situation to the public / individuals.  Such 
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entailments may not be recognised or accepted by recipients of messaging, which could 
set up an oppositional axis and undermine engagement with the message and 
messenger.  As noted below, expressed ‘unsustainable’ behaviours are not always a 
‘free’ or conform to expectations of rational choice.  Many other factors may be at play in 
determining which rationalities and behaviours or practices ‘win out’.   

To add to the assumptions, in terms of knowing the right course of action, (Grilli and 
Curtis, 2021) note that the nature of the targeted behaviour to change is rarely discussed 
before implementation of the change strategy.  As with presuming current behaviours 
are poor, so it cannot be assumed that the targeted behaviour is the ‘right’ one to target.   
Not all behaviours have the same impact on environmental quality e.g. reducing waste is 
better than recycling which is better than throwing away.  Which message should be 
targeted for whom and when? Significantly, the authors note:  

‘In most published papers, behaviour change applications start 
from the behaviour to change, not the environmental problem 

being tackled.  Therefore, it is not always clear whether findings 
represent the optimal solution. When environmental quality is at 
stake, behaviour change studies should consider the behaviour 

that causes the largest impact and take appropriate approaches to 
stimulate behaviour change. In essence focus resources on larger 

wins rather than the easier behaviours that many have only 
minimal impact on the ultimate objective.’ (ibid., p.8) 

This insight is particularly important because of the risk of assuming a) the problem 
situation is known; b) that the intervention being messaged is optimal and will not have 
unintended consequences; and c) the intervention is meaningful and relevant for the 
public being targeted. For example, instead of focussing on hosepipe use, public 
messaging in urban areas with few private gardens may be more effective in focussing 
on water use in the home itself – i.e. the washing machine and the bathroom.   

Behaviour change actions implemented without clear assessment protocols in place will 
generate limited insight into whether current and suggested actions are successful or 
not.   

Questions about the purpose and underlying assumptions of public messaging give rise 
to questions about current understanding of behaviours and appropriate messaging. 

5.3. Understanding human behaviours  
Human behaviour can be defined as the capacity of individuals to respond mentally, 
physically and socially to internal and external stimuli.  Capacity can be potential or 
expressed. Internal factors (beliefs, values, attitudes, emotions, and knowledge) and 
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external factors (contexts, formal regulation, social and cultural norms) are all important 
considerations in behaviour change strategies. 

There are many models of human behaviour and decision-making across different 
disciplines such as psychology, education, sociology, anthropology, and economics.  
These are not reviewed here specifically, but are variously represented in the following 
discussion. However, there is broad distinction to be made in literature between a focus 
on behaviours and a focus on practices.   

Behaviour change studies have tended to be couched in and focus on the individual 
framed as economically rational and therefore responsive to rational messaging e.g. 
‘please save water because there is a drought’. This includes the Theory of Planned 
Behaviour (TPB) (Ajzen, 1991) where individuals make behavioural decisions based on 
rational considerations arising from a strong volition and conscious intention. 

As a result, messaging about the environment has tended to rely on a knowledge deficit 
model – if only people had ‘the facts’ and (often scientific) information then they would 
behave rationally and more sustainably in accord with the facts. While appealing in terms 
of simplicity, such campaigns have tended to be monologues rather than dialogues with 
limited evidence for changes in behaviours (VanDyke and King, 2020).  In some cases, 
individuals are at risk of information overload as the facts are constantly reinforced by 
high levels of news saturation such as Covid campaigns (Krawczyk et al., 2021). 

However appealing, the encompassing singularity of the behavioural intention and the 
‘conscious behaviour’ model has limitations and has been widely critiqued in several 
sectors, including health (Kelly and Barker, 2016), planning (Whitehead, Jones and 
Pykett, 2011) and energy (Shove, 2014). Essentially, the critique aims to move away 
from the notion that humans follow a rational model of economic efficiency and 
maximisation of economic utility, towards a more complex understanding of behaviours 
where ‘irrationality’ or ‘more than rational’ decision making is accepted as a legitimate 
position and strategy. 

For example, Kahneman (2003) identifies two systems of information processing:  

• System 1 - unconscious, energy-efficient, quick, and based on intuition and 
emotions 

• System 2 - conscious, energy-consuming, slow, intentional, and based on 
cognition.  

Rather than conscious and rational processing, System 1 information processing tends 
to be dominant due to individuals’ lack of mental energy, time, and capacity.  At the 
same time, policy maker’s expectations of public behaviours and thus public messaging 
has tended to remain within a System 2 framing.   
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Notwithstanding the different routes individuals use for decision-making and barriers to 
change, (Kelly and Barker, 2016) in their study of health behaviours identify six basic 
and persistent errors made by policy-makers concerning their expectations about 
behaviour change: 

1. It is just common sense 

2. It is about getting the right message across 

3. Knowledge and information drive behaviour 

4. People act rationally 

5. People act irrationally 

6. It is possible to predict accurately. 

While people do not always act rationally, it is not true that they always act irrationally.  
Behaviours cannot be assumed to be irrational within the context of individual lives and 
experiences. Persistent behaviours are often very functional in that they meet the needs 
of the individual, however irrational this may appear to outsiders. Hence (Kelly and 
Barker, 2016) note ‘one person's rationality is another's irrationality’ and to assume 
otherwise is the path to arrogance in policy-making and ineffective messaging.  
Collectively, the six common errors are the stepping stones to a failing communications 
strategy because the errors embody particular conceptualisations of individuals and 
behaviour.   

In their review of the literature on different Behavioural Influencing Tactics (BITs) 
targeting long-term water conservation psychology and behaviour within households, 
(Koop, Van Dorssen and Brouwer, 2019) identify three information processing routes 
and associated messaging strategies:  

• the reflective route - the conscious processing of information such as knowledge 
transfer (KT) and increasing self-efficacy.  KT is meaningful and effective only 
when people understand how they can change their behaviour in ways which they 
consider feasible. Campaigns which focus on awareness but do not target specific 
action (i.e. enhance self-efficacy) are less effective in changing behaviour. 
Increasing the sense of self-efficacy to mitigate droughts leads to actual water 
savings. Similarly, general information leaflets had no impact on water use, 
whereas specific labels for appliances resulted in water savings of 23%.  

• the semi-reflective route – attitudes shaped by rules of thumb and heuristics.  
Consideration of rational arguments, relevant experiences, and knowledge such 
as social norms and framing tailored to audience.  Public desire in this route is for 
simple indicators of the best choices which will depend on the credibility of a 
source, the length of the message, and the behaviour of other people.  Social 
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norms – behavioural patterns that people apply to their own behaviour to conform 
to their social environment – vary, but research suggests strong social norms 
coupled with a personal commitment show long term reductions for most groups.  
For example, shower labels showing ‘x% of your community are abiding by 
restrictions’ are effective, but can have the obverse effect on already low users 
who may actually increase their use to match the social norm.  

• automatic route - choices are made on the basis of an automatic response 
without the intervention of cognition i.e. ‘done without thinking’.  

Associated tactics to encourage water conservation in households for each route are 
summarised in Table 1. 

Table 1 Tactics to encourage water conservation in households for different 
processing routes. Source: (after Koop, Van Dorssen and Brouwer, 2019:869) 

Processing 
route 

Tactic 

 

Principle and effectiveness 

Reflective Knowledge 
transfer 

Providing information to raise awareness, change 
attitudes, and behaviour. Information campaigns alone 
often insufficient to achieve long-term water 
conservation. For temporary water savings, one-sided 
messages that target high-consuming and relatively 
uninformed households can be effective. 

 Increasing 
self- efficacy 

 

 

Enhancing people's belief that they are able to 
implement the intended behaviour.  Providing tips, 
advice, and concrete examples about how people can 
save water enhances water conservation behaviour. In 
particular, short, practical, and timely advice is effective. 

Semi-
reflective 

Social norms 

 

Behavioural patterns that are semi-consciously applied 
to conform to social environments.  Normative messages 
are effective. Long-term water conservation can be 
achieved by repeating these messages.  

 Framing 

 

Messages emphasising direct impacts, or appealing to 
intrinsic motivation are persuasive. 

 Tailoring 

 

Data-driven personalised messages that increase 
recipients' responsiveness.  Showing how an individual 
differs from others evokes a feeling of discomfort, 
triggering water conservation behaviour.  Real-time 
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information prompts temporary water savings, but there 
is limited evidence about longer-term conservation 
habits. 

Automatic Using 
emotional 
shortcuts 

 

 

Evoking emotions in order to influence people's 
responses.  Positive emotions may invoke cooperation 
and trust, and the use of humour can remove people's 
resistance. Appeals to fear can also encourage the 
desired behaviour, provided that people feel high levels 
of self-efficacy. 

 Nudging 

 

The choice architecture that alters people's behaviour in 
a predictable way without forbidding or limiting freedom 
of choice. The principle is to make the ‘better’ option 
more convenient to select.  Nudges are rarely applied to 
stimulate water conservation. 

In practice, most BITs are situated along a continuum of all three routes and are dynamic 
over time.  The authors find that after 1–3 months, the high water-saving impacts of BITs 
begin to fade and water use returns to pre-intervention levels.  ‘Early’ BITs used to 
initiate water conservation behaviour may need to be replaced by ‘long term’ BITs to 
prolong and reinforce new habits.  Combining reflective, semi-reflective, and automatic 
BITs is likely to be more effective to achieve long-term water saving habits e.g. real-time 
water use feedback via smart meters generates long-term savings only when such 
feedback is reinforced by repetition and use of social norms.  But social norms or 
message framing are themselves short-lived (even if applied later) unless supported by 
tailored feedback or information on imperatives for saving water.    

The findings make clear that there is no simple messaging tactic that will work for all 
because behaviours are complex outcomes rather than simple, rational acts.   

5.4. Behaviour as Practice 
The move towards understanding the complexity of influences on behaviour has led to 
an arguably more systemic understanding and approach to behaviour focussed on 
practice.  Arising from social and cultural theory, the idea of practice situates individuals 
in context amidst a collection of ‘things’ which give rise to certain types of behaviour.   
Thus, 

‘A ‘practice’… is a routinised type of behaviour which consists of several elements, 
interconnected to one another: forms of bodily activities, forms of mental activities, 
‘things’ and their use, a background knowledge in the form of understanding, knowhow, 
states of emotion and motivational knowledge’ (Reckwitz, 2002:249). 
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For example, using the washing machine consists of multiple interconnected elements 
such as: available physical space to accommodate a washing machine; the washing 
machine and its ‘fixing’ technologies; the user’s understanding of how it works such as 
programme setting and load capacity; understanding of energy and water use; detergent 
performance and manufacturer recommendations; household lifestyle, preferences and 
requirements (e.g. work/school/sports); social and cultural expectations about 
cleanliness; economic and time elements of convenience and requirement for clothes; 
availability of piped water; water supply specifications concerning pressure and quality; 
provision of electricity supply; the price of water and electricity; seasonality and weather; 
and so on.  In other words, using a modern washing machine is a practice rather than a 
single behaviour of an individual turning it on.  In the UK, the practice of using modern 
washing machines was not possible before the regulation and supply of electricity to 
domestic units; provision of a piped water supply with standardised fittings; clothing 
mass manufacturing; mass production of washing machines and so on.  Similar 
elements could be identified for the practice of using a garden hose, leaving a tap 
running, washing a car and many other domestic uses of water often targeted in public 
messaging about drought.  

Framing behaviour as practice moves away from the ‘common understanding of 
behaviour as something that is driven by identifiable factors like those of rational self-
interest, attitude/motivation or habit’ (Shove, 2014:416).  The implications are significant 
because messaging focussing on making consumption habits ‘visible’ by reference to the 
need for change does not automatically change the context in which water is used.  It 
also ignores the variety of ‘normal’ consumption practice and different interpretations of 
the ‘right’ way to live (Chappells, Medd and Shove, 2011). 

It follows that trying to change behaviours by simple exhortations to ‘turn off the tap’ or 
‘save every drop’ as ‘common-sense’ efficiencies are unlikely to have much effect 
because they do not fully address the complexity of context and complexity of the 
elements giving rise to the practices linked to water use.   

Expanding this further, Shove’s writing on energy argues that calls for efficiency are 
counter-productive because they reproduce specific understandings of ‘service’ which 
may not be sustainable in the long run and also abstracts the resource from the use and 
production to which it is put (Shove, 2018).  In the washing machine example, this could 
be the expectation that using a washing machine is now ‘indispensable’.  Water use also 
allows transformation of unwearable clothes to clothing useful for work, school or 
socialising - with all the benefits, rewards and expectations these bring.   

Applying Shove’s work on energy to water, messaging based on efficiency risks hiding 
longer-term trends in demand and use by enabling the status quo to continue.  In turn, 
this reinforces particular configurations of human-environment relations which may no 
longer be sustainable in a climate changing world.  In other words, messaging which 
aims to maximise water efficiency can mask deeper, unsustainable patterns of water 
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use.  By way of example, in the UK the daily average direct use of approximately 150 
litres of water per person has been growing every year by 1% since 1930 (Water UK, 
undated) despite many water saving efficiencies.  On this basis, the practice of water 
use in households might be considered unsustainable and no amount of incremental 
efficiency gains through messaging will recover.  Indeed, it could be argued that 
messaging which continues to ‘allow’ the current framing of water use is missing the 
point. 

As part of growing acceptance of the Anthropocene (Savelli et al., 2022) reviewed recent 
drought literature and how social processes are conceptualized and incorporated in 
physical and engineering studies.  They found that research increasingly ‘recognizes 
society as an active force rather than just a passive subject during the occurrence of 
drought events’.  But they note researchers continue to conceptualise society as 
homogeneous entity that, as economies and populations expand, will continue to 
consume more water.  The authors note that this framing of society is misleading 
because society is heterogeneous and growth is unequal.  Moreover, framing decision-
making processes as apolitical ‘conceals the power relations underlying the production 
of drought and the uneven distribution of its impacts’ (ibid.).  In practice, only some social 
groups contribute to drought hazard and propagation from a meteorological into a 
socioeconomic drought.  Existing studies rarely consider these dynamics or understand 
that alterations of water flows are not the causes but rather the symptoms of 
anthropogenic changes.   

In terms of messaging, (Savelli et al., 2022) findings are important because they 
emphasise the heterogeneity of society; the anthropogenic dimension of drought; and 
need for critical awareness of how power relations shape uneven drought propagation 
and impacts.  In other words, public messaging needs to recognise that drought cannot 
be framed as simply a hydrological or climatic event and that different social groups will 
be affected differently by drought impacts and related possible water restrictions. 

Following (Badullovich, Grant and Colvin, 2020)’s exploration of reframing climate 
change, reframing drought through public messaging offers an opportunity to reframe 
behaviour change. According to (Lamm et al., 2018), behaviour change requires 
understanding how the problem of water is framed as a precursor to understanding 
motivation and in turn designing communication strategies.  Using Situational Theory of 
Problem Solving (STOPS) theory to understand water irrigator behaviours in the US, 
they identify three independent variables to explain and predict behaviours in a particular 
situation: 

1. problem recognition - an individual’s cognitive awareness of a discrepancy 
between expectations and observed ‘reality’.  Lack of awareness of a problem 
and related information means there is de facto no problem or issue to address. 
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2. involvement recognition - an individual’s perception that he/she is connected with 
a problem;  

3. constraint recognition – an individual’s perception that obstacles exist that limit 
their ability to act. 

The three variables contribute to the degree of motivation to (i) find out more and (ii) the 
transmission [sic] of information and understanding to others in the specific or similar 
situations.  High levels of problem recognition but low perceived levels of involvement 
lead to a disconnect or cognitive dissonance between irrigators’ behaviours and their 
connection to water conservation (Lamm et al., 2018).  

The research also found a negative correlation between sense of involvement and 
‘talking with others’ about their practices.  In accord with other studies, they speculate 
that irrigators are aware of their ‘unenvironmental’ practices, but still continue out of 
economic needs or lack of alternatives and are therefore uncomfortable discussing it and 
communicating with others.   

The researchers suggest designing communication strategies based on a community-
scale [compared to an individual] model to show how individual actions shape and are 
shaped by the situation as a way of avoiding specific blame while also encouraging 
problem and involvement recognition.    

The extent to which this also applies to households / public in terms of messaging is 
uncertain but offers scope for experimentation at locality and neighbourhood level.  It 
also points to the wider question of rethinking how drought is framed in messaging and 
widening the scope for messaging conventionally focussed on individual actions. 

5.5. Barriers to behaviour change 
While understanding behaviours as practice offers many insights, there remain many 
barriers or constraints to change in relation to drought (Blair and Buytaert, 2016).   From 
their review of the literature, (Grilli and Curtis, 2021) identify the following key barriers: 

• Attitudes and temperament (e.g. laziness) especially in people with weak 
environmental concerns 

• Responsibility - individuals do not engage in environmental behaviours 
because of a lack of trust, leading to a belief that their individual behaviours 
cannot influence the situation 

• Practicality - social and institutional impediments e.g. lack of time, money and 
information impact on behaviour regardless of individual attitudes. 

Making sense of the barriers facing people is a fundamental step in behaviour change 
implementation when designing approaches and interventions and public messaging.  
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Accordingly, (Grilli and Curtis, 2021) suggest any behaviour change programmes should 
consist of the following: 

1. Select the behaviour to change.  Behaviour change aims to achieve the largest 
positive impact on environmental quality, but not all behaviours are equally 
important. Small changes in key behaviours may be more beneficial than very 
large changes in secondary behaviours. Behaviours should also be clearly 
defined, to avoid misinterpretation of actions needed. 

2. Choose approaches based on type of behaviour objectives.  All interventions are 
potentially successful if implemented in the right situation. Intervention success is 
context-dependent and the most appropriate should be selected on the basis of 
the chosen behaviour and objectives. 

3. Establish a control group.  Comparing groups that only differ by the intervention 
may be helpful to precisely identify intervention effects and behaviour change 
success. 

4. Start small - In most cases it is difficult to establish a priori the most suitable 
approach to behaviour change. Small pilot studies may be appropriate. 

5. Define the measure of success and measurement methods. 

6. Define the outcome to measure.  Inputs should not be confused with outcomes.  
Measuring changing behaviours may be insufficient to achieve the desired 
environmental outcome, particularly if the targeted behaviour is poorly selected.  
Measurement of change in behaviours may offer an early insight on whether the 
ultimate goals of the strategy might be achieved in the future.  However, if 
behaviour change is negligible, subsequent causal improvement in the 
environment itself should not be expected. 

7. Record resource inputs to quantify relative efficiency of approaches and 
adaptation of approaches. 

8. Monitor the long run.  Collect performance data regularly to assess policy impacts 
of the measures and provide new stimuli as needed. Follow up approaches may 
vary.  

Of course, this listing is an ideal and, in practice, some requirements such as long run 
monitoring will be particularly difficult to achieve.  However, the authors stress that 
behaviour change is just one of the several concurring causes to environmental 
degradation. They make clear it can be misleading to overly emphasise the role of 
behaviour. In some situations, socio-institutional barriers are dominant and behaviour 
changes are less effective. For example, energy-efficient behaviours would be not so 
important if all energy was produced from renewable sources. Correspondingly, in the 
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water sector, water quality campaigns for rivers and coasts would not be required if 
water companies and water organisations were addressing combined sewage overflows.  
When individuals have no control over several of the factors affecting environmental 
problems, governments can be more influential because they possess public policy tools 
to effectively tackle environmental problems and redirect human actions towards more 
sustainable paths. 

Similar findings emerge from a review of the literature on the social dimensions of urban 
water consumption during droughts in developing and developed countries (Asprilla 
Echeverría, 2020).  Gaps between intention and effective behaviour in conserving water 
in households is linked to the social dimensions of urban water saving patterns arising 
from: 

1. Price inelasticity of water leading to price increases disapproved by users unable 
to reduce use 

2. Increasing domestic consumption despite water saving devices 

3. Differences between a household’s understanding of real water consumption; the 
reported household consumption level; and desired consumption each household 
wants others know 

4. Gaps between desired and actual practices  

5. Waning of water reduction practices over time 

Accurate predictions of how individual people will behave in any given situation therefore 
remain elusive.  In a health context, (Kelly and Barker, 2016) note that identifying larger, 
population-level changes and patterns of behaviours is possible, but they suggest this 
does not lead to tools or understanding of how to tackle health in-equalities, the obesity 
epidemic or increases in alcohol consumption.  A key barrier is that policy-makers do not 
engage with the complexity of behaviour at individual level and risk relying on platitudes 
about ‘getting people to change their behaviour’. 

5.6. Behavioural bias 
The complexity of behaviour or practices arises from many factors including bias.  
Although definitions vary, bias can be broadly understood as behaviours which do not 
conform to expected or logical patterns.  Understanding behaviour bias can provide 
insights into how and the extent to which drought messaging is understood and acted 
upon to inform possible future messaging. 

In their comparison of COVID-19 and climate change and lifestyle responses (Botzen, 
Duijndam and van Beukering, 2021) identify similarities in causes and consequences of 
both phenomena such as greater impacts on deprived and vulnerable communities.  



514 of 669 

Based on research from psychology and behavioural economics, they suggest the 
pandemic and climate change can be characterized as low-probability–high 
consequence (LP-HC) risks, where individual behaviour deviates from rational risk 
assessments by experts and optimal preparedness strategies.  Risk-related behaviour 
biases in the context of individual decision making include: 

1. Simplification Individuals are likely to make choices by focusing on either the low 
probability of a disaster occurring or its potential consequences, instead of making 
a ‘rational’ assessment of the full risk distribution.  Many people use threshold 
models to decide whether to take protective measures in advance of a potential 
catastrophe.  Climate change-related risks, such as natural disasters, have a low 
probability that individuals simplify to being zero or falling below their threshold 
level of concern.  However, when the event occurs in their surroundings 
individuals will start to focus on taking adaptive measures.  In drought context, the 
future risk of drought may be reduced to zero and ignored until the drought is 
actually impacting locally and directly.  

2. Availability Individuals underestimate LP-HC risks until after they or friends or 
family experience the consequences of the event.  Until that point, they are reliant 
on readily (and often recently) available information as fact.  Availability bias is 
especially problematic in the case of environmental risks, which are not generally 
salient until it is ‘too late’ to reverse trends – a common problem with drought.  

3. Finite pool of worry is when increasing concern about one issue causes a 
decrease in concerns about other issues because individuals only have a limited 
pool of emotional resources.  Concerns about climate change tend to ‘fall away’ 
during financial crises or national emergencies such as Covid. As with availability 
bias, drought may only be ranked highly in a ‘‘finite pool of worry” when it is too 
late to prevent severe impacts. It will also fall away rapidly when rainfall returns 
and flood risks increase. 

4. Myopia occurs when individuals (and organisations) evaluate investment 
decisions over shorter time horizons than required, before investments in climate 
change adaptation and mitigation yield positive returns.  Reductions in future risk 
and benefits are discounted in favour of upfront costs, thereby reducing 
investment in long term climate change mitigation and adaptation measures.  
Short-sightedness ensues.  

5. ‘‘Not in my term of office” refers to the political reluctance to undertake 
expensive measures to limit low-probability risks because there is little reward 
from voters for limiting the impacts of events that do not occur when they are in 
office.  Also voters tend to reward politicians who ‘save’ them from an extent 
emergency, rather than avoid it in the first place. This may be particularly 
significant for public and political support for long return droughts where 
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immediate costs may be high, returns are low and benefits may accrue many 
years later.  

6. Herding bias occurs when individuals’ choices are shaped by others’ behaviour, 
especially under conditions of uncertainty due to social norms.  For climate 
change related risks, individuals are more likely to take measures to limit the 
damage from natural disasters when friends or neighbours have or are adopting 
similar measures. Triggering or emphasising social norms, for example, by 
highlighting the climate-friendly behaviour of others, especially friends or 
neighbours, may be an effective means of stimulating climate action. 

For each bias, (Botzen, Duijndam and van Beukering, 2021) make the following 
recommendations for communication policies: 

• Simplification and availability biases - communication strategies should stress the 
consequences of risks to individuals.  Cognitive dissonance can be limited by, for 
example, using constructive framings and personalizing climate issues so they 
are perceived as less distant.  For example, Bradt (2019) showed that demand for 
flood protection increased after people received information on the consequences 
if they were to personally experience flooding caused by hurricanes.  However, 
drought may be more difficult to identify personal consequences as water supplies 
will be prioritized and hose pipe bans may be introduced regardless – i.e. there is 
no clear choice to be made about the consequences of watering gardens.  For an 
urban community with small or no gardens, the personal consequences of 
drought will tend to be even more minimal until it begins to affect food stocks and 
prices and / or an amenity.  In which case messaging to address other biases 
may be more appropriate.  Communication strategies that emphasize human 
health risks, in particular, may be effective in enhancing ongoing support for 
drought and flood risks over the long term, and especially where personal 
consequences of drought are less evident in urban areas. 

• ‘Myopia and NIMTOF biases’ can be overcome by linking and emphasizing 
interconnections between policies and measures that are currently adopted to 
limit the risks of drought to actions that also reduce the risks from climate change 
or human health or food security.    

• Finite pool of worry - drought messaging should focus on acting more sustainably 
in environmental and economic terms, with corresponding benefits to humans. 

• Herding bias - could spread positive drought behaviour – though messaging 
would have to emphasise who is already taking action among a community the 
target audience would identify with and trust.  This could be targeted at 
neighbours and friends and existing social networks. 

While these suggestions have merit, they are not easy to implement for a range of 
reasons, including the difficulty of differentiating between different recipients and user 
groups. 
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5.7. Differentiation of public 
The term ‘public messaging’ carries a sense of homogeneity of recipient.  As is widely 
recognised, in practice, the public is highly diverse.  Communication and marketing 
campaigns typically identify, or segment, audiences based on a range of demographic 
indicators such as socio-economic status, purchasing preferences and ethnicity – the 
exact mix depending on the aims and context of the campaign.    

After the UK 2018 drought water companies have continued to rely on traditional 
demographics, although there are some nascent efforts to understand their customers in 
terms of attitudes and values such pre-disposition to the environment and conservation 
(Larbey and Weitkamp, 2020).  

Based on research work in Australia, (Dean et al., 2016) explored differentiation within a 
population on engagement in water-related issues.  Using criteria of demographic and 
household, life experiences and support for policy initiatives, they identified five key 
groups and typical characteristics: 

1. Disengaged - typically younger, male, lower socioeconomic status, rural 

2. Aware but inactive – younger male, lower income, renting, no garden, urban 

3. Active but not engaged – female, some qualifications, renting, experience of water 
restrictions, garden 

4. Engaged but cautious – older, higher income, home-owner, longer residency, 
garden, participates in community, rural 

5. Highly engaged – female, higher income, tertiary educated/trade, home-owner, 
English speaking, changes behaviour, aware of information campaigns about 
water. 

Characteristics relating to homeownership, gender, ethnicity, education, having a 
garden, being older, and experience of water restrictions all had a significant impact on 
each of the water policy engagement profiles.   

As might be expected, the authors also found that sensitivity to social norms (others 
save water so I should do the same) was also higher in the more engaged groups, 
extending to awareness of injunctive norms (others want me to save water) in the highly 
engaged.   Ethnicity may shape water practices not just because of language barriers, 
but because of cultural traditions of understanding and using water.  Earlier research in 
the US identified similar sets of factors and recommendations (Adams et al., 2013) while 
(Tijs et al., 2011) found distinct differences in support for water conservation between 
rural and urban contexts.  Rural areas experiencing drought readily adopted behaviours 
compared to urban areas.   
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(Dean et al., 2016) suggest the following strategies for interventions with different 
groups. 

• ‘Disengaged’ individuals - will tend to be focussed on everyday routines which 
may include managing the impacts of low socio-economic status. Without gardens 
and renting, the main emphasis for this group will be to develop relevant 
information for young, male, urban renters with families during times of restriction 
to help develop a foundation for new water practices.  Building social capital and 
community support is likely to be important perhaps through community gardens 
or similar. 

• ‘Aware but Inactive’ - young, male, urban renters already have some water-
related knowledge but limited behaviours. Engagement initiatives for this more 
educated group should focus on everyday indoor behaviours rather than garden-
related as a means to developed longer term identity and social norms related to 
water use. 

• ‘Active but not engaged’ – gardening can be an important motivator for water 
conservation to continue gardening.  Financial savings may also be relevant. 
Messaging reinforcing the effectiveness of everyday behaviours can help develop 
a sense of environmental identity and social norms. 

• ‘Already engaged’ - messaging to promote innovative behaviours and supporting 
with policy; reinforcing existing behaviours; enhancing the sense of environmental 
identity; encouraging active social networks, and strong reinforcement of social 
norms. 

The suggestions are directed towards the Australian context, but the findings are broadly 
relevant to the UK, especially the need for messaging which recognises different levels 
of engagement and differentiation of education, income, age, ethnicity, dwelling type and 
location i.e. urban / rural. 

Even within an urban context, the particulars of the urban water supply systems are also 
significant.  During Australian droughts, the sense of crisis was greater in some cities 
than others and led to different household water conservation practices.  Compared to 
Sydney and Melbourne, the city of Perth - with access to alternative water sources 
through desalination plants and household boreholes – displayed weaker household 
water conservation behaviours (Lindsay, Dean and Supski, 2017). 

Similar variations exist in commercial contexts where adaptations of water technologies 
do not guarantee water reduction. For example, Canadian farmers adapting to drought 
through behaviour and technological changes went on to increase the area they 
irrigated, leading to a rebound effect (the so-called Jevons paradox) on water 
consumption (Ghoreishi, Razavi and Elshorbagy, 2021).  As with the pervasive notion of 
renewable electricity being ‘free’ and ‘unlimited’, in the UK proposals and strategies for 
increased desalination and increased inter-basin transfers may actually undermine 
longer-term water conservation behaviours.   



518 of 669 

The implication of the above is, for example, that urban, culturally diverse populations of 
widely varying socio-economic status are likely to require substantially different 
messaging tactics and approaches compared to more rural populations.  Messaging 
needs to reflect the characteristics of households, be relevant to locality (city/urban/rural) 
and sensitive to cultural differences.  This could also be linked to ingroup norms (see 
below). 

5.8. Messaging tactics and strategies 
In their review of 85 case studies from the literature on pro-environmental behaviour 
change, (Grilli and Curtis, 2021) categorise 5 main behaviour change methods and 
strategies: 

1. education and awareness 

2. outreach and relationship building  

3. social influence 

4. nudges and behavioural insights 

5. incentives.  

These headings provide a convenient basic structure to explore messaging strategies 
from a range of authors with the caveat that a spectrum of strategies is likely to be more 
effective. However, almost without exception, the literature does not quantify specific 
water savings (or otherwise) from messaging interventions. 

5.8.1. Education and awareness 

Education and awareness raising activities vary from passive, e.g. posters, leaflets, to 
more engaging activities, e.g. public events and activities such as ‘conservation work 
groups’.  The more passive forms tend to be popular because of the relative ease and 
limited resources necessary.  However, as a strategy it tends to have it has the lowest 
success rate and limited impact on energy and water conversation behaviours (Grilli and 
Curtis, 2021).  In general, top-down programmes telling people “what to do” are 
ineffective, although (Katz et al., 2016) found that information based water conservation 
campaigns in Israel were more effective than price signals, especially where augmented 
water supply (e.g. desalination) is significant.  Although a very different context, the 
experience of Israel’s water system is relevant to the UK if increased desalination and 
also augmentation in the form of a national water grid is enacted. 

Tailored rather than generic information is specific to the user and context relevant.  As 
an example moving towards more tailored information, Affinity Water’s information and 
education campaign during 2022 and 2023 has focussed on information relating to 
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specific catchments and rivers geographically relevant to users who are encouraged to 
save water to protect ‘their’ river and water supply.  There is no data to determine if this 
has been successful.  However, as noted below, where performance is contrasted with 
social norms or other groups, is can be effective for encouraging behavioural change, 
although selection of the comparators is critical (Grilli and Curtis, 2021). 

In terms of themes to emphasise, ‘more efficient use of resources’ offers some scope, 
but this is not widely appealing to most user communities.  As noted above, efficiency is 
largely a technical framing and lacks resonance with the complex practices of 
households who may prefer social and cultural outcomes associated with water use 
rather than water efficiency per se.   One case study of farmers and their water practices 
found the combination of tailored information and the making of public commitments was 
especially effective in eliciting behaviour change, even in a one-off meeting (Grilli and 
Curtis, 2021).  However, public commitment is hard to engender and replicate in most 
passive public and household education and awareness strategies.   

Even with information, however, a lack of resources and infrastructure relating to the 
desired behavioural change can result in a sense of helplessness by recipients.  Unable 
to make their own decisions about using water in domestic context (i.e. feeling of having 
no real choices) leads to disempowerment and disengagement.   

5.8.2. Social norms 

‘Social norms’ constitute individuals’ beliefs about what a majority of other people do, or 
approve of doing.  An individual’s sense of social identity is shaped by the process of 
psychologically belonging to a group – known as the ingroup.  An individual’s own 
attitudes and behaviours tend to reflect the norms advocated by the ingroup.   

Research in the US on water reduction by households found that provision of water 
saving tips and general appeals to prosocial behaviour had short-term impacts on water 
use patterns i.e. less than 12 months (Ferraro, Miranda and Price, 2011).  Messages 
which combined prosocial behaviours with social comparisons had a much longer impact 
on water demand (extending beyond 24 months).   The research incorporated strong 
social comparisons of norms on water bills such as the following:  

‘As we enter the summer months, we thought that you might be interested in the 
following information about your water consumption last year: Your own total 
consumption June to October 2006: 52,000 gallons.  Your neighbors’ average (median) 
consumption June to October 2006: 35,000 gallons.  You consumed more water than 73 
percent of your Cobb County neighbors.’  (Ferraro, Miranda and Price, 2011:319). 

While the authors provide good evidence for the use of social comparisons, they note 
future research should explore the short-run and long-run welfare implications of using 
norm-based strategies.  Just as with social impacts of current energy prices, there can 
be many reasons why some households are unable to reduce water use; and some 
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households may feel under pressure to reduce further at the expense of their quality of 
life.  

The findings are reinforced by research on social norms for water behaviours in SE 
England which suggests that messaging based on an appeal to people’s social 
motivations and providing information regarding the activities of other people may be 
more effective (Lede, Meleady and Seger, 2019).  This is especially so if the 
communication focusses specifically on an ‘ingroup’ rather than a more general ‘others’.  
As with the US example above, the norms of relevant ingroups were expressed as 
comparison such as ‘other guests in this hotel’ or ‘your colleagues in X organisation’ or 
‘other households in your locality…’ undertook Z behaviours to reduce water use.  An 
example from their study is shown in Figure 1. 

 
Figure 1 Waterproof shower stickers used for general social norms (left) and the 
ingroup norms (right).  The ingroup norm was more successful (Lede, Meleady 
and Seger, 2019). 

However, the emphasis on social norms is not without problems, in particular the 
‘boomerang effect’ (Hart and Nisbet, 2011) where the intervention or message creates 
the opposite action leading to the ‘total collapse of sustainable behaviour’ (Berger, 
2021).  For example, (Lede, Meleady and Seger, 2019) report that pro-environmental 
behaviours are weaker when individuals compared their own national group (UK) to an 
outgroup with a perceived superior environmental record (Sweden), and strengthened 
when comparing to an outgroup perceived to be less environmentally conscious (USA).  
In either case, existing low users also tend to increase their consumption to the general 
social norm.   
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5.8.3. Thresholds 

Thresholds are a key part of drought modelling, but their use and effectiveness in public 
messaging is still uncertain.  Recent research explored use of thresholds in farmers’ 
perceptions of drought in Scotland.  The findings suggest 

‘thresholds for public/community awareness and action will vary 
subjectively depending on a variety of factors, including the nature 
and extent of people’s connections to signs of emerging drought, 
with the “most severe drought” determined by their activities and 

goals at the time of the event’  (McEwen et al., 2021). 

The research suggests combining scientific thresholds with local threshold perceptions 
arising from the lived experience of an environment and drought might help to ensure the 
nature of the message is more reflective of localities and local interests.  This could 
assist with adaptive and resilient behaviours.  Citizen science could be used as part of 
understanding droughts and incorporating this within messaging and thresholds as a 
future research avenue. The implications are that messaging incorporating thresholds is 
a promising area, but will need to reflect the complexity of and sensitivity to different 
perceptual thresholds and levels of risk aversion. 

5.8.4. Social influence   

Social influence is one individual effecting a change in the behaviour of another and 
often arises in close social groups such as family, friends and neighbours (Grilli and 
Curtis 2021).  Interventions via social influence are flexible and include:  

• leaders - often volunteers within the social network of targeted individuals who 
convey information about the issues.   

• public commitments e.g. to reduce water use in the garden are particularly 
effective when made in public.   

• model behaviours – an ‘model’ individual engaged in a certain behaviour 
which other individuals emulate  

• feedback – individuals or groups receive feedback on other people’s 
behaviours.  

(Grilli and Curtis 2021) report the literature suggests that the face-to-face element in 
social influencing methods (leaders, public commitments, model behaviours) tend to be 
more effective than methods with just feedback, and tend to be more successful than 
education-based initiatives in stimulating specific pro-environmental behaviours.  
However, assessment of the long-term durability of social influence studies is poor, and 
there are indications that the effect is lost within 12 months. More research is necessary 
for conclusive findings and repeated interventions may be necessary. 
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The use of social influencers is a more recent phenomenon on social media though 
celebrity endorsement and publicity has often been a feature of more conventional 
conservation marketing campaigns.  Evidence of the impact of celebrity influencers is 
limited, but a study by (Duthie et al., 2017) of UK-based conservation organisations 
using celebrities found that celebrity endorsement can result in positive and negative 
effects.  Although there is an increased interest and engagement with an advert featuring 
a celebrity, this varied according to the characteristics of the celebrity and the 
respondent.  Recall of messaging content also varied considerably and was actually 
lower with well-known celebrities. There is no single celebrity that appeals to all sectors 
of the ‘public’ and the celebrity can overshadow the message itself. More research is 
needed on celebrity endorsement and the role of social influencers and how to evaluate 
their impacts. 

5.8.5. Outreach and relationship building (ORB) 

ORB interventions such as focus groups, training sessions and public meetings are most 
successful principally because they combine the opportunity for positive relationship 
building as well as education and social influence. They are more likely to be effective 
where the sense of belonging to the community is strong. 

However, investment in time, resources and community liaison is significant and 
because ORBs are performance-oriented, often responding to specific needs, the 
scientific aspects are often considered less important.  Measuring success varies from 
numbers of participants, numbers of time or changes in behaviours such as changes in 
recycling rate or energy use, however this is also difficult to measure unless the ORB 
involves some ongoing commitment or follow-up surveys.  The research suggests that 
ORB events with very defined purpose have stronger impacts on behaviours, i.e. a 
workshop on ‘how to save water in your home’ is more likely to have a stronger impact 
than a ‘Learn about the environment day’. 

5.8.6. Nudges 

Nudge interventions can be successful, especially where small changes to the ‘choice 
architecture’, e.g. number, location and size of recycling bins for waste, has a positive 
impact on pro-environmental behaviours.  However, nudges can be resource intensive 
and behaviour changes are not likely to be permanent when the nudge is no longer in 
place.  

In one of the few documented studies, a 10-year case study of Singapore used 
anonymised billing data from 1.5 million accounts to explore the effects of a national 
Home Improvement Programme to increase efficiency of residential water plumbing 
compared to nudging.  The plumbing improvements led to a 3.5% reduction in water 
consumption which persisted for over a decade.  The comparative nationwide nudging 
programme found no evidence of reduced consumption, leading to the conclusion that 
‘plumbing can be changed, but people cannot’ (Agarwal et al., 2022).  The research 
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suggests that thinking about behaviours in terms of practices offers scope to undertake 
more effective interventions than just messaging.  

The efficacy of nudging aside, the ethics of nudging have also been questioned (Shove, 
2014), (Kuyer and Gordijn, 2023) because they are not grounded in the traditional 
economic welfare theory or subject to political scrutiny and accountability in the same 
way as an extant policy.  It is for this reason that nudges can be considered 
manipulative, although complete transparency about the nudge can help overcome 
some of these concerns. 

5.8.7. Incentives 

Incentives are widely used in the waste, energy and water sectors.  The effectiveness of 
monetary compared to non-monetary measures is still subject to debate. In some cases, 
non-monetary incentives yielded a larger impact, but in other cases the reverse.  While 
offering concrete rewards, incentives do not stimulate individuals' awareness towards 
environmental problems and in some cases may decrease intrinsic motivation as an 
attitude of ‘I will only change if I get paid’ becomes more entrenched.  It is also likely that 
behaviours are not maintained when incentives are removed.  Incentives may be 
particularly appealing for local authorities, because pro-environmental behaviours are 
related to provision of public services and budget constraints, e.g. recycling. 

From their analysis of the impacts of the different approaches, success rate and area of 
application, (Grilli and Curtis, 2021) suggest that no single approach is preferable by 
default.  Success depends on the organisation of the intervention and the choice of 
approach should be determined by specific objectives and available resources.  

In broad terms, outreach and relationship building (ORBs) appears particularly effective 
for topics of general interest, such as climate change or sustainable lifestyles, and 
usually are not targeted at specific behaviours, where education or social influence 
approaches may be more appropriate. There is no conclusive evidence that incentives 
outperform other behaviour change approaches and more research is necessary for their 
wider support in behaviour change activities. Nudges for individual behavioural changes 
can be effective in the short term, although ethics may be a concern and their use is 
limited to instances where the choice architecture is modifiable.  The Singapore example 
suggests more ‘hardwired’ water reduction interventions deliver longer term results. 

All of the messaging strategies and tactics are suitable but specific objectives and the 
target population will influence which should be used.  For example, people who 
consider themselves sustainability-oriented is a determinant for some, but not all pro-
environmental behaviours.  Behaviour-specific self-identity (e.g. pro-water sustainability) 
has greater force in behaviour change than the more generic ‘pro-environmental’ self-
identity.  Additionally, past behaviour independently exerts a strong influence on 
behavioural intention. 
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The findings suggest a multi-stage approach using different messaging strategies and 
interventions over time may be more appropriate, but evidence of the effectiveness of 
messaging in any of these strategies over the longer term is questionable and requires 
further research. 

Encompassing many of the above insights and recommendations, the DEFRA-
commissioned RADAR project reviewed existing approaches to drought risk 
communication (DRC) in the UK, Europe and more widely.  While the study focussed on 
DRC rather than public messaging per se, the findings are relevant.   

As already noted, the language of drought is problematic, and definitions of drought risks 
vary by sector, context and geography.  Public understanding of drought and drought 
processes – at least from a scientific and technical point of view - remains fragmentary.   

Approaches to communicating drought are very diverse, and while narratives and 
storytelling can be effective at fostering behaviour changes, statistics are also embraced 
by professional audiences.   Different levels of detail are needed according to audience 
interest.  Depending on timing, social media, emails and news reports were more likely 
to reach and impact audiences rather than lengthy drought reports, although even the 
impact of these more immediate messaging strategies may be limited.    

The RADAR project suggested key actions for public messaging about drought include 
the following: 

• Ensure localised communication in order to be relevant 

• Shape and contextualise the range of risks and impacts  

• Communicate uncertainties and likelihoods, as well as impacts that are 
understandable 

• Provide meaningful, relevant and timely data to different communities 

• Use appropriate language and terminology – the word “drought” does not 
resonate with all members of the UK public, but other terms such as 
“prolonged dry weather” can be seen as ambiguous 

• Review the tone, empowerment and ambition of the communications – is it 
aiming to and how should it support action? 

• Encourage individual and community response to drought risks 

• Complement and enhance existing drought planning arrangements and, by 
extension, existing water governance strategies 

• Establish clarity on timing of messages. 

(Smith et al., 2021) 

The overriding message from the RADAR review is that the complexities of drought 
definitions, language, measurement and phenomena in highly contextualised situations 
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with segmented audiences and potential collaborators presents significant challenges to 
public messaging about drought risk.  Importantly, the RADAR findings suggest drought 
and the risk of drought needs to be reframed from a “thing” or a singularity that is 
communicated, towards being at least a process or a “system” that has many inter-
related elements.   

5.9. Media and format 
The media, format and design of messaging refers to the various aspects associated 
with the delivery and structuring of the message rather than the specific content, 
although there is clearly a relationship between the two since some media formats limit 
the content which can be messaged.   

Public messaging in a media rich context such as the UK means it is not possible to 
comment on all of the possible permutations available for public messaging.  The ethical 
issues concerning digital divides - often linked to age profiles of the intended audiences 
– also vary according to media and format. Notwithstanding, in general terms, evidence 
on the successes of different media and format used for messaging is patchy and largely 
unquantified.   

5.9.1. Posters, leaflets, articles  

Messaging in this format can be extremely varied, ranging from mostly text-based, an 
infographic or mostly visual materials.  Messaging can be a one-off or as part of a 
campaign such as additional information and regular updates added to users’ bills.  
While useful as reminders or sensitisers to an issue, particularly for adults with less 
online connectivity, as noted above, the effectiveness of posters and information leaflets 
is generally considered to be low (Grilli and Curtis, 2021).  

5.9.2. Emails  

Email based communications and campaigns are also increasingly used by some water 
companies for regular updates and messaging on floods and drought risk directly to their 
customers.  There are few studies of their effectiveness, although in the health sector 
(Agachi et al., 2023) report regular emails originating from health apps were cost 
effective, but had limited impact on changing behaviours relating to physical activity.  
The literature is generally silent on the effectiveness of email-based campaigns.  This 
may be because the focus about messaging has shifted to the use and role of social 
media. 

5.9.3. Social Media 

The role of social media as a more targeted and accessible platform(s) for messaging 
has generated considerable interest, but with mixed findings.  
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A study of drought communication in California’s 2014 drought noted that social media 
served multiple purposes: one-way information sharing, two-way information sharing, 
situational awareness, rumour control, reconnection, and decision making  (Tang et al., 
2015).  Of the various social media strategies, the most effective communication to 
deliver largely one way drought risk information to professionals and the public was 
focussed on a particular theme – in this case: ‘Save Our Water’.   Significantly, the social 
media channel used for this was supported by regulators and water agencies.  Posts 
were personalised and carried specific messages alongside visual materials.  

The same study found that Twitter was effective in disseminating drought information 
into existing social networks.  They also find that Facebook has enabled two-way 
information sharing for drought risk information and water conservation strategies, but 
the authors concede that more research is needed to understand the use of social 
media, user contexts and data quality.  More research is also needed on the extent to 
which social media users’ input and responses were considered and incorporated into 
subsequent decisions on drought risk management.  In other words, there is limited 
evidence for social media being about 2-way communication rather than just the more 
passive 2-way sharing. 

A review of the use of Facebook by 20 large Australian and U.K. water businesses 
between 2010-2017 noted that using social media helped to promote the health benefits 
of tap water, water conservation behaviours and responsible wastewater practices 
(Pawsey, Nayeem and Huang, 2018).  However, the research found that most firms 
made less than one post per day.  Similarly, of the customers who engaged, most did so 
with a single response which suggests limited impact.  The study concluded that more 
research is needed both on the effectiveness, age-group profiles and the degree of 
digital divide associated with messaging via Facebook and other social media.  

A more recent study of public communication on water availability and water 
conservation actions in the Republic of Ireland (ROI) focused on the use of social media 
(Twitter and Facebook) and newspaper publications in drought years of 2018 and 2020 
(Antwi et al., 2022).  The authors note that in the ROI, drought communication has 
become ‘laborious’ principally because of previous communication approaches, public 
perception of water resources availability, differences in understanding how water supply 
is shaped by over-abstraction, climate change, mean precipitation and evaporation; and 
media coverage of drought or climate change events. In other words, social media 
messaging is not done in a vacuum, and no matter how slick the media and format, the 
history, context and content of messaging to date are key.  Social media is no guarantee 
of success in focussing attention or behaviour changes in isolation.   

For example, while some communications by the national utility were considered 
positive, its engagement on social media was considerably limited.  Newspaper 
coverage of drought and water availability was greater in 2018 compared to 2020, but in 
both print and online messaging, the prevalent framing was uncertainty and risk.  
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Although the lack of a national drought plan or drought information system in ROI is 
somewhat different to England and Wales, the authors suggest that for public 
messaging:  

• drought resilience is best framed as a proactive approach rather than a crisis 
response   

• public engagement strategies and collaborative efforts to communicate drought 
and water conservation should be led by coalition or forum rather than individual 
water companies.  This would also involve active stakeholder engagement 
involving state institutions and the private sector, individuals, academic and 
financial institutions before, during and after drought to encourage commitment to 
long-term actions and resilience building. 

In a comparative analysis of the 2017-2018 Cape Town Drought and 2019-2020 UK 
Winter Floods (Mcalpine, Sahar and Pannocchia, 2021) assessed the strategies for 
social media public messaging to promote social behaviour change by at-risk 
communities.  They found high levels of convergence in terms of content and messaging 
between the UK and Cape Town, but differences in channels.   

In both Cape Town and the UK, public and water authorities published messages from 
their own organisational accounts.  In the UK, there was also marked cooperation 
between multi-level stakeholders in social media campaigns to run parallel campaigns 
focusing on aspects relevant to their operations.  A shared Facebook page was also set 
up to disseminate flood resilience content. In the Cape Town drought, posts from private 
companies, community organisations, water suppliers and public authorities were posted 
natively, i.e. on their own media channels rather than shared but also shared as part of a 
unified (cf to the UK parallel) campaign to persuade the public to abide by restrictive 
water rations. 

The other main difference between the SA and UK events were: 

Both online campaigns used multi-media to convey their messages, including video, 
images, infographics, memes and employed common hashtags.  Tips and advice for 
saving water and improving flood resilience were frequent and posts also included 
hyperlinks to re-direct audiences to digital toolkits and resources.  Additionally, both 
cases launched social media competitions and challenges to improve engagement with 
content, uptake in the campaign and spread messages through social networks.  
Common messaging strategies included public sensitisation of risks posed by droughts 
(Day Zero) or the dangers of driving through flood waters.   

Aiming to change public patterns of behaviour, the posts focused on enhancing self-
efficacy: how to reduce individual water usage in Cape Town; and adopting personal 
protective measures and avoiding risky behaviour in the UK, such as driving in deep 
water.  Solidarity messaging in Cape Town included a collective objective to avoid ‘Day 
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Zero’ through individual actions, while in the UK the emphasis was on community 
readiness as well as individual actions.  In both cases, messaging used culturally 
relevant norms and values of the respective target audiences. 

The findings suggest a shared platform or account for unified drought messaging 
alongside individual or native organisational messaging may be important for developing 
trust and visibility (the Disaster Emergency Committee of stakeholders is perhaps an 
example of a visible and trusted platform).  A focus on enhancing self-efficacy and 
reliance is important, although it is notable that both examples are of very tangible risks.   
Flooding in the UK or the Cape Town emergency relating to imminent loss of public 
water supply is very different to the more usual diffuse nature of drought in the UK.    

However, the major limitation of the study is that no quantitative methods for measuring 
effectiveness in terms of engagement or message diffusion were conducted, although 
the avoidance of Day Zero in particular offers some scope as a generalised proxy 
indicator.  Assessing effectiveness is a key part of future research to determine which 
sub-categories of channels, content and messages were most effective. 

Other studies of social media question the long-term benefits, particularly in terms of the 
ability of social media to change the nature of the discourse.  In their study of water 
conservation messages and narratives on Twitter, (Boyer et al., 2021) found the platform 
useful to convey a standardized water conservation message as part of developing a 
wider discourse at global level.  Amongst a network of water professionals and a 
community of water activists, the interactive element of Twitter helped to develop an 
institutional consensus.  However, the authors found that social media was largely 
reinforcing of existing dialogues and narratives among water professionals and rarely 
challenged current water governance paradigms.  They describe the result as a ‘low 
level of dialogue intensity’ where water issues are largely depoliticized amongst a 
background of maintaining institutional consensus.  They conclude that Twitter’s 
communication of water conservation agendas almost inevitably only offers incremental 
change.  The implications for the purpose of messaging are profound.   

‘By insisting on the responsibility of individuals and inviting them to change their 
practices, the environmental marketing campaign de facto masks the political choices 
that lead to the construction of water facilities and spares large industrial and agricultural 
producers who consume a great deal of water and thus shifts the responsibility from 
decision-makers onto more diffuse culprits’  (Boyer et al., 2021, p. 296). 

In essence, responsibility is shifted to individuals and households, urging them to save 
water in order for the current water governance system to be able to continue.  

This is a critique specifically of social media messaging, but as noted earlier, also 
extends to, and has implications for, all messaging about drought and more widely, 
water resource managing.  In essence, messaging which implicitly or explicitly reinforces 
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the status quo of industrial scale water use and risks to water quality and quantity, but 
requires individuals to change could be accused of ‘missing the point’ and, at worst, 
could be considered unethical or duplicitous.  The implications for trust and ethics are 
noted below. 

The various research findings suggest that social media – although much vaunted for its 
speed and usability (at least for some populations) - is not the magic answer for all public 
messaging, especially where more fundamental changes in narrative are required. 

5.9.4. Storying  

Rather than simply presenting bald ‘facts’ as an incentive for behaviour change, storying 
is a means of embedding information and developing ideas about possibilities of change 
in narrative forms. Although the purpose of storying varies widely – it can be one or more 
of imparting information, inviting reflection, providing comparisons, introducing new ideas 
or alternative behaviours - the narrative format aims to contextualise the message and 
provide a meaningful account for the audience.   

Storying can be general – referring to groups or communities such as ‘farmers in SE 
England’ or it can personal such as ‘Farmer Smith in Aylesbury’. The latter is more likely 
to be of interest to farmers in that particular geographic area.  If the storying is further 
personalised, such as ‘Farmer Smith in Aylesbury who is a diary farmer with 300 head of 
cattle’ then the story becomes especially relevant for other diary farmers, but less so for 
arable farmers.  Similarly, storying about an urban family living in rented accommodation 
in a flat in Cardiff is likely to be of interest to other urban dwellers, but of less resonance 
to people living in small hamlets in rural Norfolk.  

However, storying can be used to establish understanding of these connections and 
make them more ‘visible’ as a way to influence behaviours and practices.  For example, 
recent research explored how personalization in news stories about UK farmers 
influenced the intentions of general readers to help with drought (Wald et al., 2020).  
They find that personalized news stories are more likely than non-personalized stories to 
increase readers’ empathy and perceptions of others’ (in this case farmers) plight.  
Messaging based on narrative engagement where the reader is ‘transported into’ the 
story was directly related to reader empathy and indirectly associated with intentions to 
donate to assist those suffering from drought.   

This suggest that personalized stories designed to produce prosocial intentions may be 
more effective when they combine ‘transportation’ with perceived suffering and empathy.  
However, (Wald et al., 2020) found no direct relationship between personalization of 
narratives and behavioural intentions.  This finding may be due to the emphasis on 
economic suffering of farmers within the news stories.  Previous work in agro-
environmental settings found that economic messages resonate less with public opinions 
than environmental messages (Peterson et al., 2019).  In other words, readers care less 
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about economic impacts on others compared to environmental impacts and associated 
messages.   

The DRY project also explored the role of storying and future scenario building through 
collaboration between scientists and communities (Liguori et al., 2021).  Incorporating 
aspects of citizen science, the findings suggest storytelling, rather than just being 
retrospective accounts of events, can be a creative process for imaging the future based 
on sound science and community aspirations.  The scenario building aspects of storying 
may be a significant opportunity for exploring the range of possible behaviours and 
practices to explore how individuals or communities could act in any given type of 
imagined situation relating to drought.   

The scope for messaging arising out of storytelling is an area for future research and 
could also be linked into developing context relevant social norms. 

5.10. Trust 
As noted above, on the most fundamental questions for any public messaging strategy is 
the extent to which the author(s) of the message is trusted by the public or intended 
audience. If the messenger is a water company then trust is likely to be dependent on 
public expectations about the water company meeting legal requirements on drinking 
water while prioritizing social and environmental goals in relation to profit motives.  If a 
regulator, then trust will hinge on perceptions of the regulator’s role and its performance.  
Similarly, trust in an NGO can depend on the extent to which the NGO’s aims and role 
effect change – though the use of ‘shock’ tactics can backfire in terms of public support.  
In practice, there will be blurring across these boundaries and the author of a message 
may be judged differently in relation to different aspects of activities – i.e. water supply 
compared to sewage treatment.    

Research in Australia found that where residents trust that water resources are being 
managed effectively then residents are more likely to conserve water generating a 
virtuous circle of practice. The reverse is also possible (Lowe, Lynch and Lowe, 2014). 

In England and Wales, this is especially pertinent and significant in the context of recent 
increased concerns about river and bathing water quality. The role of water companies 
and the relationships between water companies and regulators has come under 
increased scrutiny due to public concerns about combined sewage overflows (CSOs) 
and ongoing inland and coastal water quality issues.  

A 2023 study commissioned by Ofwat of public trust in water companies reveals a mixed 
picture.  While there is public trust in drinking water quality and associated supply, there 
is substantial distrust relating to value for money; investment; protection of environment 
and biodiversity; and prevention of sewage in rivers and seas as shown in Figure 2. 
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Fig 2 Trust in water companies’ abilities (Ofwat, 2023) 

Figure 2 also suggests that focusing on drought as a quantity issue is only addressing 
part of the wider system of water which also includes water quality, environmental 
protection, organizational roles, regulatory practices, social values and expectations and 
so on.  In other words, the public do not separate out the individual message from the 
context in which they perceive it exists. 

5.11. Competing messaging  
A focus on trust in relation to public messaging quickly opens up wider debates about 
the governance of water more generally.  In addition to use by various stakeholders and 
different sectors, this might also include ownership of water companies, investment 
programmes, shareholder returns, executive renumeration, performance, quality 
standards, the role of Ofwat, DEFRA and the Environment Agency.   

While the aim of public messaging is to change behaviours and practices, much of the 
literature on public messaging has tended to focus on ‘how’ and the different options 
associated with a framing of improving efficiency.  There has been much less attention 
on the more fundamental question ‘why are we managing water this way?’.     

As noted above, social media tends to reinforce existing paradigms and narratives, but in 
the UK more recent media commentary has become much more critical of current water 
governance as shown in Figure 3.  In many respects, this constitutes an alternative and 
competing messaging about water governance and could overshadow or undermine 
more ‘conventional’ drought messaging from water companies and similar sources.   
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Figure 3 Media Reporting in The Times newspaper, 13 February, 2023 

The media critique can be summarised by questions such as ‘In the 30 years since 
privatisation, why are CSOs still an accepted and permitted feature of water governance 
in England and Wales?’ and ‘Is current water governance privatising profit and 
nationalising pollution?’.  These questions may seem overly political and somewhat 
removed from immediate drought concerns and the specifics of public messaging, but 
they are essential to understanding the context of drought messaging and the extent to 
which trust is linked to the potential for changed behaviours.  In other words, the media 
critique is offering the public a competing message which aims to reframe ideas about 
what constitutes socially and environmentally acceptable water governance.  In this 
context, continuing with ‘public messaging’ which continues to advance the status quo is 
unlikely to be effective. 

This is not to suggest that current critiques are ‘correct’, but public messaging about 
drought which fails to take account of a growing public discontent about environmental 
and water quality and which simply reinforces (even by omission) existing governance 
arrangements and narratives, is less likely to be trusted and acted upon.   

In other words, and bluntly, there is likely to be limited public support for and significant 
reputational risk to a water company urging and expecting domestic users to stop, for 
example, using a hosepipe during a drought when the water company is polluting a river, 
paying shareholders significant dividends and CEOs substantial renumeration.  The 
reputational risk and loss of trust in the regulatory organisations is likely to be 
proportional to the extent they are permitting (figuratively and literally) such a situation to 
continue. 
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Inviting other, more trusted organisations such as an NGO to ‘do the drought messaging’ 
may be an option or, as the South African experience showed, combining messages on 
a shared platform.  But NGOs may well be similarly at risk of reputational damage and at 
risk of being compromised if drought messaging is divorced from wider debates about 
water governance. 

 

6. Concluding comments  
6.1. Key social and behavioural scientific insights 
about public messaging on drought 
There is no single understanding of drought nor a single homogenous ‘public’ for which a 
unified model of drought and drought related messaging is universally relevant and 
applicable.    

Public messaging is a very broad term that usually refers to content being made 
available to members of the public which may or may not carry expectations of 
behaviour change.  It is less commonly understood as the wider process or system of 
communication and learning about drought in the public sphere.  In its more common 
interpretation, public messaging can take many forms from one-off social media tweets 
and posts, emails, printed information leaflets and signage, to organised events, 
comprehensive publicity and media campaigns and associated reporting. 

The purpose of public messaging is often assumed to be to change public (usually 
household) behaviours in order to achieve or progress some measure of sustainability.  
But this purpose is framed from the originator’s point of view and may be received and 
experienced as something more negative such as ‘interference’ or ‘greenwash’. 

The prevailing assumption that improved public communication or messaging leads to 
positive shifts in behaviours in regard to water use is now widely questioned.  In turn this 
opens up to scrutiny the purpose of messaging.  Is it to encourage efficiency type 
behaviours within the existing water system or is it aiming to fundamentally question 
existing practices and substantially transform the way we think about water?  Messaging 
in either case will be designed, communicated and received very differently.   

Messaging to ‘correct’ unsustainable behaviours carries several assumptions including 
what constitutes sustainable is known; individuals are equally responsible across all 
parts of society and those seeking change know the right course of action.  Messaging 
framed by these assumptions implies judgement, failure and guilt by individuals 
(compared to organisations) as well as a superior understanding of the situation by 
others and knowledge of the optimal action to target.   
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Questioning the purpose and underlying assumptions of public messaging gives rise to 
questions about current understanding of behaviours and appropriate messaging. 

Human behaviour can be defined as the potential or expressed capacity of individuals to 
respond mentally, physically and socially to internal and external stimuli.  Internal factors 
(beliefs, values, attitudes, emotions, and knowledge) and external factors (contexts, 
formal regulation, social and cultural norms) are all important considerations in behaviour 
change strategies. 

While many models of human behaviour can be employed, a broad distinction exists 
between focussing on behaviours and focussing on practices.   

Behaviour change studies have tended to be couched in and focus on the individual 
framed as economically rational and therefore responsive to rational messaging, usually 
in the guise of a knowledge deficit model where messaging provides the ‘facts’ to reset 
behaviours.   

More recent research moves away from the rational model of economic efficiency and 
maximisation of economic utility, towards a more complex understanding of behaviours 
where ‘irrationality’ or ‘more than rational’ decision making is accepted as a legitimate 
position and strategy.  This leads to an understanding that behaviour is more often 
‘unconscious’, energy-efficient, quick, and based on intuition and emotions, and 
individuals’ lack of mental energy, time, and capacity.  Multiple routes for making choices 
are therefore possible.  This remains at odds with policy maker’s expectations and 
persistent assumptions of public behaviours headlined by recourse to ‘common sense’ 
and the importance of ‘getting the right message across’. 

Recognising the complexity of behaviour has led to an arguably more systemic 
understanding and approach to behaviour focussed on practice - routine behaviour 
arising from multiple interconnected elements and things.  

Messaging which focusses on behaviour change to reduce water consumption does not 
automatically change the context in which water is used; risks ignoring the variety of 
‘normal’ consumption practices and ways of living and is unlikely to have much effect. 

Significantly, messaging within an efficiency paradigm reproduces specific 
understandings of ‘service’ which may not be sustainable in the long run and ignores the 
transformative value of water in individual livelihoods.   Messaging which continues to 
endorse and ‘allow’ the current framing of water use is at risk of missing the point. 

Nonetheless, many barriers to behaviour change remain including individual attitudes 
and temperament; sense of responsibility, trust and efficacy; and practicality including 
lack of time and resources.  
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In general terms, messaging for behaviour change programmes should therefore focus 
on selecting the key behaviour to realise the largest change (this may not be the 
individual) and choose approaches based on context and objectives.  Control groups 
may or may not be appropriate, but pilot studies are advised with clear definition of 
measures of success and methods for assessing defined outcomes.  Monitoring is 
essential, especially long run monitoring to determine impacts of the measures and 
provide new interventions as needed.  

However, behaviour change is just one of several causes of environmental degradation 
and over-emphasising behaviour change when other socio-institutional barriers are 
dominant may be ineffective.   

Even so, accurate predictions of how individual people will behave in any given situation 
therefore remain elusive. A key barrier is that policy-makers continue to rely on 
platitudes about ‘getting people to change their behaviour’.  This ignores behaviour bias 
including a tendency for simplification of future risks to zero; reliance on available 
information as fact; the finite pool of worry; myopia or short-termism; and herding.  

A range of suggested behaviour change tactics and strategies are evident in the 
literature, but there is limited quantification of impacts.   The strategies can be divided 
into the following broad categories:  

1. education and awareness 

2. outreach and relationship building  

3. social influence 

4. nudges and behavioural insights 

5. incentives 

6. storying. 

There is considerable variation within each category and therefore advantages and 
disadvantages depending on context and purpose.  Specific suggestions are set out in 
6.2 below.  

Whichever strategy is adopted, several studies show that trust in the author of the 
message is central to a positive reception.   Current media and wider concerns about 
water quality in rivers and coastal waters in England and Wales are especially relevant 
and there is some evidence that trust in water companies has decreased for certain 
activities.  This extends across the water governance system to include regulators. 
Where water companies remain in public ownership such as Welsh Water, trust is likely 
to be higher providing a more conducive foundation for behaviour change.  
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Public drought messaging does not happen in a water governance vacuum and will be 
assessed accordingly to the extent that other water issues are addressed.  In many 
respects, the media concerns about water quality constitute a competing message about 
water governance, namely: ‘why are we managing water this way?’.  There is a very real 
risk that public messaging is used as a means to enable the status quo to continue 
where the status quo is considered by the public to be less desirable than other possible 
alternatives. 

6.2. Advice on the timing, content and how messages 
should be delivered 
While there are a number of recent reviews relating to behaviours and messaging, 
evidence for changes arising from interventions is patchy. 

Most studies are of limited time span (<24 months) and therefore timing is not always 
explicit in the literature.  However, there is recognition that ‘early’ interventions such as 
warnings need to be followed up and reinforced with ‘later’ messaging partly to 
contextualise earlier messaging, but also because of behaviour ‘fade’ and even the 
possibility of rebound effects. Over time, the messaging cycle should be characterised 
by ‘long-term’ actions punctuated and augmented by ‘short-term’ more immediate 
actions as needed within drought. 

However, there is a delicate balance to be struck between the dynamics of too much or 
too little messaging and content. Background updates and ongoing communications are 
relevant strategies but in an increasingly online world, information overload is a risk.  It is 
the case that most individuals, particularly in urban contexts, do not know or care about 
where their water comes from or goes to in general terms, though that may change 
rapidly with awareness of local impacts (such as sewage spills, stream drying, and 
floods or other indirect impacts relating to energy or food.)  

Forecasting drought onset, duration, intensity and end remains an imprecise science.  
Ongoing ‘background’ messaging needs to be honest about this uncertainty and begin 
more a focus on resilience and building adaptive capacity for managing water as a 
totality comprising supply, quality, and droughts and floods as relevant to specific 
localities.   

Pre and in drought messaging needs to be equally honest about the causes of drought – 
i.e. not just a function of rainfall but with causal human agency and how different sectors 
are preparing and responding to the same ‘event’. This should not be a recourse to the 
bland implication of being ‘all together in the same boat’ since this is clearly not the case 
with some individuals’ practices having limited capacity for change in the short term 
compared to others. This also extends to different organisations and sectors.   
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Content of messaging is very difficult to determine and specify without reference to 
particular contexts, audiences and the barriers to change and particular bias any 
audience segment might experience. There is a trap in thinking that a single message 
will achieve change when behaviours understood as practices are mediated by localities 
(urban/rural), histories, households, technologies, cultures, social status, ethnicity, 
education, income, previous experience of droughts or similar environmental event and 
so on. In addition there is a trap that behaviour change is the answer whereas a focus on 
structural issues and policy may be more appropriate to bring about situation 
improvement.  

To address some of these issues, evidence from the literature suggests that – where 
appropriate -messaging must be flexible and multi-layered in terms of content and over 
time to bring about short-term behaviour shifts and longer-term new habits in relation to 
droughts.  A range of tactics are available across a spectrum including knowledge 
transfer through to incentives.  But the literature is also clear that identifying a specific 
behaviour requires careful analysis whether the desired change will deliver the expected 
benefits to the drought situation. A key message from the literature is that messaging 
must enable positive action (efficacy) – i.e. an individual is able to enact some kind of 
change on the basis of the message. Thus, messaging must take into account what can 
be done in urban compared to rural contexts and for different demographics.        

The format and delivery of messages is key. Posters and information leaflets have 
minimal impact except for those predisposed to pro-environmental behaviours.  Social 
media while relevant for short term messages, is also not a panacea because it is not 
ubiquitous and reliance on it risks reinforcing digital divides.  It is also unable to move 
much beyond one-way communication.  It has limited scope for reshaping discourses 
and narratives, instead reinforcing existing traditions, institutions, and arrangements of 
water governance. But it can be useful for certain audiences and existing networks to 
distribute information, though caution must be exercised if celebrity endorsement of 
particular messaging is considered.    

It is appropriate that some messaging can be done by water companies or handled by 
marketing specialists employed by water companies – albeit at the risk of trying ‘to sell’ 
behaviour change and generating more top-down messaging via emails, leaflets and 
similar.  While this can be successful in the short term, particularly a crisis, longer term 
behaviour changes are unlikely.     

Evidence suggests that messaging from a collective platform of stakeholders (rather 
than an individual company or organisation) is more likely to be trusted and acted upon, 
though caution must be exercised by ‘farming out’ messaging to, for example, a 
respected NGO. Delivery through existing networks of family and friends/neighbours 
offers some scope for experimentation and lays a foundation for citizen science. 
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But as a form of communication, the term “messaging” itself carries an association with a 
short format and implies being passed from one to another in the sense of “pass the 
message along”. Synonymous with knowledge transfer and the knowledge deficit model, 
it implies a one-way direction and a linear sense of process such that the original content 
(decided by whom?) remains unchanged at the point of being received and acted upon. 

The extent to which messaging is framed in this way will shape the design and content of 
messaging and ultimately its potential for behaviour change.  Conceptualising 
messaging as a two-way or even multi-actor/node process offers more scope for 
considering messaging as (part of) a process or system of ‘knowing about and acting 
about drought’ where the emphasis is on an ongoing interchange between those 
creating and receiving messages.  In this conceptualisation, messaging created by users 
and messaged to organisations and vice versa is understood as a dynamic learning 
system rather than a one-way knowledge exchange (often singular) event. 

In other words, there is scope to imagine a more systemic rather than deterministic view 
of the relationship between the message, messenger and messaged.  In the context of 
citizen science, this would allow for the ‘public’ to generate its own messaging for itself 
and to inform other members of the public and organisations and to feed this back into 
the water companies and regulatory organisations.   

Involving citizens and users in the discussion will shed light on the bigger question: what 
is the narrative we need about water in the UK in a climate changing world and 
where/how does drought fit into this narrative and how will individual behaviours – 
alongside changes by other industrial users - contribute to adaptation and amelioration?  

The public are being encouraged to adapt to drought / climate change, but this is to miss 
our own (human/ societal) agency in creating climate change and exacerbating drought 
and floods in parallel with water quality issues.   

6.3. A view on the limitations of the evidence base and 
recommendations for improvement. 
The evidence base for public messaging is rich, diverse and difficult to pin down with 
certainty for any specific locality / situation / time. The evidence base is also very patchy 
in terms of quantitative studies, but is considerable in terms of examples of different 
messaging strategies. But these are largely short term and often rather siloed 
explorations of how a household uses a particular resource at a particular time.  

A more systemic approach to future studies on public messaging would be first to 
research how an individual / household understands what it means to be more 
sustainable in terms of water: what is easy and can be prioritised and what is difficult and 
not priority. A focus on practices offers considerable scope for situating messaging in the 
realities of peoples’ lives rather than abstract exhortations.  This provides the basis for 
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expanding research into messaging to existing networks of friends and neighbourhoods 
and citizen science initiatives. 

 

7. What we don’t know  
Despite many studies, specific, quantifiable evidence of savings by households arising 
from different types of messaging and changed behaviours is still limited.  Similarly, 
quantitative measurement of the impacts of messaging on behaviour is still ad hoc.  This 
is a difficult area to research over the long term for a range of technological and social 
reasons especially attributing effectiveness to particular messages when behaviours are 
always highly contextual. 

Outside of specific studies, current estimates are mostly linked to supply company 
estimates and volumes rather than actual measurements of individuals and households.   
There is also limited insight into whether behaviours and practices have changed directly 
or indirectly as a result of messaging and which type of messaging is the most effective 
in any given context.   

There is no easy answer to address this gap which is also shaped by a prevailing ethic 
of human right to water and concerns over water company profits, behaviour fade, water 
meters in only half of UK households and the negligible use of smart water metering.  

We know that public understanding of drinking water supply and sewage systems is 
patchy. But there is limited research about public understanding of droughts as part of 
seasonal and climate-related dynamic of water. Public understanding of human agency 
in exacerbating and / or causing droughts is also under-researched.   

In addition to gender and social aspects of behaviours, there is limited understanding of 
messaging for often diverse and multi-cultural urban population where water is largely 
‘hidden’ either physically or socially and culturally. Research is needed on the ways in 
which ethnic cultures within the UK value, understand and/or respond to environmental 
concerns generally, water specifically and drought in particular.   

Regulators, water companies and water governance systems are under increasing 
scrutiny in the UK due to river quality and ongoing debate about profits, ownership and 
investment. The extent to which this debate erodes public trust and willingness to 
change behaviour is unknown, but a recent survey by Ofwat suggests public trust is 
reducing in terms of environmental protection of rivers and habitats. This finding ties into 
a much longer ongoing debate about coastal bathing water quality. Further research is 
required on whether levels of trust in water governing organisations are determining how 
drought messaging is received and acted upon or rejected.  
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Similarly, there is limited insight into possible rebound effects associated with adaptive 
behaviours such as increased water use arising from the notion that the water problem 
(however defined) is resolved due to new investments / storage / treatment 
capacities/demand efficiencies. With planned system infrastructure and UK interlinkages 
this could be a significant concern, especially if regional areas experience significant 
climate extremes.  In other words, the possibility of mass transfers from ‘wet’ areas to SE 
England could cause water demand in SE England to increase.   

 

8. What we should know  
Whatever messaging strategy and format, there is limited evidence for longevity of the 
impacts of messaging on behaviours in the long-term, though some studies suggest that 
focussing on social norms does enable long term adaptations. However, there is almost 
no consideration of the welfare implications of changing behaviours and the social / 
psychological impacts on water users who feel under increasing social pressure to 
reduce consumption. More research is needed on the risks of disenfranchising or 
blaming certain groups of individuals and sectors who, in their view, may have valid 
reasons for using water in the way that they do. The dissonance of focussing on 
individual change against a backcloth of wider infrastructure and governance problems 
in water governance should be addressed in future research.  

Nonetheless, social norms are powerful ‘carriers’ of messaging. While intra-group (you 
and your neighbours) comparison is already known to be of value, future research 
should also further consider intergroup comparisons (urban compared to rural) as a way 
of motivating behaviour change, although there is a known risk of undermining 
sustainable actions where groups ‘give up’ following their comparison with others 
requires additional research. 

Barriers to behaviour change are relatively well understood, but will continue to change 
over time in scale, scope and form. Messaging must be receptive to this. Current 
financial concerns for many households may mean financial incentives to reduce water 
demand could have more traction especially if linked to environmental quality. The scope 
for reducing water consumption for financial and environmental benefits could be an 
area of further research, but the divide between metered and unmetered users is likely to 
be a practical problem in pursuing incentives based on use reduction. Moreover, rightly 
or wrongly, water as a human right is a prevailing ethic, paralleled by a sense that water 
supply should not be a profit-orientated industry.  

Most of the debates about current messaging are about aiming for efficiency and saving 
water in response to droughts framed as an external event, rather than a larger narrative 
about how human activity is a causal factor in the availability of water. This larger 
framing could be key to encouraging new understandings, a new sense of agency and 
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new behaviours where human practice is increasingly recognised as a causal factor in 
drought onset and managing. The extent to which this wider narrative of causal agency 
is meaningful and empowering for the public or experienced as demotivating as just 
more ‘guilty responsibility’ requires further research.   

Recognising causal agency in drought brings with it a requirement for a more systemic 
understanding of drought and human behaviour and practice. This means exploring how 
public messaging about drought should engage with the interdependencies in the water 
system and the diverse actors and the emergence of drought. While this will be 
challenging to convey – at least in short messaging formats - at the very least, more 
consideration is needed how to convey feedback loops to show relationships between an 
individual’s pro-environmental actions and environmental benefits. Currently much 
messaging is about ‘do X to save water and / or money / or help the environment’ but 
less about ‘the savings you [collectively] made have meant river or water table levels 
remain stable and abstraction has not needed to increase’. Of course, this is a simplistic 
example, and there are many complexities about making and evidencing claims for 
causal relationships and feedback loops. But the type and effectiveness of messaging 
where this may be possible needs to be understood. The role of simple diagrams and 
infographics to convey feedback and interdependencies will also need to be considered. 

Climate change is likely to bring increased pressure on improving water governance for 
both drought and flood extremes, although occurring at different intervals and intensity. 
To adapt and build resilience will require a step change in our collective understanding of 
water in the UK and will prompt fundamental questions such as ‘why are we doing water 
governance this way?’. The recent widespread media coverage of sewage releases into 
rivers is but one element of this wider conversation about the future of water in the UK.  
Public messaging will need to be developed which acknowledges and responds to ‘water 
governance in a climate changing world’. Messaging on this wider narrative is essential 
to begin building deeper conversations about how households can contribute to the ways 
water now needs to be managed.  Messaging to ‘turn off the tap’ or ‘use a watering can’ 
while relevant, is no longer sufficient in a climate changing world.   

Against a background of an increasingly urban population where water and droughts are 
often ‘invisible’, further work is needed to understand what public messaging would look 
like when combined with science to reflect and acknowledge the narrative elements of 
droughts as understood and experienced by different stakeholders. This could further 
develop the social norms of messaging which the above review suggests has a positive 
effect on behaviours.   

This leads to perhaps the most important requirement for future research. Currently, 
most messaging is largely one-way: from organisations to the public.  The motivations, 
capacities, mechanisms, skills and languages to enable two-way messaging, learning 
and ultimately, new practices, require further investigation. The growing interest in more 
communicative processes such as citizen science and living labs could provide a fertile 
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research area for understanding what two-way communication and two way messaging 
could look like to address the complexities of water governing and drought managing in 
a climate changing world.   

Currently, citizen science is an increasingly common part of water governance, 
especially in individual catchments where catchment groups are exploring a range of 
approaches to improve water quality. The scope for citizen science projects relating to 
drought planning and drought messaging is largely unknown, but offers potential for 
contextualising messaging content and related behaviours and offering meaningful 
localised actions – an essential aspect of messaging. It may also contribute to 
understanding drought as part of the water dynamic and the flood – drought spectrum.  
Research is needed to understand the extent to which citizen science could provide a 
more trusted element to two-way drought messaging and provide necessary context for 
communities (however defined) to alter practices.    

While water companies may understand customers, it is currently uncertain as to the 
extent they understand people, households and communities situated in context.   
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L: Water Supply: Observed and Projected - 
Review of the state of research on drought 
Chris Counsell, Mason Durant  

HR Wallingford 

Overview 

THE REVIEW: Covers historical droughts, causes and variability of droughts, future 
droughts, present and future impacts and planning approaches. It summarises what we 
know, what we don’t know and what we should know about water supply drought. 

What is covered: Public water supply in England as well as other areas of the UK and 
internationally where relevant. Other users and uses of water more generally are 
discussed where there are implications for public water supply.  

What is not covered: Short term operational drought planning and forecasting. 

KEY FINDINGS: 

What we know What we don’t know 

 Water supply systems can generally be 
described as multi-season or single season 
vulnerable. These vulnerabilities tend to change 
over time (e.g. climate change increasing 
aridity, responses to drought events), can 
exacerbate drought conditions, and are still 
being revealed through recent droughts. 
 Most water companies’ worst historical 
droughts (events within the observed record 
that cause the most severe system response) 
are since 1920 and are generally three years or 
less in duration. 
 There is an assumption of deep uncertainty 
for water resource planning. 
 The current 1-in-500 plus climate change 
assessment likely misses variability, timing, 
duration, spatial extent and extremes of 
droughts within climate models. Assessment of 
future return periods and plausibility is almost 
impossible. 

 Potentially more diverse events 
have occurred historically. The 
maximum severity, duration and 
spatial extent of drought events in the 
current and future climate is 
unknown, as well as the likelihood of 
dry, or successively dry winters in the 
future. 
 Uncertainties are not fully 
explored within current top-down 
methods, including land use 
changes, other sectors demands and 
future policy. Bottom-up approaches, 
better suited to deep uncertainty, are 
untested within the UK water 
resources decision context. 
 The full envelope of plausible 
demands and future climate change 
projections is unknown. 
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RECOMMENDATIONS: 

• A multi-sector approach, including concurrent and interacting risks is 
missing, requiring understanding beyond system aggregating approaches such as 
deployable output. Improve understanding of demand changes due to behaviour, 
how demand reductions and system optimisation may impact vulnerability. 

• More diverse events are required to examine system responses (particularly 
multi-season, successive dry winter, large spatial extent events). There is a 
need to consider uncertainty in historical and synthetic datasets.  

• The specific requirements of UK water resource planning should be understood, 
so that any move away from change factors represents an improvement in 
the processes and variables of interest. 

• Process-based plausibility assessment should be used to assess climate 
projections. Consideration should be given to how plausibility information can be 
applied to datasets and carried through to planning decisions. 
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1. Introduction 
Water supply is a multi-faceted issue, incorporating physical, societal, economic, political 
and geographical aspects. Consequently, there is a large amount of literature covering a 
vast array of topics of relevance to water supply, including grey literature from 
applications in industry. The sometimes disparate nature of the literature means that it 
can be difficult to synthesise information across these different aspects. This thematic 
review pulls together the available literature on water supply, focussing on England, 
drawing on areas outside England where relevant, as well as overseas. The review 
focusses on public water supply due to the wide ranging supply network that provides 
water to the majority of users in England, however other users and uses of water more 
generally are discussed where there are implications for public water supply. Previous 
reviews covering water supply issues have tended to take a top-down approach, 
focussing on the climatology initially before discussing system implications. This review 
differs from previous literature in that it attempts to frame the literature through the lens 
of system vulnerabilities, providing a system-relevant perspective unique to the issues of 
water supply. 

The first section focusses on historical water supply droughts, followed by a review of the 
causes and variability of droughts. Future water supply droughts are then discussed, 
before reviewing the impacts of water supply droughts in both the present and future. 
The review concludes with a section on current and future planning approaches. Each 
section is summarised by what we know, what we don’t know and what we should know 
to improve our understanding. 

 

2. Historical water supply droughts 
There is a significant amount of literature covering historical water supply droughts, 
through reviews undertaken at the time of droughts (e.g. Doornkamp et al., 1980), 
retrospective reviews (e.g. Marsh et al., 2007; Rodda and Marsh, 2011; Durant, 2015; 
Water UK, 2016), and programmes that look to collate information across many aspects 
of historical droughts (e.g. UK Drought and Water Scarcity Programme – NERC Historic 
Droughts). This review does not attempt to revisit these, instead it focusses on the 
historical perspective through the lens of water supply system vulnerability. An overview 
of public water supply system vulnerability in England is presented, followed by a 
discussion of the historical perspective of drought timing, frequency, duration, severity 
and spatial extent. Short and long term responses to drought and the use of historical 
datasets are also discussed. 

2.1. Public water supply system vulnerability 
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Public water supply systems at the water resource zone level in England are often 
complex, have evolved (and are continuing to evolve) over time and are unique when 
compared to one another. Consequently, the vulnerabilities of each system to the spatial 
pattern, severity, frequency and duration of drought events are different. Attempts have 
been made to generalise the response of water supply systems in the UK to different 
types of drought events, which has led to a general classification based on drought 
duration of vulnerability (Environment Agency, 2015) to short, single season (tending to 
be defined as up to 12-18 months in duration) or multi-season droughts (longer than 18 
months). This subjective method of synthesis has been extended to water supply 
systems across England using drought response surfaces (where available) produced as 
part of Drought Plans and Water Resource Management Plans (WRMP) using the 
Drought Vulnerability Framework (UKWIR, 2017), and is presented in Figure 0.1. It is 
worth noting that the system definitions are not always clear, in many cases because 
there is a mixed, or complex response to a lack of rainfall in some systems. An example 
drought response surface is shown in Figure 0.2. Further examples can be found in 
(UKWIR, 2017). 

Figure 0.1 shows that the majority of English water supply systems are multi-season 
vulnerable, with the largest single season systems tending to be located in the north and 
west of England. These systems tend to be single season due to a dominance of 
reservoir systems in catchments that have experienced regular winter rainfall where 
reservoirs refill quickly during winter months. A small number of single season systems 
are located in the south of England, where the chalk groundwater system is relatively 
flashy and responds quickly to winter recharge. Water resource zones in the south west 
of England that would be expected to be classified as single season systems due to their 
location, reliance on reservoirs and topography, but are multi-season systems, are 
largely due to the interconnected nature of the system, higher prevalence of groundwater 
sources (e.g. Wessex Water), or resilience schemes that alter the vulnerability of existing 
reservoirs (e.g. Wimbleball and Roadford reservoirs (South West and Bournemouth 
Water, 2022).  
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Figure 0.1: Approximated water resource zone vulnerability to multi-season and 
single season droughts, based on drought response surfaces contained within 
water company Drought Plans and WRMPs 
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Figure 0.2: Example Drought Response Surface. Grey cells indicate unlikely 
rainfall totals which may be deemed “implausible” Source: UKWIR (2017) 
 

2.2. Drought response 
The human response to drought events via water supply system modelling can be 
considered in the short and long term. In the short term, responses to drought events are 
often undertaken in attempts to reduce demand or increase supply. For example, the 
implementation of Drought Orders and temporary use bans, publicity campaigns to 
reduce demand, the commissioning of new boreholes and river intakes, attempts to 
reduce leakage, temporary water transfers, pressure reductions and the installation of 
new booster pumps, and the restriction of spray irrigation (Doornkamp et al., 1980; 
Taylor et al., 2009; Rodda and Marsh, 2011; Durant, 2015; Durant and Counsell, 2020). 
The current approach within water company plans is that demand restrictions are 
incrementally increased as supplies run low, to the point where there are rota cuts and 
supplies are cut off (National Infrastructure Commission, 2018). This is unlikely to 
happen in reality, rather, emergency measures are undertaken to ensure supplies 
remain on (National Infrastructure Commission, 2018), as highlighted above. There are 
also lessons to be learnt from human responses in other areas of the world, such as 
Cape Town in South Africa in 2018, where water demand was reduced to just 50 litres 
per person per day as the drought progressed – an unprecedented and unexpected 
response achieved through an intensive public campaign (LaVanchy et al., 2019). Whilst 
English water companies prepare Drought Plans to enact responses during an emerging 
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drought, the human response during an event is uncertain and can have an impact on 
the progression of a drought.  

There is also evidence that experiences within drought periods shapes future 
management practices in the long term (Pearce, 1982; Miller and Yates, 2006; Taylor et 
al., 2009; Durant, 2015). Whilst frameworks exist to analyse the drivers, responses and 
impacts of droughts to find commonality and differences across different sectors, scales 
and through time (Lange et al., 2017), a systematic analysis of all historical events has 
not been undertaken. It is possible that doing so might shed light on these characteristics 
of drought, and therefore how populations might respond to different and future 
droughts. The number of variables and relatively small number of historical events would 
likely render results highly uncertain, however, it may still be worth undertaking such an 
assessment to improve understanding of human and community response. Emerging 
novel indicators using mining of public data such as Google Trends might provide insight 
related to trends in public awareness and interest in water saving measures during a 
drought event (Wilby et al., 2023). 

2.3. Other users 
The above sections focus mainly on the public part of water supply. However, public 
water supply systems are contained within a wider ecosystem of other users including 
agriculture, horticulture, industry and the environment. Some of these users are supplied 
directly through the public water supply system. These interactions have been part of 
English water resource management planning for some time. A number of other users 
are not directly part of, but do interact with, the public water supply system (such as 
those involved in agriculture that have private river abstractions). There is often a high 
degree of interdependence between other users and public water supply. Some of these 
users have made their own adaptations in response to historical events that could alter 
catchment resilience, but aren’t included within water resource modelling (Rey et al., 
2017). Despite the knowledge that other users are impacted by droughts, there is a lack 
of systems literature on interrelations between these users. Multi-sectoral approaches 
that incorporate external water users are relatively new to water resource management 
planning in the UK and the resilience of other users and sectors to drought is not well 
understood (Environment Agency, 2020). The National Framework (Environment 
Agency, 2020) and regional planning (Environment Agency, 2021a) are attempting to 
involve these sectors where relevant, however little has been done to understand these 
interactions historically (Environment Agency, 2020). 

2.4. Water demand 
Water demand is a key component in historical water supply system drought. Demand is 
often defined as peak or annual, depending on the vulnerability of the system to either 
one of these types. Peak demands during a drought can cause supply issues, for 
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example, in the summer of 1975 for some areas such as the Thames Valley, it lead to 
conveyance issues within the distribution network (Doornkamp et al., 1980). These 
issues continued into the autumn of 1975 and were repeated in the summer of 1976 in 
the Thames region (Doornkamp et al., 1980), West Midlands and Hampshire (Rodda 
and Marsh, 2011). Annual demands are often more of an issue over longer duration 
droughts for systems that are multi-year vulnerable. Water demand is discussed in more 
detail in the next section. 

2.5. Drought characteristics 
In addition to being able to elicit system vulnerability from the drought response surface, 
each response surface is produced on the basis of droughts ending in a particular 
month. That month will be considered the month that the system is most vulnerable to 
droughts extending into. Where available, this information has been extracted for each 
water company, as well as the duration and date of the worst historical droughts 
associated with each company, and is presented in Error! Reference source not 
found.. 

 

 
Figure 0.3: The worst historical droughts associated with each water company 
(extracted from recent Drought Plans and WRMPs) are shown where available. 
Where there are separate overlapping drought events that end in different years, 
historical droughts have been separated out for those water companies. The 
droughts are shown as ending in the December of the year of their termination, 
with durations estimated from information within the drought response surface, or 
literature in Drought and Water Resource Management Plans. Each vertical line 
represents a single year. It is worth noting that because the drought response 
surfaces generalise the system vulnerability, the month ending may not 
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correspond with the month the worst historical drought actually ended in. The 
month ending attribute instead describes the general vulnerability of the supply 
system 

 

Error! Reference source not found. demonstrates that most water companies’ worst 
historical droughts range from 1921 to 2011. Only Severn Trent Water (out of those 
companies analysed) have an historical event prior to 1921 that sufficiently tests their 
system to warrant inclusion. Whilst this does not mean that other companies haven’t 
tested systems against droughts prior to 1921, this is generally the case as datasets with 
the required granularity of detail are not available prior to the start of the 19th century.  

The month ending attribute of system vulnerability is mainly concentrated around 
September and October for those systems where data are available, indicating a 
significant sensitivity to autumn rainfall. A smaller number of systems are vulnerable to 
droughts ending in August, November and December. Where groundwater systems 
dominate, droughts ending in March have also been used that identify events that have 
dry winters. The longest historical drought events that cause system failure are a 
maximum of three years long, whereas the shortest are around 6-12 months. Longer 
droughts are documented in the historical record, however Spraggs et al., (2015) found 
that for the Anglian region, the 1890-1910 drought period was no worse than shorter, 
more recent droughts with respect to reservoir responses. Notwithstanding this, the 
1890-1910 drought period highlighted the significant impacts of consecutive dry winters 
on water supplies through the unprecedented duration of low groundwater levels (Marsh 
et al., 2007). 

The timing of termination, as well as rainfall events during, historical droughts, are critical 
in determining the characteristics of a drought and therefore how the system will react. 
For example, the 1976 drought ended in September and October with record rainfall 
(Alexander and Jones, 2001), whilst the 2010-2012 drought ended in April 2012, again 
with record rainfall.  

Historical drought events of durations exceeding one year and up to three years have 
tended to have similar spatial coherence (Water UK, 2016). These longer drought events 
that span winters tend to be driven by large scale circulation patterns such as the North 
Atlantic Oscillation (NAO) and are generally more spatially coherent (Rahiz and New, 
2012). In general, the Pennines act to reduce drought severity when droughts are 
focussed in the north of England and serve to prevent the spread of droughts from 
Yorkshire to Lancashire. Droughts focussed in Yorkshire tend to be coherent with 
eastern and south eastern areas, whereas droughts centred in the south east of England 
have a wider range of coherence across most of England (Water UK, 2016). There is a 
known west / north west and east / south east rainfall divide across the UK that 
manifests within drought periods as well as during average conditions. A number of 
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shorter duration droughts (e.g. 1959, 1984) have been more locally focussed (Water UK, 
2016). 

 

 

2.6. Drought datasets 
A summary of the different historical drought eras are presented below, based on uses 
within water resource applications: 

• 1921 – present day. Drought events from 1921 onwards have been used as 
benchmark events or design droughts in water resource management planning in 
recent times (e.g. Marsh et al., (2007), Water UK (2016)). Whilst instrumental records 
do exist further back in time, the severity of drought events from 1921 to the present 
day and the spatial availability of instrumental data have meant that they have not 
been used extensively to test water supply systems within WRMPs and Drought 
Plans. There was a significant increase in the density of the rain gauge network in 
1961, which has a dramatic impact on the estimates of rainfall within some 
catchments (Keller et al., 2015). 

• 1760s – 1920. There are some instrumental records that cover this period (including 
gridded Met Office datasets going back to 1836 (Met Office et al., 2018)), however 
they are sparse and may not always be of good quality (Todd, 2014). There are 
issues related to a lack of instrument and observation standards as well as snowfall 
under-catch prior to the 1860s (Murphy et al., 2020b). Data may be partially 
reconstructed to improve spatial coverage (Spraggs et al., 2015) and evidence of 
drought events in this period may be supplemented with written documentation 
(Murphy et al., 2020a) or proxy records (e.g. grain harvests) that may not give a 
complete picture of the spatial extent, severity, duration or timing of the drought 
(Pribyl et al., 2012). 

• Pre-1760s. Reliable instrumental records are sparse and may exhibit biases (Murphy 
et al., 2020b). Drought events are reconstructed through the use of proxies (e.g. tree-
rings (Cooper et al., 2013), tree-ring isotopes (Loader et al., 2020)) or written 
documentation (Wetter et al., 2014). It can be difficult to understand the spatial 
extent, severity, duration or timing of a drought, particularly as reconstructions do not 
provide accurate information on extreme lack of rainfall and high temperature 
(Woodhouse et al., 2016), as well as not for the full calendar year (Wilson et al., 
2013) and generally not covering winter climatology, which makes application to 
water supply assessments difficult.  
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The nature of water resource modelling in the UK is that high resolution weather 
variables are fed into hydrological and hydrogeological models and subsequently into 
water resource system models. A wealth of documentary evidence on historical droughts 
exists, however a means of reliably translating this documentary evidence into decision 
relevant datasets is not yet available. 

Despite the requirement for high resolution weather variables, the recent enhanced 
Future Flows and Groundwater Levels project (eFLaG - Hannaford et al., (2022)) 
demonstrated that the data used as inputs into hydrological, hydrogeological and water 
resource models can vary from one water company to another (e.g. catchment average 
compared with gridded data). Some companies also use their own datasets, compared 
with publicly available datasets. This is a particular issue for computed datasets such as 
potential evapotranspiration and could have impacts on water supply systems in 
catchments with large baseflow components (Counsell, 2018). Historically, the water 
resource management planning process has not included a requirement to understand 
the impacts of dataset uncertainty beyond potentially being wrapped up in the supply-
side contribution to Target Headroom. Some way of mitigating this source of uncertainty 
should be explored, either through adoption of a single dataset, such as that proposed 
within (UKWIR, 2017), or a planning approach that permits multiple lines of evidence. In 
any case, there should also be transparency and traceability about what and how data 
were used. 

What we know 

• Droughts terminating in September or October tend to expose system 
vulnerabilities the most. 

• The majority of English water supply systems can be classified as multi-
season vulnerable, however their response to rainfall events can be 
complex due to system connectivity, conjunctive groundwater and surface 
water use and schemes that alter system resilience. 

• Most water companies’ test their systems against historical droughts that 
have occurred since the start of the 19th century. Recent droughts are 
more severe than those experienced prior to 1900. 

• Of those events since the start of the 19th century, most of the worst 
historical observed droughts occur after 1920 and are generally three 
years or less in duration. 

• Water supply systems evolve over time, often in response to the droughts 
they experience. 

• Responses to drought are varied from one event to another and are a 
function of social, political, economic and physical factors. 

• Other users outside public water supply respond to drought events, potentially 
altering catchment resilience where interventions are of sufficient scale. 
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What we don’t know 

• There isn’t a full picture of changing resilience over time that covers all 
sectors, including from an environmental perspective.  

• Historical interactions between sectors and public water supply system. 
• The maximum severity or length of historical drought events. 
• The occurrence of successive dry winters prior to ~1700s.  
• An understanding of the spatial and temporal aspects of historical drought 

periods prior to 1890 at the catchment scale. 
• Likelihood and severity of droughts with successive dry winters, as well as 

underlying physical mechanisms for their propagation. 

What we should know 

• Historical data related to other sectors water usage across different 
drought periods. 

• Improved understanding of historical customer responses to drought and 
drought measures, focussing on quantifying the impacts of different 
drivers. 

• Methods that can reliably extend the historical record (such as through 
improved palaeoclimatological techniques) to include events from the 
more distant past would be extremely valuable.  

• An agreed approach to dealing with observational dataset uncertainty, either 
through a choice of appropriate method, or a single agreed dataset. 

 

3. Causes and variability of water supply 
drought in the UK 
When considering the variability of water supply droughts, there are two main causes – 
natural variability and non-stationarity. Natural variability can be defined as the random 
or stochastic nature of events and results in differences between drought events. Non-
stationarity can be defined as changes in the mean or variance of a time series, and 
results in changes in the causes of water supply drought over time (see Slater et al., 
(2021) for a detailed review of non-stationarity). Natural variability related to water supply 
droughts includes the stochastic nature of meteorological drivers and weather pattern 
persistence, that may cause droughts, as well as weather patterns that might drive the 
daily variance of water demand. An important omission in this section is the non-
stationarity associated with future climate change, which is discussed in later sections. 
We know that there are numerous factors that contribute to water supply droughts in the 
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UK. These could be related to the supply, demand or vulnerabilities within the supply 
network itself. 

3.1. Supply 
These can include large scale meteorological drivers that may impact the weather, 
including the North Atlantic Oscillation (NAO), East Atlantic pattern (West et al., 2022), El 
Nino Southern Oscillation (Folland et al., 2015) and Sea Surface Temperatures 
(Serinaldi and Kilsby, 2012). These drivers can impact different geographical areas of 
the UK at different times of the year, depending on the state of the driver. For example, 
La Nina episodes may impact the severity of multi-year droughts in south-east England 
(Folland et al., 2015), while a positive phase NAO is associated with increased likelihood 
of summer drought (Folland et al., 2009). These drivers may also interact to enhance or 
moderate drought likelihoods, such as the interaction with the NAO and East Atlantic 
pattern (West et al., 2022). These larger drivers impact precipitation, soil moisture, 
potential evapotranspiration and open water evaporation via processes such as the 
persistence of weather patterns or position of the jet stream (Folland et al., 2009), which 
subsequently have impacts on hydrological (Svensson and Hannaford, 2019; West et al., 
2022) and hydrogeological (Rust et al., 2019) responses, which can then impact water 
supply systems. As stated in the section above, these impacts may vary depending on 
the vulnerability of the water supply system and the nature of the weather variables. 
Despite the depth of research into the causes of drought in the UK, the relationships 
between large scale meteorological drivers and weather variables over England are still 
uncertain, largely due to the multiple drivers responsible for drought propagation (Folland 
et al., 2015) as well as the limited length of the data record (Slater et al., 2021). There is 
ongoing research in this area that is shedding new light on the combinations of multiple 
drivers that are likely to result in drought conditions (West et al., 2022). The topic of NAO 
and its influence on dry spells and drought is discussed in more detail within (Shaffrey, 
2023). 

As of WRMP24, there is a requirement to demonstrate system resilience to a 1-in-500 
year return period drought (Environment Agency, 2021a) – usually droughts that are 
more extreme than those experienced historically. Droughts are a multivariate problem in 
that their frequency is a product of the severity, duration, timing and spatial extent. 
Consequently, the assessment of return period has moved away from estimation using 
input variables (such as rainfall) to system response (failure frequency). Such failure 
frequency is often termed the Level of Service (LoS), which is the frequency with which 
customers might expect to experience drought measures. Stochastic modelling 
approaches have been developed (e.g. Wilks and Wilby, 1999; Serinaldi and Kilsby, 
2012; Dawkins et al., 2022) in an attempt to sample a greater range of droughts than 
those experienced historically and these have been applied extensively within UK water 
resource management. These modelling approaches differ from one framework to 
another due to underlying assumptions (such as the parameterisation of drought spell-
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length) that result in different drought characteristics (Chun et al., 2013; Dawkins et al., 
2022). The use of return periods typically require the use of Extreme Value Analysis 
(EVA). There are a number of different methods of implementing EVA (frequentist versus 
numerous statistical approaches), which can have a material impact on the severity of 
the drought selected for a given return period and the treatment of uncertainty (Bristol 
Water, 2022). An example of this impact is shown in Figure 0.4. There are also 
questions around the assumption that all drought events belong to the same population 
and therefore can all be treated equally within a frequency analysis. The data that the 
stochastic generator are trained on can also skew the characteristics (frequency, timing, 
spatial extent, severity and duration) of droughts produced. Ensemble members 
produced by stochastic generators are usually treated as independent, however when 
dependence within drivers across ensemble members is considered, the sample size 
reduces, which in turn reduces the largest return period that can be reliably derived from 
the dataset. This is particularly relevant when trying to generate data at a national scale, 
where relationships between drivers and weather variables vary across the country, 
meaning droughts are not spatially coherent between regions. LoS can therefore vary 
greatly depending on the method selected as well as the events within the dataset.  
 

 

Figure 0.4: Comparison of EVA and inverse ranking approaches for the Bristol 
Water supply system. Historical inverse ranking is shown as points, historical EVA 
at the 95% confidence interval as the purple shaded area, stochastic inverse ranking 
with 400 replicates combined into one series as the red line, and stochastic EVA 
undertaken on each replicate as the grey lines. Source:(Bristol Water, 2022) 
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As well as stochastic approaches, synthetic events have been produced that are used to 
test water supply system resilience. These could include a third dry winter scenario 
(Spraggs et al., 2015; South East Water, 2019) or storyline approaches where historical 
events are altered, using physically plausible climate drivers (Chan et al., 2022), or 
through extension of historical events using other historical data (South West and 
Bournemouth Water, 2019) or developing a library of synthetic design droughts to 
systematically stress test a system (Environment Agency, 2015). These approaches 
tend to be more targeted towards exploring system vulnerability, as opposed to the large 
scale stochastic drought datasets that require a large number of model runs. There is 
difference in the way that these approaches tend to be interpreted by a modeller, in that 
large datasets rely on the use of metrics to understand the system, whereas smaller 
datasets permit the exploration of the individual events themselves. It is likely that the 
smaller datasets result in improved interrogation of system vulnerability. 

Given the relatively short instrumental record, it is clear that historically documented 
droughts in the UK do not describe the full range of events that may be experienced. 
There are known differences between the stochastic frameworks used to generate 
alternative historical drought events that result in different drought characteristics (Chun 
et al., 2013). It is therefore likely that the full range of uncertainty in drought variability is 
not fully known, as it is dependent upon the assumptions within each statistical 
approach, as well as the uncertainty in the underlying input data. Whilst some stochastic 
weather generators are capable of producing events longer and drier than those in the 
instrumental record, there is a large amount of uncertainty in the characteristics of these 
types of events, particularly as they are conditional on the statistical methods employed 
within the generator (Brunner et al., 2021). Due to the lack of long, dry events within the 
instrumental record and the uncertainty in the statistical methods, the limits of plausibility 
of long and dry events are contested between different evidence sources (Wade et al., 
2015). Whilst storyline approaches that provide counterfactuals of historical events are 
very useful in exploring events more severe than the historical record, they lack a 
systematic approach to exploring the causal underlying climate drivers and how these 
might change from one drought to another. Whilst water companies can build up drought 
libraries using these approaches to test their systems, it is likely that these libraries do 
not explore the full range of drought causes, variability and uncertainty. Instead, they 
more likely represent a set of outcomes that are conditional on the input data 
assumptions. 

As well as the weather and climate, land use changes and management practices may 
exacerbate or mitigate the impacts of drought. For example, changes in forestry cover 
and growth over time have been shown to significantly impact runoff relationships 
(Birkinshaw et al., 2014; Afzal et al., 2021), agricultural crop choice may impact soil 
moisture deficits and alter river flow regimes (Afzal and Ragab, 2019) and increasing 
urbanisation may result in increased runoff response and reduced recharge (Afzal and 
Ragab, 2019), depending on interventions. Studies undertaken on land use changes are 
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often tied to the specifics of the case study site (e.g. Birkinshaw et al., 2014) and 
therefore generalisation to other catchments, or even areas within the same catchment, 
can be difficult. In addition, when water resources and forest cover are viewed on a 
systems-level (particularly through the lens of forests influencing climate and weather), 
there is no consensus on the influence of forest cover on catchment water yields 
(Bennett and Barton, 2018). The assessment of the impacts of land use changes 
therefore have high uncertainty. In general, land use changes are not included within 
WRMP modelling. There may also be hazards related to land use, such as wildfire, that 
may cause variations in drought impacts through both space and time.  

Climate change to the present day is also an important factor in more recent droughts, 
for example, modelled attribution work indicates the 2018 drought likelihood increased 
from less than 10% prior to 2000 to between 10% and 25% by 2018 (Lowe et al., 2018). 
This has implications for the types of techniques and approaches used to understand 
past, present and future risk from climate change. 

3.2. Demand 
3.2.1. Drought demand 

As well as factors that influence the supply of water, the demand for water can also 
exacerbate drought impacts. Little is known about how domestic water demand 
responds under drought conditions (Manouseli et al., 2018), although insights may be 
garnered through tracking public internet search terms (Wilby et al., 2023). Water 
companies are continuously updating baseline demands via water resource 
management and drought plans as recent droughts expose new uncertainties (e.g. 
Affinity Water updating demand profiles due to the 2018 long summer drought exposing 
the vulnerability of high demand and low groundwater levels (Affinity Water, 2022) and 
South West Water experiencing unprecedented water demand due to increased holiday-
makers as a result of Covid-19 restrictions in 2021 (South West and Bournemouth 
Water, 2022)). The evidence on the effectiveness of demand restrictions during drought 
events is also mixed, with Environment Agency (2013) concluding a 1-2% reduction in 
demand due to hosepipe bans during the 2012 drought, while UKWIR (2013) suggests 
that outdoor use of water reduced by 22%. The effectiveness of hosepipe bans can also 
change between drought periods, with water use reduced by 5-9% in 2006 (UKWIR, 
2007). These differences between drought periods may be due to climatological factors 
(Manouseli et al., 2018) political (such as increasing demand in Yorkshire as a result of 
perceived mismanagement (Bakker, 2017)) or socio-economic factors (Taylor et al., 
2009) and may be linked to experiences of previous droughts, may be short lived, and 
may also extend beyond the period of implemented restrictions (Manouseli et al., 2018). 
However, in general, the evidence tends to suggest that households are more likely to 
reduce demand through behavioural changes and technological interventions rather than 
temporary use bans (Manouseli et al., 2018; Wilby et al., 2023). There are also 
documented gaps between attitudes and behaviour related to water demand that can 
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have impacts on the success of information-based campaigns to reduce consumption 
(Manouseli et al., 2018). In relation to the socio-economic and political factors, despite 
advances in techniques such as agent-based modelling, there are still significant 
limitations in the prediction of impacts, including the large number of assumptions of 
behaviour without available data for calibration (e.g. Darbandsari et al., 2020).  

As well as exacerbating drought impacts within a drought, the magnitude of non-drought 
water demand throughout the year may restrict the water available for use within a 
catchment or supply network, reducing the resilience of a system to deal with periods of 
dry weather. Examples include household behaviour, favoured types of energy use 
(Environment Agency, 2011) and agricultural demand.  

3.2.2. Everyday demand 

There has been a substantial amount of research undertaken into the factors that affect 
everyday (non-drought) domestic water demand. This research demonstrates that a 
large number of factors can influence domestic water demand, including climate 
(temperature, precipitation (Parker and Wilby, 2013), evapotranspiration (Goodchild, 
2003)), socio-economic (Manouseli et al., 2018), day of the week (Kowalski and 
Marshallsay, 2005) and dwelling characteristics including garden size (Pullinger et al., 
2013; Manouseli et al., 2017). These factors are often nuanced and their relationship 
with water demand can be complicated (e.g. household income (Manouseli et al., 2018)), 
making estimation of demand difficult (Parker and Wilby, 2013). These non-drought 
factors may have a larger impact during periods of below average rainfall that span 
multiple years, which may be exacerbated by public perceptions of drought caused by 
non-arid conditions (Marsh et al., 2007).  

There are also non-stationarities that may alter impacts over time, introduced through 
interventions to reduce demand. It is known that metering can reduce demand by 
between 7 and 35% (Manouseli et al., 2018), and that behaviour change during drought 
periods (enforced by hosepipe bans) is more prevalent in metered households (UKWIR, 
2013). Such interventions may therefore have potential consequences for both peak and 
annual demand constrained water supply systems. The installation of water efficient 
technologies into existing housing produces large reductions in demand, however these 
reductions vary substantially from one household to another (Manouseli et al., 2018). 
Whilst historical water demand patterns have been studied and some of the factors that 
determine this demand are known, a limited amount of work has been undertaken to 
apply these to models that can help understand what the range of historical uncertainty 
might be (Manouseli et al., 2018).  

3.2.3. Agricultural demand 

Agricultural demand varies depending on the type of farming and practices. Use for 
irrigation is approximately 1-2% of total abstraction in England and Wales, but is 
significant due to the timing of abstraction in drier months and geographical location 
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(Weatherhead and Howden, 2009). This significance is reflected in the public interest in 
irrigation through increased internet searches during drought events (Wilby et al., 2023). 
Water restrictions on growers can have severe financial implications (Knox et al., 2000) 
and creates the need for headroom within abstractions (Sutcliffe et al., 2021) that can 
alter wider system resilience. Spray irrigation in these areas is also generally 100% 
consumptive. 

Water trading, being trialled as part of abstraction reform, can also result in changes in 
abstraction behaviours (DEFRA, 2019). Food sovereignty may also drive changes in 
policy that impact water use (Weatherhead and Howden, 2009). There is little 
information available on the temporal patterns of the use of different water sources, and 
how growers switching from mains to directly abstracted water may impact resilience 
during droughts (Knox et al., 2020). Drought vulnerabilities within an area (such as the 
East of England) can also vary across sectors such as agriculture (Environment Agency, 
2020), highlighting the need to create drought datasets that reflect a multisectoral 
perspective. 

3.2.4. Industrial and energy demand 

Industrial and energy demands have varied significantly throughout the UK, and will 
likely do so in the future. The decline of industry since the 1970s and associated reduced 
demand have resulted in water availability in areas not previously projected to have a 
surplus (Archer, 2003).  

The distribution of certain water-hungry uses such as chemical and heavy industry 
(among others) are not equally distributed throughout the UK (Environment Agency, 
2020). The 1959 drought impacted chemical and heavy industries in the Tees Valley 
(Taylor et al., 2009), and during the 1976 drought, there was an increased importance in 
protecting industry from impacts (Grecksch and Stefán, 2018). In addition, the amount of 
water consumed depends on the industry and water use. For example, evaporative 
cooling for electrical generation is almost 100% consumptive, whereas hydro-electric, 
fish farming and through-flow for cooling return almost all water used, generally close to 
the abstraction point (Weatherhead and Howden, 2009). 

3.2.5. Spatial aspects of demand 

There is also an important spatial aspect to water demand in the UK, with water 
demands not equally distributed across any sector. This can have important implications 
during different types of droughts at different times. For example, the 2020 summer 
drought coincided with Covid-19 lockdowns, resulting in unusually high seasonal 
demands in areas such as the Thames Valley (Thames Water, 2022a) and the 
stagnation of industrial demand in the north east of England around the time of the 
construction of Kielder Reservoir which resulted in a large surplus in supply (Archer, 
2003). The interaction of demand and the vulnerabilities of the supply network (which 
may be a result of geographical location, nature of supplies or network connectivity) 
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creates a high degree of variability in the vulnerability of supply networks over time and 
space. This variability tends not to always be within the control of the water companies. 

3.3. Supply network 
There may also be causes that originate from within the water supply system itself that 
may exacerbate drought impacts. Water storage for supply or downstream 
compensation may have to be traded-off against hydropower generation or flood risk 
prevention at particular times of the year (Douglas, 1988). These trade-offs are likely to 
be implemented in an imperfect way, such as forecasting releases to make space for 
flood attenuation within a reservoir based on predicted frontal systems in the spring. If 
these forecasts are inaccurate, water supply storage may be sacrificed and exacerbate 
summer drought conditions (Environment Agency, 1995). 

There may also be outage issues, which include water quality issues, limited capacity of 
the distribution network, leakage, maintenance of the network, and dam subsidence 
which can all contribute to drought impacts. As with demand and supply related issues, 
these can vary from one drought period to the next. These issues are often included 
within an outage assessment as part of a water company WRMP, however these are 
undertaken in an aggregated, rather than systems-level, analysis and so potentially miss 
combined risks despite the use of Monte Carlo simulations (UKWIR, 1995). 

3.3.1. Leakage 

National Infrastructure Commission (2018) highlights the aspiration to halve leakage by 
2050, with the aim of increasing the volume of water available during drought events. 
Currently, approximately one fifth of treated water is lost to leakage (National 
Infrastructure Commission, 2018), with environmental implications including increased 
energy cost per volume of water supplied and implications on supply for households in 
rural areas (UKWIR, 1997). Such interventions are sometimes termed low or no-regret 
(Birks et al., 2023) and whilst leakage from mains water is significantly important in 
aquifer recharge, particularly in urban areas (Yang et al., 1999) that may support river 
flows with water of a high quality, depending on the specifics of leakage locations and 
catchment characteristics, there is little analysis available on a systems level to 
determine the costs and benefits of leakage reduction where this is the case. 

Leakage often increases during drought events due to ground shrinkage (Durant, 2015). 
Drought triggered leakage events are spatially unequal, tending to occur where clay soils 
dominate and often where drought conditions are most severe, exacerbating drought 
conditions (Durant, 2015). Consequently, measures are often taken within a drought to 
manage leakage events. As well as impacts within and outside drought events, there 
may be general changes over time. These may be technology driven (improvements in 
tracking and tracing leaks), policy driven (e.g. the halving of leakage by 2050 driven by 
discourse particularly since the 1995 drought (Miller and Yates, 2006)), related to the 
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age of infrastructure (UKWIR, 1997) or the method of calculation as to the sustainable 
economic level of leakage (Ashton and Hope, 2001). 

 

What we know 

• There are lots of different and overlapping climatological drivers of water supply 
drought. 

• Land use changes can have a large impact on supply, however extrapolation 
outside study catchments is difficult and largely not included within WRMP 
modelling. 

• There is a large amount of uncertainty with stochastic approaches, including in 
the methods used to apply them to water resource planning, including EVA. 

• Recent droughts are improving understanding of present day demand patterns. 
• There is a large uncertainty in the historical impacts of demand reductions. 
• A large number of factors can influence household demand. These have altered 

over time and change system resilience for annual-demand critical systems. 
• The distribution of water-hungry uses is unequal around the UK, with implications 

for drought planning (protection of industries from drought impacts), as well as 
long term planning (when industries collapse). 

• The spatial aspects of demand during a drought can have a large impact on 
drought resilience and can vary greatly from one event to another. 

• Factors within the supply network itself can exacerbate drought conditions, such 
as leakage, outage, water trade-offs and forecasting. 

What we don’t know 

• A full understanding of climate drivers for all historical events that can explain all 
variability. 

• Understanding of land use changes and related hazards (such as wildfires) on 
water resource modelling. 

• Uncertainty in stochastic approaches is not fully explored. 
• The full envelope of plausible drought events that could occur in the UK. 
• The full envelope of plausible peak demand. The uncertainties associated with 

demand are complex and not fully understood. 
• The interaction of risks related to outage and leakage on a systems-level. 

What we should know 
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• Systems-level understanding of land use changes on water resource modelling 
to understand the magnitude of the uncertainty. 

• The different stochastic approaches that exist and their suitability to UK water 
resource planning problems. 

• Understand how demand may vary as a result of behavioural response during 
and following different drought events. 

• Whether the interaction of outage risks in a deployable output, aggregated 
approach is similar to that when assessed on a systems-level. 

 

4. Future water supply droughts 
This section examines the characteristics of future water supply droughts in terms of 
climatology (affecting water supply), demand and pressures on the network itself. Future 
climatology is assessed through the outputs of current climate models, the processes 
within the models and a review of approaches for incorporating climate change 
information into assessments. 

When referencing future scenarios, it is useful to introduce uncertainty. Dessai and 
Hulme (2004a) outline three different types of uncertainty – epistemic (that which can be 
reduced through improved knowledge), aleatory (irreducible natural, or stochastic, 
variability) and reflexive (iterative human behaviour). Deep uncertainty is a term that 
encompasses all of these types of uncertainty, and is a condition where parties do not 
know, or cannot agree on models that link inputs to outputs, the probability used to 
represent uncertainty or the value-sets to attach to outcomes (Lempert et al., 2003). 
Such a condition can remove the requirement for probabilities or likelihoods attached to 
future scenarios (Dessai and Hulme, 2004). Indeed, where probabilities are used, they 
are conditional on the climate models used in the analysis. There is therefore a lot that 
we do not know about how a future will play out and it is high likely that any projected 
future world states will not materialise as they are envisaged in scenarios. 

4.1. Future climatology - outputs 
The main messaging from the UK Climate Projections 2018 (UKCP18) is that of warmer, 
wetter winters and hotter, drier summers (Lowe et al., 2018). This messaging is taken 
from the changes between the baseline period and future periods and describes the 
general, likely direction of travel under different emissions scenarios. This is also the 
main messaging when mean monthly changes are computed between baseline and 
future periods for input into hydrological, hydrogeological and water supply modelling. 
This messaging is consistent with UKCP09 and UKCIP02 (Lowe et al., 2018). The 
UKCP18 projections indicate that the uncertainty within an ensemble projection is 
greater than the uncertainty between emissions scenarios, and the uncertainty between 
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different UKCP18 products (UKWIR, 2021). Whilst certain aspects of climate modelled 
processes have been improved from previous generations to those used in UKCP18 
(Lowe et al., 2018), the uncertainty within UKCP18 has not been reduced. In actuality, 
the range of precipitation values in the probabilistic projections in UKCP18 is greater 
than in UKCP09 (Kay et al., 2020). The timing of future changes are also uncertain, and 
depend on the climate model and greenhouse gas concentration used within scenarios. 

Current evidence points to UK wide droughts being possible or more likely (Wade et al., 
2015; Murgatroyd and Hall, 2020; Reyniers et al., 2022) as well as droughts with a large 
spatial extent becoming more severe (Rudd et al., 2019). There is also evidence that 
extreme droughts and associated reservoir levels will worsen in 80 studied catchments 
across England and Wales (Dobson et al., 2020). Drought durations may increase in the 
future, although there is an increased likelihood of shorter duration events (Rahiz and 
New, 2013; Reyniers et al., 2022). Drought frequency is also expected to increased, 
particularly in England and Wales (Reyniers et al., 2022). 

Evidence relating to the future occurrence of dry winters is uncertain, with a likely 
reduction in occurrence (Wade et al., 2015; Lowe et al., 2018). Notwithstanding this, 
there is still a chance of dry winters, as well as a chance that they occur successively. 
There has been little work undertaken on the likelihood of future dry winters on the basis 
that they tend to reduce in frequency in the future under most emissions scenarios. Work 
by Mansour and Hughes (2018) on the effects of climate change on groundwater 
recharge in the UK identified a shortening of the recharge season, potentially increasing 
drought vulnerability, as well as increasing the possibility of groundwater drought should 
rain fall in a month where recharge is subsequently more reliant. The use of change 
factors also hides the inter-annual variability within the climate outputs, and therefore 
can only be ascertained when looking at climate projections that are temporally 
coherent. Moving beyond change factor and mean change type approaches, work has 
been done looking within the UKCP18 projections themselves at the evolution of 
drought, indicating that there is an increase in meteorological drought severity for 
durations of 3 to 36 months (Hanlon et al., 2021). 

We know that bias correction can, and often is, implemented before climate model 
outputs are used in impact and vulnerability assessments, that different bias correction 
methods (Gohar et al., 2017) and baseline periods (Lafon et al., 2013) can give different 
outputs, and that bias correction can alter drought characteristics such as drought 
duration (Maraun et al., 2021). We also know that variable-based bias correction makes 
assumptions, including that the relationship between baseline and future periods is time-
invariant (Maraun et al., 2017). The issues with bias correction of variables have led to 
calls for process-based bias correction (Maraun et al., 2017), as well as identifying the 
biases propagated through downscaling using regional climate models (Addor et al., 
2016). Differences between bias correction methods can be larger than the differences 
in GCM to RCM downscaling (Laux et al., 2021). A large number of bias correction and 
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downscaling techniques and tools exist and have been critiqued over the years (Maraun, 
2016), often with the conclusion that it is fraught with difficulty and implementation 
should not be undertaken without careful consideration of the biases within the climate 
model and the end use (Maraun et al., 2017). Indeed, there is an argument that climate 
models should compare reasonably well to observations prior to bias correction 
(Kundzewicz and Stakhiv, 2010). This topic of the removal of models, including those 
with large biases, is discussed in more detail below. More work is therefore required to 
understand the specific requirements for UK water resource planning to ensure any 
move away from the change factor approach represents an improvement in capturing 
the processes and variables of interest.  

Change factors are a very simple form of bias correction and downscaling, and assume 
that the climate models more accurately simulate relative changes than absolute values, 
and that these biases are constant through time (Fowler et al., 2007), regardless of how 
biased the model may be during the baseline period. Change factors also only alter the 
mean, maximum and minimum values of weather variables, and assume that the spatial 
extent, variability and frequency of events are the same as those in the dataset that is 
being perturbed (Diaz-Nieto and Wilby, 2005; Fowler et al., 2007). This process does not 
therefore accurately reflect characteristics from climate models such as dry winters. This 
can have impacts on the complexity and therefore diversity of drought events that are 
produced as scenarios for input into a water resources model. We know that older 
CMIP5 models struggle with drought persistence when examining variables within 
outputs (Maraun et al., 2017; Moon et al., 2018). It is unclear if this has been improved 
within newer CMIP6 models with evident implications for water resource management if 
moving beyond change factor approaches. 

Current planning guidance for the inclusion of climate change within water resource 
assessments in England and Wales recommend the use of mean change factors. These 
monthly change factors are then applied to severe, 1-in-500 return period (determined 
from system impacts) drought events to provide a 1-in-500 plus climate change drought 
event. Given the post-processing nature of applying these change factors, this method is 
not dynamic and it is unclear how plausible the resulting drought might be. There are 
also limited ways of readily assessing the plausibility of future events. The 1-in-500 plus 
climate change drought is therefore probably an extreme scenario for summers, given 
the relatively short dry events experienced historically, the perturbation of these through 
stochastic generation and the general messaging from change factors of hotter, drier 
summers. However, the approach is not necessarily one that describes what a future 
drought may actually look like. No work has been done to contextualise these future 
drought events with those available through other lines of evidence such as bias-
corrected climate model outputs. 

4.2. Future climatology – processes 
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In the development of climate products for the UK, UKCP model evaluation is 
undertaken during the model build (Lowe et al., 2018), but not necessarily for all 
variables of interest or at a temporal scale or timing that is useful for water resources. 
CMIP5 Global Circulation Models selected as part of UKCP18 that were not developed 
by the Met Office were screened in a qualitative and quantitative way for both global and 
regional performance (including biases in sea surface temperatures or south-westerly 
flow over the UK), as well as to ensure a diversity of model structural uncertainty (Lowe 
et al., 2018). Such an assessment represents an evaluation of general suitability to 
applications within the UK, however not necessarily directly relevant to UK water 
resources. Detailed information on CMIP5 model selection as part of this process is not 
publicly available. This represents a different process to that undertaken in other 
countries where model evaluation is undertaken on phenomena of interest (e.g. drought, 
tropical cyclones, surface winds etc.) such as those undertaken in Australia (CSIRO, 
2015; Moise et al., 2015). Much of this sector evaluation has been undertaken in the UK 
since the publication of UKCP18 (e.g. Pope et al. (2021); Cotterill et al. (2022)). The use 
of climate processes and teleconnections is relatively new and there is evidently a large 
amount of work to be done to understand how to relate these to water resource planning 
approaches, both in terms of future changes, using the processes to understand 
plausibility of future changes and how to implement this within planning approaches. The 
latter is discussed in the last chapter. 

Historically, climate model evaluation for a particular purpose has focussed on the 
comparison of historical observed variables with those from a climate model. There are a 
number of issues related to this practice, particularly in relation to droughts, including 
comparisons of data at different scales (Wilby, 2010), as well as the problems with short 
observed records that may misrepresent natural variability and allow the drawing of 
spurious conclusions (Armstrong et al., 2020). Consequently, more recently there has 
been a focus on a comparison of the processes, rather than the variables themselves. 
For example, Cotterill et al. (2022) demonstrate that there is a trend for an extension of 
summer into autumn in the future based on the frequency of weather patterns within the 
latest CMIP6 and UKCP18 GCM PPE members. Such an analysis may have important 
implications for water resource planning due to drought termination timing which, along 
with a link to the underlying weather patterns, permit an (albeit limited) assessment of 
the plausibility of such changes. Pope et al. (2021) indicate that weather type 
persistence within the UKCP18 GCMs correspond well with observed frequencies, and 
that in the future under an RCP8.5 greenhouse gas concentration scenario, weather 
types could shift to more settled, blocking patterns in summer, and more cyclonic, 
westerly weather types in winter, consistent with the UKCP18 headline findings on 
weather variables and with data outside UKCP18 (De Luca et al., 2019). Whilst we have 
an understanding of how existing weather types may change in the future, little work has 
been done to understand whether new types will emerge and what a change in the 
definition of these patterns might mean (Pope et al., 2021). Consequently, as well as 
static methods of analysis, dynamic methods are required to deal with non-stationarities 



572 of 669 

in the underlying drivers of change. There is a lack of interrogation of the wider process 
such as the North Atlantic Oscillation within climate models that are known to cause 
variability in UK droughts in specific relation to water supply system vulnerability. There 
is also almost no understanding of whether drivers of drought may change in the future. 
Work is, however, currently being done to understand some of these wider processes in 
relation to meteorological indices (Barnes and Brierley, 2022).  

The removal of models due to poor performance is contested. There is a school of 
thought that the removal of models from an ensemble due to poor relative performance 
results in a biased selection of models that means probabilities can’t be assigned and so 
the full range of uncertainty should be considered (Guerreiro et al., 2017). There may 
also be models that share common processes and code that mean they are not truly 
independent (Knutti et al., 2013). In addition, the multi-model mean tends to perform well 
(Bishop and Abramowitz, 2013). There is a counter argument that models that do not 
adequately model the area, variables or processes of interest should be removed, or 
weighted on the basis of credibility. These assessments could include quantitative or 
qualitative considerations. There are potential planning implications that result from the 
removal or inclusion of models based on plausibility (Zhang et al., 2021). Whether 
models are removed or not, there is a significant knowledge gap in understanding 
whether models that skilfully model the past also skilfully model the future, which is 
currently assumed in many climate model evaluations (Moise et al., 2015).  

4.3. Future climatology – alternative methods 
A number of existing and emerging methods are being developed that use climate model 
information and / or historical data to elicit scenarios. Storyline approaches have been 
proposed as a means of rooting climate impacts in physical plausibility, bounding 
uncertainty, and resulting in decisions that are potentially more rooted to physical 
aspects of climate change (Shepherd et al., 2018). Climate analogues, whereby 
historical climate information from one location is mapped to another that is expected to 
experience similar conditions in the future, have been demonstrated as a means of 
generating scenarios in a heuristic and easy to explain way (Hallegatte et al., 2007), 
however there are some issues with using this approach, mainly due to potential 
differences in the driving physical processes between locations. Stochastic approaches 
have been applied to climate model outputs in order to generate variability around time 
slices of future climate (e.g. Glenis et al. (2015)). There are also plans to incorporate the 
UKCP projections into the Advanced Meteorological Explorer to generate such future 
scenarios for global mean warming levels (Dawkins et al., 2022). The Unprecedented 
Simulated Extremes using Ensembles (UNSEEN) approach has been applied to extreme 
rainfall events (Thompson et al., 2017; Kelder et al., 2020), permitting increased 
understanding and contextualisation of historical events. More recently, this has also 
been applied to the risk of drought in the UK, along with a link to storyline events by 
extending similar events to those in historical sequence with plausible future events 
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generated through the UNSEEN approach (Chan et al., 2022). Wade et al. (2015) 
examined the limits of plausibility for droughts through the H++ method, attempting to 
derive maximum changes in terms of severity and duration for the UK through the 
assimilation of multiple lines of evidence, including paleoclimate, climate change models 
and historical information, however climate modelling has evolved since this study was 
carried out. Notwithstanding these studies, there remains a lack of understanding around 
the plausibility of drought extremes both spatially and temporally, as well as water 
resource relevant drought characteristics such as termination. Aside from storyline-type 
counterfactual approaches (albeit without strong links in physical plausibility), none of 
these methods have been used in WRMP or drought planning in the UK. 

4.4. Future demand 
Based on general information within UKCP18, there may be a movement towards peak 
demand issues through increased aridity and high temperatures. The probability of 
experiencing a summer as hot as 2018 could potentially double by 2050 depending on 
the emissions scenario (Lowe et al., 2018), resulting in more frequent implementation of 
drought measures if no adaptation is undertaken. 

We know that there is a large uncertainty in the range of future demand forecasts, in a 
similar way there is a large uncertainty in future water supply projections (up to 50% 
across UK water companies (Manouseli et al., 2018)). As an example, the Thames 
Water draft WRMP24 household demand forecast for the Thames Valley contains 
approximately 25% uncertainty by the year 2045 at the 95% confidence interval based 
solely on bootstrapping parameter values within a single model, based on a best 
estimate of future trends (Thames Water, 2022b). There are also large spatial variations 
in future demand uncertainty (Manouseli et al., 2018). There have also been few 
attempts at integrating climate change uncertainty related to demand management into 
water resource planning (Anderson et al., 2018). Non-household demand estimates for 
regional groups, as well as a discussion of some of the key factors in uncertainty and 
future changes for different sectors can be found in Environment Agency (2020). 

There are also large uncertainties related to changes in future peak and annual 
demands, related to the uptake of water efficiency measures. There is little evidence to 
understand how changing demand annual demand patterns might impact system 
resilience during drought events, as households are less able, or less willing, to make as 
large a reduction in consumption when demand is already low, although there are some 
lessons from other countries where highly efficient, optimised systems can result in 
decreased resilience (Rodina, 2019). This is a critical aspect of system modelling that 
has not been considered within English WRMP planning to date due to the frameworks 
used. 

4.5. Future system pressures 
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Where catchment scale studies on land use and climate change have been undertaken, 
these have shown varying responses, with climate change impacts exceeding land use 
change impacts (Afzal and Ragab, 2020). Future droughts may also be exacerbated by 
decreasing water quality as a result of less dilution in summer and increased sediment 
concentrations in winter due to increased storm frequency and severity (Weatherhead 
and Howden, 2009). 

It is acknowledged that the major drivers for future change are likely to result from 
population, socio-economic, climate and technological changes (Weatherhead and 
Howden, 2009). The uncertainty in these drivers is large, however through the increased 
use of scenario development, linkages between drivers, impacts and responses are 
reasonably well understood where linkages are simple. For example, a move towards 
hydrogen energy may drive increased water demand in the order of 15 – 20% (Water 
UK, 2022), although this will depend on the dominance of green, blue or grey hydrogen 
and the embodied water from energy production for electrolysis (Beswick et al., 2021). 
However, where feedbacks exist, there is less understanding of how future states might 
emerge. This has led to the increased call for digital twins that could model these 
feedbacks to improve understanding (Bauer et al., 2021). 

A limited amount of research has been undertaken on land use and future climate 
change scenarios. Where studies have been undertaken, these are often on a 
catchment scale (Afzal and Ragab, 2020). There are known feedbacks at a systems 
level between climate change and land use, for example, changes in stomatal resistance 
due to widespread cropping and farming practice changes based on current projections 
(Ritchie et al., 2019). There are also large woodland creation targets for England that will 
likely result in areas of agricultural land being afforested (UK Government, 2021). This 
will have impacts on runoff regimes and are a direct result of human responses to 
present and future threats from climate change and biodiversity loss.  

 

What we know 

• Projections generally indicate a likely increased (decreased) vulnerability 
for single season (multi-season) systems using mean change factor 
approaches. 

• There will likely be increased spatial coherence, frequency and severity of 
events, based on evidence from available climate scenarios. Drought 
duration may increase, however there is a greater likelihood of increased 
shorter duration events. 

• The 1-in-500 year return period drought plus climate change likely misses 
the changes in variability, timing, duration and extremes of droughts within 
climate models. We also know that climate models have limitations as to 
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how they simulate drought events. It is impossible to assign a meaningful 
return period on such events, or even understand if they are plausible. 

• Dry winters are still possible in the future, and the lengthening of summer 
and shortening of winter means some aspects of drought vulnerability are 
being missed when using change factor approaches. 

• There are lots of different bias correction and downscaling approaches. 
Different approaches have different impacts on corrected drought 
characteristics. 

• Peak demand may increase as a result of climate change increasing aridity and 
temperature. 

What we don’t know 

• The likelihood of dry, or successive dry winters, in the future. 
• We don’t know the impacts of moving away from a change factor 

approach. Any newly adopted approach should represent an improvement 
in those characteristics that are important for UK water resource systems. 

• The limits of plausibility of existing climate change projections for water 
resource approaches. 

• The planning implications of removing implausible climate models from 
assessments in the UK. 

• There are large uncertainties associated with future demand, both in terms 
of household and non-household demand. 

• A number of methods exist to incorporate climate change information into 
water resources planning, however these are yet to be tested within a 
WRMP framework. 

• System resilience issues arise in efficient, optimised systems. It is unclear 
how resilience to drought events would be affected by demand side 
efficiencies. 

• There are numerous future pressures originating from within the wider catchment 
that may impact the availability of water, both within drought and normal 
conditions. The uncertainties associated with these are large and generally only 
modelled where specifically known to be an issue. 

What we should know 

• Greater understanding of the extremes within climate projections, linked to 
the plausibility of these changes in terms of processes, rather than 
variables. 

• The planning implications of removing implausible climate models from 
assessments in the UK. 
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• Interactions between high water efficiency, customer willingness to reduce 
demand during droughts and system resilience. 

• A greater understanding of the impact of catchment scale pressures on 
public water supply. 

• Understand the specific requirements for UK water resource planning to ensure 
any move away from the change factor approach represents an improvement in 
capturing the processes and variables of interest.  

 

5. Water supply drought impacts – present 
and future 
A large amount of work has been undertaken at different scales across England into the 
impacts of climate change on water supply. These analyses have generally been 
performed at national, regional, water company, supply system scales. This section 
reviews impacts at these scales and summarises the approaches used. The 
understanding of impacts is linked very closely to our knowledge of future and historical 
droughts. The knowledge base highlighted as part of the historical and future sections of 
this review therefore lead on to the conclusions drawn as part of this section. 

5.1. National level 
Current water supply is mostly resilient to the worst historic drought, however in order to 
maintain resilience at this level to 2050, taking into account increases in population and 
environment and climate pressures, an additional 2,700-3,000 megalitres per day (Ml/d) 
would be required in England (National Infrastructure Commission, 2018). Severe and 
extreme droughts would result in further water being required, the spatial distribution of 
which is mostly required in the south and east of England (National Infrastructure 
Commission, 2018). Despite this surplus, there is a high level of current risk across 
many regions in the south and east of England, largely due to the risk of a drought 
occurring over the next 25 years that is worse than those experienced historically (Water 
UK, 2016). Increasing drought resilience to a 1-in-500 year drought event is projected to 
result in a reduction in England’s deployable output of around 1,140 Ml/d, over 2.5 times 
the current surplus (HR Wallingford, 2020). The general consensus is that a twin-track 
approach of reducing demand and increasing supply to areas in need is required 
(National Infrastructure Commission, 2018; HR Wallingford, 2020). 

The National Infrastructure Commission (2018) report was published in order to draw 
attention to preparedness versus reactionary planning, however the report raises an 
important point about the disconnect between the modelling within long term planning 
and the reality of decision making within a drought. There is a need to better represent 



577 of 669 

these nuances within assessments to fully understand the impacts of droughts, as well 
as the ability to recover from such events.  

All of these national scale studies tend to follow a top-down approach which misses the 
opportunity to understand system vulnerability, particularly when considering severe long 
duration events at a national scale that may cause problems with temporary transfer of 
water between affected areas.  

5.2. Regional level 
There are large differences in the public water supply deficit between regional groups in 
England by 2050, with the greatest impacts in the south east and east, of which climate 
change only comprises 11% of the additional water requirement (Environment Agency, 
2022). Other, larger contributors are reducing abstraction for the environment (policy 
decision), increased demand from population increase and increasing drought resistance 
(Environment Agency, 2022).  

5.3. Water company level 
There is a large range of uncertainty in present day impacts within water company 
WRMPs. For example, the stochastic ensemble uncertainty at the 1-in-500 year return 
period for Bristol Water represents approximately 40% of deployable output (Bristol 
Water, 2022). Or, conversely, the median DO at the 1-in-500 could plausibly be as low 
as a 1-in-20 year return period and as large as beyond a 1-in-100 year event. This is a 
similar number when the uncertainty in the historical record is considered. There is 
therefore a large uncertainty, particularly when using return periods to determine drought 
impacts. 

Many groundwater sources have been designated as insensitive to climate change 
within water company WRMPs (HR Wallingford, 2020), based on the general messaging 
of warmer, wetter winters from the UKCP programme that indicates a reducing likelihood 
of dry winters. This is contradicted by evidence within (Mansour and Hughes, 2018) and 
therefore impacts of climate change of groundwater sources are likely currently 
underestimated. This also has implications for issues such as groundwater – surface 
water interaction, which has only recently been incorporated into relevant water 
company plans (Affinity Water, 2022). 

There are significant spatial differences between different water companies (HR 
Wallingford, 2020). In addition, within water companies, the nature of supplies, their 
vulnerability, and the return of effluent to different catchments, or parts of the catchment 
results in different spatial manifestation of impacts (HR Wallingford, 2020). 

5.4. System level 
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Environment Agency (2015) investigated the use of a generalised typology of droughts 
with which to test water supply system resilience. For those catchments tested single-
season systems tended to be most sensitive to short duration droughts, and tended to 
fail reasonably quickly once a threshold was crossed, albeit once large rainfall deficits 
were experienced. Multi-season systems tended to fail slower, however experienced 
failure across a range of drought durations. Conjunctive use systems tended to be more 
resilient than those that relied on a single source or similar sources of water. There is a 
known systems-level issue of water quality and future climate change (Weatherhead and 
Howden, 2009; Hutchins et al., 2018). In long term planning, this is often lumped into an 
outage assessment, however this is often included within target headroom within a 
Deployable Output type approach, which ignores the resilience issues within a drought 
related to water quality. Given the likely exposure to increased water quality and other 
outage related incidents, an improved method for incorporation of these uncertainties 
into long term planning is required.  

5.5. Approaches 
All of these studies used mean change factor approaches to perturb events that could be 
expected to occur in the present day. The limitations of using mean change factors are 
discussed above. Some studies have used different approaches, however these have 
largely been within the academic literature, demonstrating the use of such datasets. 
Borgomeo et al. (2014) used a non-stationary stochastic approach (however still based 
on change factors) using the London supply system to arrive at similar conclusions of the 
need for a twin track approach, largely due to a 50% likelihood of exceeding planned 
Levels of Service by 2040. Roach (2016) resampled the Future Flows bias corrected 
climate projections to produce a large number of transient future projections within a 
scenario-generation step for decision making under deep uncertainty. 

There are some commonalities across a number of these studies. They are all 
undertaken using large datasets and tend to aggregate impacts. Doing so tends to 
reduce scrutiny on individual events and risks missing system-relevant learning about 
vulnerability and resilience. It may also hide site specific issues related to biases and 
errors in datasets (Wilby et al., 2017). As with all approaches, they all have limitations, 
such as aggregation of outputs and uncertainty such as DO type methods, reduced 
spatial or temporal resolution or a small range of uncertainty in future climate or demand 
projections. The impacts are also scenario led, and so these results are conditional on 
the scenarios used. There is a lack methods to integrate these approaches to gain a full 
understanding of integrated risk.  

Whilst future droughts will significantly impact many water supply systems, other factors, 
such as the water that is left for the environment after abstraction, may have a larger 
impact (HR Wallingford, 2020). Future water management and environmental flow policy 
are therefore critical in determining who or what bears the burden of reduced flows. It is 
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clear that for many English catchments, trade-offs between stakeholders will be required 
(even where these trade-offs already exist), with possible solutions including smart 
licensing (Wilby et al., 2011). 

 

What we know 

• Impact assessments are hampered by the upstream issues of bias 
correction and downscaling, hiding issues such as the sensitivity of 
groundwater to climate change.  

• There is large uncertainty in the present and future impacts due to a lack of 
knowledge of interacting risks, as well as how these risks may change into 
the future. 

• There are significant spatial differences in impacts across different scales. 
• Impact assessments tend to aggregate uncertainty to provide a “best-

estimate” of impacts based on the available climate change projections. 
• Future water management policies may have larger impacts than climate change. 

What we don’t know 

• Many impact assessments use large datasets and aggregate impacts. This 
may reduce scrutiny on individual events and system vulnerability as well 
as site specific biases and errors. 

• The specific water management policies of the future may be unknown. 
• It can be difficult to combine outputs across different assessments to improve 

understanding due to differences in methodologies. 

What we should know 

• Methods for incorporating large amounts of uncertainty into long term 
planning. 

• There is a need to examine more diverse events in detail to understand system 
response. 

 

6. Planning approaches – present and future 
We know that the water resources problem is one that is difficult to solve due to a large 
number of competing interests, limited resource availability, increasing pressures (such 
as climate change, pollution, water reliability etc.) and the requirement to provide 
sustainable and cost-effective solutions that are equitable across generations. This has 
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been termed a “wicked problem” by many (e.g. Ben-Haim, 2019; Siders and Pierce, 
2021), meaning there is no right or wrong solution (Rittel and Webber, 1973). A large 
number of approaches have been sought to solve this problem. This section outlines the 
metrics and approaches currently available to assess water supply system performance, 
before reviewing the general frameworks of top-down and bottom-up approaches. Given 
the nature of public policy decision making, choosing an approach is also discussed, as 
well as possible future approaches. 

6.1. Metrics and risk-based planning 
Before introducing decision making methods, it is useful to first consider the metrics 
against which system performance is assessed. These have traditionally been 
considered to be reliability, resilience and vulnerability (Roach, 2016). Reliability is 
defined as how likely the system is to fail, resilience as the recovery from a failure 
(although resilience is a difficult term to define) and vulnerability as the consequences of 
failure (Roach, 2016). Current LoS methods can be considered to use reliability as the 
main performance metric, however vulnerability is intrinsically incorporated through the 
definition of a LoS as well as through the use of Drought Response Surfaces. Resilience 
has been used in conjunction with the 1-in-500 year return period (Environment Agency, 
2021b), however the assessment itself does not differ from a LoS type approach. 

Robustness is a planning approach whereby future options are tested against a number 
of scenarios and those options that perform best against a wide variety of scenarios are 
taken forwards (Lempert et al., 2003). Robustness is at the heart of a number of decision 
making methods, and tends to relate directly to the proportion of scenarios that result in 
acceptable performance of a system or strategy.  

Flexibility can be defined as the extent to which a system can alter in the face of new 
information. When applied to water resources, this could mean plans that can branch in 
the future, deferring of options or staged implementation of interventions with an option 
to abandon at a point in the future. Real Options Analysis, Dynamic Adaptive Policy 
Pathways and Adaptation Tipping Points are all examples of tools or techniques that 
have been created to value such flexibility and reward it within the planning process 
(Roach, 2016). 

Risk-based planning works by calculating the frequency and severity of system failures 
under multiple scenarios of supply and demand to provide an indication of the risk of 
crossing particular thresholds (Roach, 2016). It can therefore be useful in understanding 
risk versus cost appetite in decision makers (Borgomeo et al., 2014). It is currently used 
under conditions of deep uncertainty, with proponents arguing that threshold 
exceedance probabilities are much less sensitive that climate change probabilities 
(Dessai and Hulme, 2004). 
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A large amount of work has been done using all of these metrics or methods of 
assessing system or strategy performance. This is discussed in more detail in the 
section below which summarises top-down and bottom-up approaches. 

Emerging and novel indicators related to public internet search terms may offer metrics 
with which to determine the social impacts of drought and drought interventions (Wilby et 
al., 2023), however, the use of these indicators within water resource management is as 
yet untested. 

6.2. Top-down and bottom-up approaches 
Decision making frameworks have tended to be divided up into top-down and bottom-up 
type approaches. Within large-scale water resource management planning, these terms 
have come to reference the treatment of uncertainty within the assessment. Top-down 
approaches tend to take downscaled climate change information, generate supply and 
demand projections and then test the vulnerability of the system at the bottom of the 
chain. Top-down approaches were originally designed to incorporate climate change 
projections into mitigation policy (Manous and Stakhiv, 2021). An example of such an 
analysis is the Intergovernmental Panel on Climate Change (IPCC) reports which take all 
GCMs and convert their outputs into impacts and messaging in an attempt to influence 
policy around mitigation and adaptation. This paradigm of using the GCM as a starting 
point in an assessment has permeated into water resource management planning, 
resulting in a number of tools and approaches that can be used within such a framework, 
but may be used to aid decision making. Such methods include Info-Gap decision 
theory, Robust Optimisation, Real Options Analysis.  

Bottom-up approaches tend to focus initially on what factors the system or candidate 
strategy is most vulnerable to, which may or may not include climate information. 
Bottom-up planning approaches have been applied in a number of settings around the 
world, mainly in the United States through frameworks such as Robust Decision Making 
(Lempert et al., 2003), Decision Scaling (Brown et al., 2012), Climate-Risk Informed 
Decision Analysis (CRIDA) (Mendoza et al., 2018), and a number of tools exist to 
facilitate their implementation (Bennett et al., 2021). These decision making frameworks 
are yet to be applied in full in the UK, however such approaches have been applied to 
flood risk within the academic literature in the UK as a demonstrator of technical 
possibility (Prudhomme et al., 2010). The same approach has also been demonstrated 
within water resources through the Drought Vulnerability Framework (Environment 
Agency, 2015; UKWIR, 2017), however again, it is used more to identify vulnerability as 
a separate step within the management process, rather than being used as a central 
pillar of the decision making process.  

These bottom-up approaches also tend to have a higher degree of stakeholder 
involvement and iteration. Among other differences, bottom-up approaches rely on 
testing a water resource system to a large range of uncertainty in order to elicit 
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vulnerabilities. Such approaches are particularly attractive when the future is considered 
deeply uncertain, and an understanding of the system vulnerabilities is favoured over an 
understanding of the impact of scenarios on the system outputs (Lempert et al., 2003).  

There are issues and benefits to using either approach that have been identified widely 
within academic literature (Chan et al., 2022). Top-down approaches tend to present a 
large range of uncertainty to decision makers, which critics argue may not be decision 
relevant and which contains inherent uncertainties that may not be obvious (Ludwig et 
al., 2014; Roach, 2016). Manous and Stakhiv (2021) argue that four important 
incompatibilities related to top-down approaches (the use of return periods and 
plausibility of climate scenarios, the linking of scenarios to non-stationary hydrology, the 
reliance on a probability distribution to calculate expected annual benefits and costs, and 
assumed discounting rates) are resolved through use of the CRIDA bottom-up approach. 
There is a weight of theoretical evidence that bottom-up approaches are substantially 
better suited to making system-level decisions about future planning (Lempert et al., 
2003; Manous and Stakhiv, 2021) and that scenario-driven climate models provide 
insufficient information to be used at the scale required for water resource planning 
(Manous and Stakhiv, 2021). Where bottom-up approaches have been implemented, the 
limitations of the approach are not always clear to the reader, however there are known 
disadvantages related to the computation power required to generate and run scenarios 
(Groves and Lempert, 2007) and difficulties in analysing more than two dimensions on a 
response surface (Chan et al., 2022). The choice of which dimensions (climate 
variables) to include within an analysis may also have a significant effect on the outcome 
of the assessment (Culley et al., 2021). Whilst bottom-up studies have shown that the 
approach can be applied to complicated water resource supply systems (Turner et al., 
2014), there appears to be a need to understand how such approaches might work 
within the UK decision context, as well as understanding the potential limitations and 
gaps in complementary tools. There are also potential issues (as with top-down 
planning) in reconciling different and interdependent spatial scales. There are some that 
argue that neither current bottom-up or top-down approaches fully appraise adaptation 
strategies, instead they define optimal water use and diagnose impacts (Ludwig et al., 
2014). 

Plausibility in relation to future scenarios is discussed in detail above. In relation to 
planning approaches, whilst plausibility is a key consideration for bottom-up approaches 
due to the importance of creating boundary conditions for the analysis, top-down 
approaches have historically not grappled with the issue of plausible future scenarios. 
Instead, top-down approaches tend to run a number of climate change model ensemble 
members through water resource models and generalise a result based on the percentile 
of ensemble members (such as the mean). Consequently, plausibility is often 
confounded within the assessment. Plausibility has historically been implemented within 
bottom-up assessments as a subjective statement, related to the level of theoretical 
understanding of the physical impacts of a variable, trends in driving data, climate 
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models or paleo data and system sensitivity (Mendoza et al., 2018). Plausibility is also 
critical in robustness focussed approaches, and there are unanswered questions related 
to the plausibility of the scenarios, and whether they matter to the final decision. Zhang 
et al. (2021) demonstrated that removal of implausible models resulted in more robust 
interventions, however this is likely to be dependent on the nature of future changes at a 
given location. Lempert et al. (2003) argue that plausibility need only be assessed for 
those scenarios that a candidate strategy is not robust to. Further understanding is 
required to understand how differing approaches to plausibility could impact water 
resources assessments in the UK based on the nature of the projections available. 

Combined, hybrid approaches have also been developed that integrate both bottom-up 
and top-down in some way (e.g. Girard et al. (2015)). UK water resource planning has 
also operated using a hybrid approach, starting from a point of top-down planning, 
incorporating aspects such as problem characterisation (Environment Agency, 2021a), 
or the most recent climate change guidance (Environment Agency, 2021c), which 
focusses effort within the modelling chain on aspects critical to the system under 
investigation. This modelling effort has focussed on quantifying baseline risk using 
historical or historically derived droughts (stochastic or synthetically produced using long 
term averages) and future risk from climate change, changes in demand or sustainability 
reductions. A number of scenarios are selected to explore the system response to 
changes (an increasing number over time with increased use of rapid and extendable 
modelling software packages such as GR6J and Pywr) before one scenario (or more if 
adaptive planning is being used) is selected against which to optimise future investments 
to. As of WRMP19, water companies have been able to follow an adaptive planning 
approach, whereby if their problem is sufficient that future scenarios cause different 
investment programmes to be proposed, decision points are identified where these plans 
diverge, allowing aspects of the future to reveal themselves before making a decision. 
Such a process contains elements of Robust Decision Making, predict-then-act, 
scenario-neutral (using the Drought Vulnerability Framework) and adaptive pathways, 
however due to the mixed approach, the principles of each are slightly altered to ensure 
they fit within a planning framework (Dessai and Darch, 2014).  

There are issues in attempting to assign likelihood to future droughts (in addition to those 
discussed in relation to determining historical or stochastic drought likelihood). Whilst 
this has been undertaken for some datasets such as hydrological events within MaRIUS 
(Bell et al., 2018), there are issues related to non-stationarity, the influences of natural 
variability and climate signal, the length of records used within an analysis and the 
number of data points within available future climate sequences. Consequently, current 
planning approaches require identification of extreme droughts from within a baseline 
dataset, perturbation of these droughts using change factors, and then assessment of 
the impacts of these events as an extreme event (e.g. 1-in-500) plus climate change 
(Environment Agency, 2021b). This is fraught with difficulty, mainly due to the impacts of 
climate change making some events more or less severe depending on the water supply 
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system, and a lack of understanding about whether these events are still representative 
of an extreme event (WRSE, 2021). Such issues are well known within the decision 
making literature, identified by (Manous and Stakhiv, 2021). 

6.3. Choosing an approach 
These approaches often attempt to force rational decision making onto the water 
resources problem in an objective way, however there is an argument that such an 
approach is time and resource intensive, and may be inappropriate for such problems 
(Siders and Pierce, 2021). Instead, the most suitable decision making approach may be 
found by understanding the decision making environment and tailoring the approach to 
suit (Siders and Pierce, 2021). Current water resource management planning guidelines 
(Environment Agency, 2021a) include freedom for water companies to emphasise or 
discount particular parts of the decision making framework, depending on their particular 
vulnerabilities (such an approach acts as a bridge between bottom-up and top-down 
methodologies), however broader understanding of the decision making environment is 
outside the scope of water company consideration.  

If an objective decision is made on what a future framework should look like, there 
should be a focus on what the decision making environment is for water companies in 
England. Not only that, but also, on aspirations for components of the planning 
framework (e.g. the level of stakeholder engagement), the characteristics of what society 
values (e.g. watering gardens versus water for biodiversity in river environments) and 
how that value is calculated. 

6.4. Future approaches 
Due to the nature of the “problem” facing water resources, it is highly likely that 
approaches will emerge in the future that solve some part of this problem in a more 
satisfactory way than those implemented historically. Whilst it is difficult to speculate on 
the specifics of future decision making approaches, it is perhaps easier to comment on 
where technology may alter the characteristics of existing decision making methods. 
High resolution, large ensemble, transient future climate projections (Slingo et al., 2022) 
may provide a large number of scenarios with which to test water supply systems in a 
transient way, which may permit an improved understanding of the timings, severity and 
frequency of future climate stressors. This type of approach (as implemented within 
Roach (2016)) may remove the need for the linear scaling of impacts back through time, 
which presents a significant uncertainty in the timing of when investments will be 
required (Environment Agency, 2021c). Temperature scaling has been implemented 
within HR Wallingford (2020) as a means of identifying when certain ensemble members 
reach particular levels of warming, which highlight the uncertainty in the timing of 
investments related to global warming levels. Such approaches were also explored 
through the enhanced Future Flows and Groundwater levels demonstrator projects (HR 
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Wallingford, in prep.), however a number of issues need to be overcome before such a 
framework is implemented. These include the use of standardised baseline datasets, 
improved methods to understand drought plausibility, enhanced climate model outputs 
and the incorporation of other sources of uncertainty as well as climate change. There is 
also a need for tools and approaches that compare different climate change projections 
datasets, examine the impacts of bias correction, drought metrics that are suitable for 
application to water supply system stress and screening tools for new datasets, as 
identified through the eFLaG user needs specification (HR Wallingford, 2021). The use 
of smart data and big data mining may also provide significant improvements in insights 
into demand patterns and provide feedback in real time.  

The issue of the timing of climate change impacts, raised above, is one that also 
highlights issues between operational aspects and long term planning. There is little 
understanding of the implications of using linear scaling and the near-term risk 
associated with timing investments to cope with climate change in the next few years. It 
is also clear from issues such as 2018 demand levels and Covid-19 lockdown related 
demands, that despite current attempts, vulnerabilities still exist in the present day.  

The likely increasing availability of computing power will allow more detailed systems or 
an larger number of scenarios to be run, or revolutionised by the development of 
quantum computing. Another critical aspect of the role of technology is the extent to 
which it is involved within the decision making process. Such a question is philosophical 
and has been discussed more widely as part of the machine ethics debate (e.g. Moor 
(2020)). Lempert et al. (2003) argue that the computer is a tool that should be used to 
synthesise quantities of information that the human mind cannot, provide an iterative 
process that allows for greater system testing, and present this in a way that enhances 
decision making. The incorporation of techniques such as Multi-Criteria Decision 
Analysis within decision making techniques has allowed for the scoring and weighting of 
different stakes within the decision, and the increasing potential of Artificial Intelligence 
may take this further by effectively allowing the computer to make (or at least suggest) a 
decision for us without full human reasoning. The question of how much agency a 
computer or human should have is a philosophical one that defines the decision making 
environment, reframing the involvement of stakeholders and the use of tools. 

What we know 

• Multiple metrics exist for evaluating supply system performance. There is 
no agreement on which metric is preferred and the choice should depend 
on the decision context. 

• Top-down approaches have historically dominated impact assessments. 
• Bottom-up approaches combine an understanding of system vulnerability, 

plausibility and stakeholder engagement. 
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• Bottom-up approaches have been implemented outside the UK, as well as 
within the UK in water resource planning through the Drought Vulnerability 
Framework however never as a central pillar of the decision making 
framework. 

• There are benefits and limitations to both approaches. Hybrid approaches 
exist that attempt to bridge the gap between the two. Current English water 
resource planning does this to some extent. 

• Planning using current approaches has still resulted in vulnerabilities in 
the present day. 

• A large number of barriers need to be addressed before moving towards a 
future, transient planning approach, including improvements in climate 
modelling and standardisation of baseline datasets.  

• There are planning issues related to the current approach of attempting to plan to 
a 1-in-500 year return period event. Current approaches also appear to be not 
fully exploring system vulnerabilities, particularly to multiple concurrent and / or 
interacting threats (e.g. 2018 drought demands and Covid-19 lockdown related 
demands).. 

What we don’t know 

• There are a lot of things we don’t know in relation to water resources 
planning, hence the assumed condition of deep uncertainty. 

• There is an absence of actionable information on the English planning 
decision context to enable a decision on the preferrable planning 
approach. 

• The practical implications of moving to a different planning approach are 
not fully understood. 

• The plausibility of climate change scenarios are not fully visible to decision 
makers and planners.  

What we should know 

• There should be an understanding of the decision context before choosing 
a planning approach. 

• There should be an improved understanding of the practical implications 
of moving from one planning approach to another, and for incorporating 
this into guidance and planning. 

• There should be an agreement on the philosophical principles of future 
planning approaches, particularly with regards to the involvement of 
stakeholders and the role of computers (including Artificial Intelligence 
and data mining) within decision making. 

• The plausibility of climate change scenarios should be visible to decision makers 
and planners to ensure the limitations of climate-related conclusions are known. 
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Overview 

ABOUT THE REVIEW 

Quantitative assessments of hydro-meteorological droughts provide key information to 
support drought management decisions and water resource planning. Over time, drought 
assessments have become increasingly complex with a significant increase in the 
models and data in use across the water sector.   

What is covered: Our review assesses this breadth of climate, hydrology and water 
resource system datasets and models in use across the UK water sector. We evaluate 
these models and datasets against a set of four core requirements for drought 
management to assess their capabilities to address key knowledge gaps on current and 
future droughts. The four requirements include: the ability to take on a long-term view 
under change, the spatial coherence at national scale, the ability to consider a breadth of 
scenarios and the inclusion of high impact, low likelihood scenarios. 
What is not covered: Our review does not assess groundwater models or datasets. 
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KEY FINDINGS 

What can we do What we cannot do 

 We can produce long term, 
spatially coherent, national-
scale climate, hydrological and 
water resource projections for 
drought management, planning 
and assessment. 

 

 None of the datasets and models meet all the 
core requirements and all suffer from similar 
deficiencies. 

 We lack a wide range of climate and socio-
economic scenarios for long-term drought 
projections, and we lack the ability to assess high 
impact, low likelihood extreme droughts. 

 

RECOMMENDATIONS 

Structured approaches are needed to prioritise efforts for improvement of datasets 
and models through a better understanding of key sensitivities of drought drivers and 
metrics.  

Structured approaches are needed to document, evaluate and compare datasets and 
models through sharing models/data and better modelling protocols to ensure 
comparability. 

A greater breadth of scenarios is needed alongside modelling frameworks to assess 
them through storyline approaches, greater sampling of uncertainties and consideration 
of both climate and socio-economic change in future drought assessments. 
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1. Abstract 
Quantitative assessments of hydro-meteorological droughts provide key information to 
support drought management decisions and water resource planning. Over time, drought 
assessments have become increasingly complex with a significant increase in the 
models and data in use across the UK water sector. This review assesses the datasets 
and models most commonly used across the UK water sector, focusing in particular on 
climate datasets, hydrological and water resource system models, and hydrological 
projections. We evaluate these models and datasets against a set of four core 
requirements for drought management: the ability to take on a long-term view under 
change, the spatial coherence at national scale, the ability to consider a breadth of 
scenarios and the inclusion of high impact, low likelihood scenarios. We find that 
datasets and models all have varying strengths and weaknesses. 

Crucially, none of the datasets/models meets all the core requirements. We conclude 
that more structured approaches are required to prioritise efforts for improvement of 
datasets and models, including a better understanding of key sensitivities of drought 
drivers and metrics. Furthermore, we need more structured approaches to document, 
evaluate and compare existing and future datasets and models. Finally, we identify and 
discuss key gaps in our ability to assess a breadth of scenarios and high impact, low 
likelihood scenarios, and stress the need for more strategic research in this area 

 

2. Background and Rationale 
A reliable water supply is often taken for granted in the UK. However, there is increasing 
pressure on water supplies. By 2050, the UK population is projected to rise by 10% from 
67million to 74million, with demand expected to increase by up to 9% to supply the 
growing population with water for drinking, food supply and energy production 
(Environment Agency, 2020). In contrast, the headline findings from the new high 
resolution UK Climate Projections (UKCP18) forecast hotter and drier summers that will 
exacerbate drought risk (Murphy et al., 2018). These changes are projected to lead to 
frequent water shortages across the UK by 2050, with projections estimating more than 
3 billion litres of additional water a day required to ensure supply (Environment Agency, 
2020). Given the projected increasing pressure on water bodies, predicting future 
droughts and their impacts on water supply systems is vital to test their resilience and to 
support critical planning decisions for future water supply infrastructure (National 
Infrastructure Commission, 2018). 

Droughts are a complex hazard that can occur in different parts of the hydrological 
system and have many definitions in the literature. In this review, we define drought 
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events as a sustained period of below normal water availability (Tallaksen and Lanen, 
2004). 

Meteorological droughts refer to a precipitation deficiency, soil moisture droughts refer to 
a deficit of soil moisture and hydrological droughts are deficits in surface and/or 
subsurface water (Van Loon, 2015). These different types of droughts are heavily 
interlinked. Drought events often begin as meteorological droughts, which then lead to 
shortages in soil moisture, recharge, discharge, and groundwater storage that propagate 
through the hydrological cycle. Climate models aim to assess or forecast meteorological 
droughts at regional, national, or global scale while propagation of meteorological 
droughts through the hydrological cycle is often represented in hydrological models. One 
of the difficulties in modelling drought propagation is the delayed occurrence from a 
meteorological drought to a soil moisture drought followed by a hydrological drought. 
The severity of a meteorological drought event, catchment characteristics, local and 
regional water storage, subsurface storage and release and antecedent conditions are 
all important when it comes to the timing of developing soil moisture and hydrological 
droughts (Van Loon et al., 2016). 

Over time, drought assessments have become increasingly sophisticated to capture 
these complex hazards and how they might be changing. They have progressed from 
scaling river flows using simple change factors based on a single Global Circulation 
Model (Arnell, 2011) to scaling historic rainfall timeseries using large ensembles of 
change factors encompassing different climate models and emission scenarios (e.g. 
Christierson et al., 2012; HR Wallingford, 2015) to running hundreds of years of climate 
model or stochastic weather generator timeseries through groundwater, hydrological and 
water resource system models (Dobson et al., 2020; Hannaford et al., 2022). As drought 
assessments have become increasingly sophisticated, there has been a significant 
increase in the models and data available covering a wide range of spatial/temporal 
scales, physical processes, availability (i.e. open-source or not), levels of uncertainty and 
purposes. Thus, each model and dataset has their own advantages and disadvantages. 

While there is an extensive range of models and data in use within the water sector, 
there is a lack of guidance of which models and data to use for drought management 
and planning. Furthermore, there is little assessment of the capabilities of these models 
and data to address key knowledge gaps on current and future droughts. This review will 
address this challenge by reviewing models and data in use within the UK water industry 
and/or academic community and their relevance to drought management, planning and 
practice. 

We will review the peer-reviewed academic literature and relevant ‘grey’ literature (e.g. 
water resource company plans, water resource management plan guidance produced by 
the EA, consultancy reports) to address the following questions: 
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1. Which data and models are currently available for use in water 
resources and drought planning? What are their 
strengths/weaknesses? 

2. How uniform/fragmented are current approaches? Are there obvious gaps in 
terms of the processes they include, temporal/spatial resolution, availability? 

3. What are current capabilities for addressing key knowledge gaps on 
current and future droughts? What new data/modelling capabilities are 
needed? 

This review is structured into six sections beginning with an overview of the drought 
modelling chain and then leading into an evaluation of a number of climate projections, 
hydrological models/projections and water resource system models. Finally, we end the 
report with a series of recommendations that provide an outlook of how we can best use 
our current suite of data and models for drought management and what new data and 
modelling capabilities are needed to address the UK’s future drought challenges. 

 

3. Drought Modelling Chain 
Drought management and planning requires a clear understanding of current drought 
variability and how the frequency, severity and duration of hydrological droughts might 
change in the future. To address this challenge, drought assessments typically comprise 
of three core elements: the climate, hydrological and infrastructure system. These core 
elements represent the complex interactions of water fluxes between the atmosphere, 
the land surface and sub-surface, and water infrastructures that occur during droughts. 
This is summarized in Figure 1 which demonstrates the typical flow of data between 
these systems, alongside the models and data analysed in this review. 

The first component of the drought modelling chain is the climate system. Typically the 
most important climate variables for drought assessment are precipitation and potential- 
evapotranspiration (PET) as these are the key climatic drivers of hydrological droughts. 
Timeseries of precipitation and potential-evapotranspiration can be derived from 
meteorological observations, but this will provide a very limited set of meteorological 
drought events and does not account for how climate change may impact the duration, 
severity and frequency of future droughts in the hydrological system. Consequently, 
climate models and stochastic weather generators are used to provide larger ensembles 
of meteorological droughts. These datasets are evaluated in Section 3, which covers 
climate data for drought planning including rainfall and PET observational data products, 
UK Climate Projections 2018, Weather@Home climate projections and outputs from 
stochastic weather generators. 

Outputs from the climate system (timeseries of precipitation and potential 
evapotranspiration) are then used as inputs for the second component of the drought 
modelling chain: the hydrological system. The hydrological system represents 
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terrestrial water fluxes across the surface and sub-surface, which are codified into 
hydrological and groundwater models. Alongside inputs from the climate system, these 
models often require soils, geology and landcover data to define parameter values, 
and/or observed river flows and groundwater levels for calibration of parameters. Model 
outputs are river flows and groundwater levels. These models and the model output 
datasets they provide are evaluated in detail in Section 4, which covers six hydrological 
models (e.g. Grid-to-Grid, DECIPHeR, GR4J) and three sets of hydrological projections. 
Groundwater models are not evaluated in this review but are reviewed elsewhere as part 
of the EA drought reviews. 

The third component of the drought modelling chain is the infrastructure system, which 
includes infrastructure for water supply and distribution, such as dams, diversions, canals 
etc. The movement of water through these components is simulated by water resource 
systems models. These models are typically forced by hydrological inputs such as river 
flows (either observed or simulated by hydrological models) and socio-economic-legal 
inputs such as water demands or minimum environmental flow requirements. They also 
need data about the system properties, for example the maximum capacity of reservoirs 
and canals, for their parameterization. They can be used in two different ways: (i) in 
simulation mode, to estimate the effects of given operation rules on the system 
performances, measured for example by supply reliability or energy cost; or (ii) in 
optimisation mode, to identify the best operations to maximise either of those 
performances. These models (Aquator, MISER, Pywr, WREW) are evaluated in Section 
4. Note that this distinction between hydrological and water resource system models, 
while relatively clear-cut in current practice, may become less relevant in the future as 
new research developments will deliver hydrological models that explicitly represent 
water infrastructure and their operation. 
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Figure 1. Flow diagram showing the drought modelling chain, alongside the 
models and data included in this review 
 

There are several core principles central to drought management and planning in the UK 
that link into national planning guidelines (Atkins, 2020; Environment Agency, 2022). 
These are important for the selection of suitable climate, hydrological and water resource 
datasets and models. Firstly, given the significant long-term investments required for any 
new water infrastructure, drought assessments should take a long-term view under 
change and consider drought risks under the current climate as well as climate and 
socio-economic scenarios to the end of the century. Secondly, drought assessments 
should consider a breadth of scenarios (e.g. different climate and socio-economic 
scenarios) that encompass a wide range of plausible drought conditions. Thirdly, drought 
assessments should include an appraisal of high impact, low likelihood extreme 
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droughts to ensure the resilience of our water supply systems. Finally, given the 
significant spatial scales of droughts and consideration of regional water transfers, 
datasets that offer spatial coherence at national- scale are desirable. 

These core principles mean that drought assessments need to consider a wide range of 
factors for each component of the modelling chain, including: 

Long-term view under change 

Temporal resolution and coverage i.e. timestep and the time period(s) covered. 

Model calibration and evaluation; i.e. is the model an adequate representation of the real-
world system and the task it is intended for? 

Spatial coherence at national-scale 

Spatial coverage and resolution; i.e. grid size and point-scale to continental-scale data 

Spatial coherency; i.e. coherence between different geographical locations. 

High impact, low likelihood extreme droughts 

Extremes; i.e. how do we quantify extreme events and ensure our water systems are 
robust to them? 

Model calibration and evaluation; i.e. can the models represent extremes adequately? 

Breadth of scenarios 

Uncertainty quantification; i.e. do the scenarios cover a wide range of plausible future 
drought events? 

Uncertainty propagation; i.e. how much uncertainty is introduced at each stage of the 
modelling chain and how does it propagate into the next system? 

 

4. Climate System 
There are a wide range of climate data and models in use across the UK water sector for 
drought planning, management and assessment. In this review, we focus on rainfall and 
potential evapotranspiration timeseries as the key climate variables for drought 
assessment and the following observational and climate model data: 

1. Observational rainfall and potential evapotranspiration data products 

2. UK Climate Projections 2018 (UKCP18) 
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3. MaRIUS Weather@Home projections 

4. Stochastic weather generator outputs 

We start this section with a short description of the climate data listed above and then 
discuss their strengths and weaknesses. The key characteristics of the climate data 
products described in Section 4.1 are summarised in the appendix in tables A1 and A2. 

4.1. Climate data for drought management and 
planning 
Observational rainfall and PET data are key timeseries to improve our understanding of 
the meteorological drivers of past droughts, to calibrate and evaluate hydrological 
models, and for stress-testing water supply system models against historic droughts. 
There are a wide range of observational climate data available (see Table A1), included 
gridded observational climate data (e.g. CEH-GEAR, Had-UK, CHESS, Environment 
Agency PET) and catchment averaged observational climate data (e.g. CAMELS-GB). 
The gridded observational products are provided on a 1km grid, typically at a daily 
timescale (except for CEH- GEAR1hr). The gridded daily rainfall products are available 
from the 1890s to the present. Both of the daily gridded rainfall products are derived from 
the archive of UK weather observations held at the Met Office and then interpolated to a 
1km grid either using nearest neighbour (CEH-GEAR) or inverse distance weighting 
(Had-UK). The hourly rainfall data (CEH-GEAR1hr) are derived by temporally 
disaggregating the CEH-GEAR daily rainfall dataset using a national database of hourly 
rain gauge observations. Most of the daily PET gridded products are available from the 
1960s to 2020s and typically calculated using the Penman-Monteith equation for a well-
watered grass surface (both with and without an interception correction). The one 
exception is the Historic Gridded PET dataset which is available from 1890-2015 and 
calculated using temperature data only. All the PET datasets use different underlying 
meteorological datasets at different resolutions. Observational data products for rainfall 
and PET cover either the UK, Great Britain or England and Wales, facilitating their use in 
national-scale analyses. 

The UK Climate Projections 2018 (UKCP18) are the newest set of climate projections for 
the UK (Lowe et al., 2018). They are already widely used across the UK water sector 
including a number of recent publications (e.g. Hannaford et al., 2022; Lane et al., 2022; 
Kay et al., 2021; Chan et al., 2022) and water company water resource management 
plans (e.g. (Wessex Water, 2023; Thames Water, 2022). UKCP18 includes a suite of 
climate data products including probabilistic, global, regional, and local projections all 
derived from climate models. The probabilistic projections provide probabilistic changes 
of future climate based on uncertainty in emission scenarios (RCP2.6, RCP4.5, RCP6.0, 
RCP8.5 and SRESA1B) and key processes in climate models. The global (60km, daily), 
regional (12km, daily) and local (2.2km, hourly) projections provide gridded climate 
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model outputs for 200 years (1900-2100), 100 years (1981-2080) and three time slices 
(1981-2000, 2021-2040 and 2061-2080) respectively. They are available for one single 
emissions scenario (RCP8.5). 

While the regional and local projections include outputs from a single climate model with 
12 ensemble members, the global projections include outputs from the Met Office Global 
Model and CMIP5 climate models (28 ensemble members in total). 

The MaRIUS Weather@Home climate projections were developed as part of the UK 
Droughts and Water Scarcity Programme (Guillod et al., 2017). They have been widely 
used across the UK water sector, specifically assessing the impact of future climate 
change on the water supply system (Dobson et al., 2020; Murgatroyd et al., 2022), 
agriculture (Chengot et al., 2023) and energy sector (Byers et al., 2020). They are also 
used by the Environment Agency and Ofwat as part of the RAPID (Regulators’ Alliance 
for Progressing Infrastructure Development) programme to assess the development of 
new water infrastructure (Ofwat, 2022). The MaRIUS Weather@Home climate 
projections provide gridded climate model output (25km) and include sets of 100 daily 
timeseries generated for three time slices (1900- 2006, 2020-2049 and 2070-2099). For 
each timeslice, uncertainty in transient climate response is considered by sampling a 
range of five sea surface temperature (SST) warming patterns derived from the CMIP5 
(Coupled Model Intercomparison Project Phase 5) models. Only one emission scenario 
(RCP8.5) is included. 

Stochastic weather generator outputs have been developed and produced by several 
groups, and are typically used to simulate very large ensembles of precipitation and PET 
to inform the calculation of extreme meteorological and/or hydrological drought events 
(e.g. 1 in 200 or 500 year drought event). The regional stochastics dataset provided by 
Atkins is currently the most commonly used stochastics dataset across the UK water 
sector, particularly in water company resource management plans (e.g. Thames Water, 
2022; Wessex Water, 2023). It implements stochastic multisite weather generators 
(Serinaldi and Kilsby, 2012) driven by a range of climate drivers (e.g. North Atlantic 
Oscillation, sea surface temperatures, Atlantic Multidecadal Oscillation). The dataset 
consists of 400 stochastic replicates of precipitation and PET for 1950-1997. Spatially 
coherent precipitation timeseries for each region are generated for over 200 locations 
across England and Wales. Another stochastics weather generator in use in the UK 
water sector is the Advanced Meteorology Explorer (AME) developed by the UK Met 
Office in collaboration with Anglian Water (Dawkins et al., 2022; Anglian Water, 2022). 
The AME is based on hidden Markov models and copulas. It allows for the simulation of 
spatially and temporally coherent, synthetic daily rainfall data on a high-resolution grid. 
The AME framework has been used to generate 1000 alternative realisations of the time 
period 1914-2018 (105 years) on a 5 km grid over the Greater Anglian region using daily 
rainfall data from 39 sites. 
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4.2. Strengths and weaknesses of current climate data 
products 
The climate datasets described above meet different needs for drought management, 
assessment, and planning, and thus have varying strengths and weaknesses (see Table 
1). 

All the climate model outputs (i.e. UKCP18 and MaRIUS) meet the need for ensuring a 
long view under change in drought assessments. While there are small differences in 
time periods available, both the suite of UKCP18 products and MaRIUS 
Weather@Home projections enable drought risks to be assessed under the current 
climate and future climate to the end of the century. Observational datasets clearly 
enable drought risks to be assessed under the current climate but not future climate 
scenarios. This is the same as the stochastics datasets as the outputs are based on a 
baseline climate without climate change. The observational data and stochastics 
datasets have been used for long term planning under climate change by applying 
change factors (i.e. percentage changes in precipitation and PET from a baseline climate 
to a future climate, typically derived from climate models) to observed and/or stochastic 
time series (see for example Anglian Water, 2022 and water resources planning 
guidelines from the Environment Agency). However, perturbing historic weather 
sequences using a change factor approach means that critical changes in drought 
frequency, duration and severity are not captured (Watts et al., 2015) and thus multi-year 
droughts that are projected to occur more frequently under climate change will not be 
represented. This approach also assumes that biases are constant over time and that 
current spatial patterns will remain the same in the future (Fowler et al., 2016), which 
may be incorrect and lead to plausible future drought conditions being overlooked. While 
change factor approaches are easy to apply, they should be used with caution and in 
acknowledgement of these assumptions. 

Only some of the climate model outputs enable a breadth of scenarios to be 
considered. The gridded climate model outputs provide a set of future climate outputs for 
only RCP8.5. RCP8.5 represents the high-emissions scenario and is only one of the 
wide range of possible future emission scenarios. The UK Met Office Hadley Model is 
also hotter than other CMIP5 models. This has implications for water resources planning 
as these model outputs will show a greater impact on river flows due to the much hotter 
and drier climate present in these emission scenarios and climate model. The UKCP18 
probabilistic projections include the full range of emission scenarios but have limitations 
as they provide percentage changes of future climate that can only scale historic 
weather sequences (see critique of change factors in previous paragraph). The global 
projections provide 13 outputs from CMIP5 models in addition to the UK Met Office 
Hadley Model and thus capture some of the uncertainty in choice of climate model. 
However, these are at a coarse spatial resolution (60km) for UK drought management 
and would need downscaling. 
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For the assessment of high impact, low likelihood extreme droughts, the stochastics 
datasets provide the largest climate dataset to generate estimates of extreme events. 
These datasets were specifically developed to meet the requirement of assessing more 
extreme events, such as 1 in 200 or 1 in 500 year drought events. However, stochastic 
weather generators are heavily reliant on their input data and the choice of time period 
that is modelled. As an example, by generating 400 stochastic replicates of the weather 
from 1950- 1997, the Atkins stochastics dataset may miss significant historic droughts 
for some regions of the UK that occurred in the earlier half of the 20th century (for 
example the 1933-35 drought) or emphasise particularly extreme droughts in the record 
(e.g. 1976). The Atkins stochastic timeseries also provide monthly outputs (i.e. total 
monthly rainfall) which need to be downscaled to daily for water resources planning. 
Furthermore it is worth noting that the stochastics outputs generate multiple timeseries of 
48 or 105 years of data, but these timeseries are not independent and therefore extreme 
events should not be derived using all years of data. While there are limitations of the 
stochastics datasets, they do provide a much larger dataset to assess possible drought 
scenarios compared to the gridded climate outputs and are a useful tool for stress-testing 
water resource systems. Despite the available climate products and datasets, a 
comprehensive assessment of extreme meteorological drought events for the gridded 
climate outputs is lacking. Guillod et al., (2017) assess return time periods of 5-50 years 
for low rainfall accumulated over 1-4 hydrological years but there has been little further 
assessment of low likelihood extreme droughts in the MaRIUS Weather@Home dataset 
or in the UKCP18 dataset. 

Finally, most of the climate products enable spatially coherent national-scale drought 
assessments except for the UKCP18 probabilistic projections and the stochastics 
datasets. The Atkins dataset is spatially coherent within regions but not across regions, 
and only covers England and Wales. The Met Office stochastics dataset currently only 
covers the Greater Anglian region of England. In terms of spatial resolution, the UKCP18 
global projections at 60km are too coarse to represent rainfall patterns well at regional to 
local scales across the UK and would need to be downscaled before being used in 
drought assessments, alongside the MaRIUS Weather@Home dataset (Dobson et al., 
2020). 
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Table 1. Evaluation of climate data products against core principles outlined in 
Section 2. The symbols demonstrate whether the product meets all (‘++’), many 
(‘+’), some (‘-‘) or none (‘--‘) of the requirements for drought assessment. A ‘?’ 
means that we do not know whether this dataset meets the requirement. 

 

 

5. Hydrological and Infrastructure System 
There are a wide range of hydrological data and models in use across the UK water 
sector for planning, management and assessment of hydrological droughts. In this 
review, we focus on hydrological rainfall-runoff models, hydrological projections from 
these models and water resource system models as follows: 

1. Hydrological models – Grid-to-Grid, DECIPHeR, GR4J, GR6J, CATCHMOD and 
SHETRAN 

2. Water resource system models - WREW, Aquator, Miser, PyWr 

3. Hydrological projections – Future Flows, eFLAG, MaRIUS, 

We focus on the use of these models for long-term predictions, rather than short-term 
forecasting. It is worth noting that other tools are available for drought management, such 
as Qube which the Environment Agency uses to estimate flows in ungauged catchments 
and the impacts of water use. However, this tool is typically not used for estimating the 
impacts of climate change on flows which is the focus of this review. 
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We start this section with a short description of the models and data listed above and 
then discuss their strengths and weaknesses. The key characteristics of the hydrological 
and water resource system models and data described in Section 5.1-5.3 are 
summarised in the appendix in tables A3 and A4. 

5.1. Hydrological models for drought management and 
planning 
Hydrological models simulate the movement, distribution, and retention of water within a 
catchment. These models are typically driven by rainfall and potential evapotranspiration 
data. They simplify complex physical processes occurring in a catchment using 
parameters applicable at a wide range of scales. These parameters are determined by 
using geophysical data such as soils, geology and landcover data and/or by calibrating 
to observed flow timeseries. Hydrological model outputs are typically river flows but can 
also include soil moisture and groundwater levels. Typically, these models focus on 
representing geophysical processes (such as infiltration or runoff generation) while 
ignoring the effects of human interventions, such as abstractions or reservoir operations, 
on river flows. 

Grid-to-Grid (Bell et al., 2009) is a spatially distributed hydrological model designed to 
provide a grid-based approach to hydrological modelling. The model is applied nationally 
across the UK on a 1km grid and requires daily precipitation and potential 
evapotranspiration as input. The model contains five parameters which are derived from 
spatial datasets (such as land-cover, soils, geology datasets) and can contain a snow 
module. The outputs, i.e. soil moisture and flow timeseries, from Grid-to-Grid have been 
used to analyse past and future river flow and soil moisture droughts, and low flows 
(Lane and Kay, 2021; Kay et al., 2022). They are also used as part of the UK 
Hydrological Outlook that provides insights into future hydrological conditions for river 
flows. The model code is not openly available. 

DECIPHeR (Coxon et al., 2019) is a flexible hydrological modelling framework based on 
Dynamic TOPMODEL (Beven and Freer, 2001) that is designed to be computationally 
efficient and adaptable to to specific hydrologic settings. DECIPHeR is calibrated 
nationally across Great Britain and requires daily precipitation and potential 
evapotranspiration as input. The model contains 7 parameters that are either calibrated 
using random sampling to observed flow timeseries (Coxon et al., 2019) or through 
multi-scale parameter regionalisation (Lane et al., 2021) where parameters are derived 
from spatial datasets (such as land-cover, soils, geology datasets). The outputs, i.e. river 
flow timeseries have been used to better understand the spatial dynamics of future 
droughts (Dobson et al., 2020). 

Future hydrological projections produced by DECIPHeR are also used by the 
Environment Agency and Ofwat to inform the implementation of new water resource 
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solutions including water transfers and reservoirs (Ofwat, 2022). The model code is open 
source and available on github: https://github.com/uob-hydrology/DECIPHeR. 

 

The GR models (Coron et al., 2017) are a suite of conceptual lumped hydrological 
models designed as simple, quick and easy to run. They require daily precipitation and 
potential evapotranspiration as input and contain between 4 (GR4J) to 6 (GR6J) free 
parameters that are typically calibrated to observed flow timeseries. GR4J has been 
calibrated for many catchments across the UK and the outputs from the model of river 
flow timeseries have been used to reconstruct historic droughts across Great Britain 
(Smith et al., 2019), and to evaluate and improve seasonal forecasting of drought 
(Harrigan et al., 2018). GR6J is commonly used as part of water company water 
resource management plans (e.g. Anglian Water, 2022) and for supply forecasting and 
stress testing on extreme droughts (Chan et al., 2022). The model code is open source 
and available from CRAN: https://cran.r- project.org/web/packages/airGR/index.html. 

CATCHMOD (Wilby et al., 1994) is a semi-distributed rainfall-runoff model developed by 
the Environment Agency. CATCHMOD requires daily precipitation and potential 
evaporation as input and contains 5 free parameters per response unit that are typically 
calibrated to observed flow timeseries. It has been used extensively for water resources 
assessment and climate change impact studies in the Thames catchment in published 
academic research (Wilby, 2005; Manning et al., 2009) and by the Environment Agency. 
It is included as part of the Kestrel – IHM software developed by HR Wallingford which 
enables semi-distributed applications of CATCHMOD and PDM, and has been used for 
the extreme droughts project. The model code for CATCHMOD is available as an open 
source python package: https://pypi.org/project/pycatchmod/. 

SHETRAN (Lewis et al., 2018b) is a physically based, spatially distributed hydrological 
model, which has its origins in the Système Hydrologique Europeén (SHE) model (Abbott 
et al., 1986). SHETRAN requires daily precipitation and potential evapotranspiration as 
input and a number of spatial geophysical datasets (land cover, elevation geology etc.) 
for parameterisation. The model has been applied nationally across Great Britain and the 
outputs (river flow projections) are being used as part of the OpenCLIM project to 
analyse changes in future floods and droughts using UKCP18 regional projections. The 
model code is not open source but available on request. 

5.2. Water resource system models for drought 
management and planning 
Water resource system (WRS) models simulate the movement of water across a set of 
interconnected infrastructure for water abstraction, storage, treatment, and distribution. 
Unlike hydrological models, all WRS models essentially rely on the same 
conceptualisation, where the water resource system is represented as a network (or 
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graph) of source nodes (e.g. river abstraction points, boreholes, reservoirs), demand 
nodes (e.g. water treatment works) and links (e.g. rivers, canals and pipes). Their inputs 
are hydrological inflows (typically surface flows such as streamflow and runoff), water 
demands and minimum environmental flows. Water demands and hydrological inflows 
can be derived from either observed or modelled time series. WRS model outputs are 
flows from/to source/demand nodes, storage levels in reservoirs (calculated by closing 
water mass balance) and groundwater (calculated by simple empirical relationships 
between abstractions and levels), energy use and operating costs. WRS models also 
include water allocation rules to define the spatial distribution of water fluxes across links, 
and operating rules to define the temporal distribution of water fluxes at storage nodes. 
Operating rules are typically defined by the user, while water allocation rules can be 
defined by the user or, most commonly, are calculated at each time step within the 
model through a linear programming algorithm. 

Operating rules can, to some extent, account for outage and water quality issues – which 
in drought conditions may become very important as deterioration of water quality means 
that treatment works capacity may become the limiting factor to abstractions - although 
they do so in a very simplified way. While conceptually very similar to one another, the 
key differences between WRS models is in their software implementation, i.e. runtime 
(slow vs fast), accessibility of the source code (proprietary vs open-source), and type of 
interface (command line vs Graphical User Interface, GUI). 

Aquator (Hydro International, 2023) and MISER (Fowler et al., 1999) are proprietary 
software packages widely used by UK water companies to simulate WRSs at water 
resource zone level. They come with a sophisticated GUI that facilitates building and 
running the model. GUIs can also handle repeated model simulations, such as 
optimisation of operating rules parameters or simulation of hundreds of scenarios, with 
modifications to permit batch processing.

Pywr (Tomlinson et al., 2020) is a freely available open-source, command-line based 
Python package. It is used by individual water companies as well as for national-scale 
studies such as analysing the potential of different water transfers combinations for 
satisfying future water needs (Sec. 9.3.3 of the National Framework for water resources 
(EA, 2020)).

WREW (Water Resources England and Wales) is a customised version of the 
WATHNET software (Kuczera, 1992) specifically developed by Dobson et al (2020) for 
national-scale applications. It reproduces all major water supply infrastructure in England 
and Wales that are connected into wider water network via any river or transfer of 
significance (i.e., >2 Ml/day). Similar to Pywr, WREW is computationally fast, however it 
is not openly available.
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5.3. Hydrological projections for drought management 
and planning 
The Future Flows hydrology dataset provides hydrological projections for the UK based 
on an 11-member ensemble of transient projections that forms part of UKCP09 
(Prudhomme et al., 2013). It includes projections from multiple hydrological models 
(CERF, PDM, CLASSIC) and one groundwater model (R-Groundwater). Daily river flow 
projections are provided for 1951-2098 for 281 catchments. Monthly groundwater levels 
are provided for 24 boreholes. These projections are openly available on the 
Environmental Information Data Centre (Haxton, 2012). While this dataset was 
commonly used across the UK water sector, they are based on the older set of UK 
Climate Projections and thus are now less commonly used for academic, industry and 
regulatory drought assessments. 

eFLAG (enhanced future FLows and Groundwater’) dataset provides hydrological 
projections for the UK based on the UKCP18 regional projections (Hannaford et al., 
2022). It includes projections from multiple hydrological models (Grid-to-Grid, PDM, 
GR4J and GR6J) and groundwater models for groundwater levels (Aquimod) and 
recharge (ZOODRM). 

Projections are provided for 200 catchments, 54 groundwater level boreholes and 558 
groundwater bodies from 1981-2080. These projections are openly available on the 
Environmental Information Data Centre (Hannaford, 2022). 

The MARIUS hydrological projections provide two sets of hydrological projections. The 
first set of MARIUS hydrological projections are for England and Wales and based on 
the MARIUS weather@Home climate projections and DECIPHeR hydrological modelling 
framework. It includes timeseries up to 2100 for 338 locations across England and 
Wales. Some of these locations are on river gauges, while others are strategically 
important points for water resource system models. These future river flow timeseries 
were used as input into the water resource system model, WATHNET, to analyse future 
spatial dynamics of droughts (Dobson et al., 2020) and are now used by the 
Environment Agency and Ofwat to test water resource system options. The projections 
are openly available on the Bristol research data repository at 
https://data.bris.ac.uk/data/dataset/2pkv9oxgfzvts235zrui7xz00g. The second set of 
MARIUS hydrological projections are for Great Britain using the Grid-to- Grid 
hydrological model (Bell et al., 2018). This provides a 100-member ensemble of monthly 
mean flow and soil moisture on a 1km grid for three timeslices up to 2100. The 
projections are openly available on the EIDC at 
https://catalogue.ceh.ac.uk/documents/3b90962e-6fc8-4251-853e-b9683e37f790. 

5.4. Strengths and weaknesses of current hydrological and 
water resource system models and projections 

https://catalogue.ceh.ac.uk/documents/3b90962e-6fc8-4251-853e-b9683e37f790
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The hydrological models and datasets described above meet different needs for drought 
management, assessment, and planning, and thus have varying strengths and 
weaknesses. 

All the hydrological and water resource system models and projections meet the need 
for ensuring a long view under change in drought assessments. The models are all 
sufficiently computationally efficient to run long time-series and have been used to 
produce projections near to the end of the 21st century. 

While some of the models enable a breadth of scenarios to be considered, others are 
expensive to run and would require a lot of time and computing power to run thousands 
of scenarios for long timeseries. In particular, the gridded hydrological models (such as 
Grid-to- Grid and SHETRAN) are more expensive to run compared to lumped conceptual 
hydrological models (such as GR4J or GR6J). Even when hydrological models can in 
principle be run against a range of climate scenarios, the breadth of hydrological 
projections generated is limited by the breadth of available climate scenarios. At present, 
this is extremely narrow as all the UK hydrological projections use climate projections 
from a single climate model and emission scenario (RCP8.5 for eFLAG and MaRIUS, 
SRES A1B for Future Flows). 

While some of the hydrological models include representation of the effects of human 
activities on hydrological processes (for instance Rameshwaran et al 2022 explicitly 
included river abstractions into G2G and CATCHMOD includes abstractions and 
discharges), they still mainly focus on natural processes. Hence the predictions derived 
from these models do not (and at present, can not) consider the long-term effects of 
changes in society (e.g. changes to environmental regulations) or the economic (e.g. 
changes in demand). In contrast, water resource models can easily consider changes in 
future water demand, future abstraction licences and/or environmental flows as these 
are all explicitly considered as inputs to these models. However, the scenarios of how 
these inputs may evolve over long temporal scales are highly uncertain, possibly even 
more than climate projections (Walker, 2013). Thus, one key practical consideration is 
ensuring water resource system models can be run against a large breadth of socio 
economic scenarios. This may prove difficult with WRS models that are not run from the 
command line or that do not have batch processing built into the GUI, as manually 
inputting a large number of inputs scenarios is extremely time consuming and may be 
practically unfeasible.

For the assessment of high impact, low likelihood extreme droughts, all the 
hydrological models have the capability of assessing these types of events given 
appropriate input data. A key consideration for extremes is, however, appropriate model 
calibration and the capacity of the models to handle abrupt, non-linear changes in 
rainfall-runoff responses following severe droughts. Previous studies have 
demonstrated that many hydrological models poorly capture hydrological flows during 
extreme, multi-annual droughts (Fowler et al., 2016). For example, Fowler et al (2022) 
show how commonly used hydrological models (in this case GR4J but the result applies 
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to many models) poorly represent shifts in hydrological behaviour during multi-annual 
droughts and can’t be relied upon to anticipate future changes. These challenges arise 
due to the choice of historic period chosen for calibration and the fact that are evaluation 
criteria to calibrate model parameters, such as NSE, logNSE or RMSE (used in eFLAG 
and MaRIUS hydrological projections) aim at capturing a good average model 
performance, but not necessarily result in good assessment of model performance 
during extreme events. Consequently, model output may under or over- estimate future 
droughts. While the hydrological projections discussed in this review have been used to 
evaluate the impact of climate change on future droughts, there has been less focus on 
extreme multi-annual droughts. 

For WRS models, one key challenge in simulating high impact, low likelihood extreme 
droughts is that the operating rules implemented in these models typically reproduce 
operations in normal conditions. During extreme drought events, these rules do not apply 
as system managers will often respond to very extreme events by taking special 
measures, beyond their standard drought management strategies, possibly through 
negotiations with stakeholders and regulators (e.g. EA). This informal decision making 
process is impossible to code into a simulation model and thus WRS models tend to 
perform poorly during extreme events (e.g. Rougé et al., 2021) for an application to a 
large water system in the US). 

Finally, while many of the distributed hydrological models (G2G and DECIPHeR) enable 
spatially coherent national-scale hydrological projections, the outputs are currently 
limited and model performance is variable at a national-scale. 

The eFLAG projections contain future projections for 200 catchments across Great 
Britain, while the MaRIUS hydrological projections contains future projections for 338 
locations across England and Wales. These locations do not necessarily coincide with 
the inflow points needed by water resource system models or other impacts models. 
Lumped catchment models such as GR4J/GR6J can easily be run at national scale but 
don’t offer the same spatially consistent parameter fields. WREW covers 70 water 
resource zones and 16 water utility companies across England and Wales, and Pywr can 
be set up to run at national scale (as done in EA (2020)). A key issue here though is that 
many of the data needed to set-up and calibrate such water resources models are 
propriety of water companies and not openly available. Another challenge with national-
scale hydrological projections is ensuring ‘good’ model performance everywhere. 
Current national-scale hydrological models often perform poorly in groundwater-
dominated, drier and heavily human-influenced regions of the UK (Coxon et al., 2019). 
Projections may be less robust in these regions as a result. 
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6. Conclusions and Recommendations
In summary, this report has reviewed a wide range of data and models in use across the 
UK water sector that demonstrates the progression in this sector over the past decades. 
This review highlights our strengths in producing long term, spatially coherent, national-
scale climate, hydrological and water resource projections for drought management, 
planning and assessment. It also highlights the wide range of data and models available, 
which represents an exciting opportunity to learn from the multitude of approaches. 
However, it has also shown that our current suite of models and data all suffer from 
similar deficiencies. In particular, we lack a wide range of climate and socio-economic 
scenarios, and we lack the ability to assess high impact, low likelihood extreme 
droughts. Based on the critique above, we provide three key recommendations for 
models and data in use within the water sector. 

6.1. We need more structured approaches to prioritise 
efforts for improvement of datasets and models 
As this review shows, the datasets and models available to assist droughts planning all 
have different strengths and limitations. This means that the directions that could be 
explored to improve the state-of-art are manifold, and it becomes essential to identify 
priorities in a coherent way. Efforts for data and model improvements should be informed 
by a better understanding of key sensitivities of drought drivers and metrics. For 
example, precipitation may be the dominant driver for hydrological droughts in certain 
catchments, whereas in others the dominant driver could be the groundwater contribution 
to streamflow, implying that representing groundwater processes correctly is the top 
priority. Or, uncertainties in the supply side of the drought assessment may be 
unimportant relative to the uncertainty brought in by the estimation of future demand. 

Indeed, previous sensitivity analysis studies have shown that aggregated output metrics 
of complex environmental models are typically controlled by a relatively small number of 
model input factors (Wagener and Pianosi, 2019). Identifying such dominant controls in 
the modelling process can help prioritise efforts for reducing uncertainty where most 
effective and avoid investments in improving dataset/model components that would 
have limited effects on the droughts assessment results. This aligns with the need to 
complement top-down approaches (like those evaluated in this review) with bottom-up 
approaches where sensitivity testing of adaptation options take centre stage in drought 
management (Wilby and Dessai, 2010).
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6.2. We need more structured approaches to 
document, evaluate and compare existing and future 
datasets and models 
Another message emerging from this review is the substantial number of datasets and 
models for droughts planning at present that will likely continue to increase in the future, 
as this remains a very active area of research and development. To support users in 
navigating this increasingly complex landscape, it is important to make appropriate 
choices of which model/dataset to use. For example, models should be evaluated and 
compared using a more structured approach to document models, and particularly their 
underlying assumptions and scope of validity (Wagener et al., 2021). This will require 
sharing data and model (code), but also experimental procedures (i.e. modelling 
protocols) to ensure the comparability and reproducibility of simulation experiments 
(Ceola et al., 2015), and potentially establishing ISO-like ‘standard’ for drought 
assessment (see for example Climate Sense, (2022) for climate services) 

6.3. We need to develop greater breadth of scenarios 
and modelling frameworks to assess them 
One identified gap from this review is the limited range of scenarios available for 
drought management and planning. Climate scenarios are currently limited to a single 
emission scenario and climate model. The new EUROCORDEX-UK project will extend 
the UKCP18 suite of climate projections by including a more comprehensive sampling 
of modelling uncertainty (see https://www.ucl.ac.uk/statistics/research/eurocordex-uk). 
There are also exciting developments in generating new projections of high impact, low 
likelihood events. The new NERC funded Climate change in the Arctic-North Atlantic 
region and impact on the UK (CANARI) project will focus on producing storylines of 
extreme weather. These storylines could be used to better understand system 
vulnerabilities to droughts and the extent to which future climate risks can be managed 
by specific adaptation policies (Shepherd et al., 2018). 

http://www.ucl.ac.uk/statistics/research/eurocordex-uk)
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However, considering the climate scenarios alone would be a poor predictor of future 
hydrological droughts because of the many complex ways humans use and alter 
terrestrial water fluxes to cope with climate variability. Hydrological models typically 
assess climate change impacts on hydrological droughts (e.g. in terms of low flows) 
while water resource system models assess socio-economic-droughts (e.g. in terms of 
reduced supply). This one- way flow of data from hydrological models into water 
resource system models could miss important two-way interactions and feedbacks 
between terrestrial water systems and people. Increasingly, more integrated modelling 
frameworks are being developed where abstractions, discharges and reservoir systems 
are being included into hydrological models to capture these interactions. The increased 
feedback of social water systems and hydrological systems is valuable, although it is 
important to consider the represented feedback(s) and the temporal and/or spatial scale 
of hydrological and social components in these integrated models (Vanelli et al., 2022). 
For example, integrated models (or socio- hydrological models) may represent a singular 
water demand/supply response related to a policy intervention, but they could also 
represent an interactive policy or agent-based response that can capture adaptation of 
societal water demand (Garcia et al., 2016; Wens et al., 2019). New future drought 
projections including changes in water demand are forthcoming through the Climate 
Services for a Net Zero Resilient World (CS-NOW). 

However, more research will be needed to think about how we best incorporate human- 
water interactions in hydrological models, particularly for data that are currently not 
widely available (e.g. abstractions data, reservoir operating rules). 

Acknowledgements 

This review was funded by the Environment Agency under award SC220029. We 
thank Stuart Allen for his input and support on the review. We also thank Rob Wilby, 
Alison Kay, Rosanna Lane and Richard Davis for their helpful comments and 
feedback on this review. 

G Coxon was supported by a UKRI Future Leaders Fellowship Award 
[MR/V022857/1]. F Pianosi and DE Wendt are supported by an EPSRC Early-Career 
Fellowship [EP/R007330/1]. 

  



623 of 669 

References 

Abbott, M. B., Bathurst, J. C., Cunge, J. A., O’Connell, P. E., and Rasmussen, J.: An 
introduction to the European Hydrological System — Systeme Hydrologique Europeen, 
“SHE”, 1: History and philosophy of a physically-based, distributed modelling system, 
Journal of Hydrology, 87, 45–59, https://doi.org/10.1016/0022-1694(86)90114-9, 1986. 

Environment Agency Potential Evapotranspiration Dataset: 
https://www.data.gov.uk/dataset/7b58506c-620d-433c-afce-d5d93ef7e01e/environment- 
agency-potential-evapotranspiration-dataset, last access: 9 January 2023. 

Anglian Water: Draft WRMP24 Technical Document : Supply Forecast, 2022. 

Arnell, N. W.: Uncertainty in the relationship between climate forcing and hydrological 
response in UK catchments, Hydrol. Earth Syst. Sci., 15, 897–912, 
https://doi.org/10.5194/hess-15-897-2011, 2011. 

Atkins: Regional Climate Data Tools, 2020. 

Bell, V. A., Kay, A. L., Jones, R. G., Moore, R. J., and Reynard, N. S.: Use of soil data in 
a grid-based hydrological model to estimate spatial variation in changing flood risk 
across the UK, Journal of Hydrology, 377, 335–350, 
https://doi.org/10.1016/j.jhydrol.2009.08.031, 2009. 

Bell, V. A., Kay, A. L., Rudd, A. C., and Davies, H. N.: The MaRIUS-G2G datasets: Grid-
to- Grid model estimates of flow and soil moisture for Great Britain using observed and 
climate model driving data, Geoscience Data Journal, 5, 63–72, 
https://doi.org/10.1002/gdj3.55, 2018. 

Beven, K. and Freer, J.: A dynamic TOPMODEL, Hydrol. Process., 15, 1993–2011, 
https://doi.org/10.1002/hyp.252, 2001. 

Brown, E. M., M. J. ;Robinson, E. L. ;Kay, A. L. ;Chapman, R. ;Bell, V. A. ;Blyth: Potential 
evapotranspiration derived from HadUK-Grid 1km gridded climate observations 1969-
2021 (Hydro-PE HadUK-Grid), , https://doi.org/10.5285/9275ab7e-6e93-42bc-8e72- 
59c98d409deb, 2022. 

Byers, E. A., Coxon, G., Freer, J., and Hall, J. W.: Drought and climate change impacts 
on cooling water shortages and electricity prices in Great Britain, Nat Commun, 11, 
2239, https://doi.org/10.1038/s41467-020-16012-2, 2020. 

https://doi.org/10.1016/0022-1694(86)90114-9
http://www.data.gov.uk/dataset/7b58506c-620d-433c-afce-d5d93ef7e01e/environment-
http://www.data.gov.uk/dataset/7b58506c-620d-433c-afce-d5d93ef7e01e/environment-
https://doi.org/10.5194/hess-15-897-2011
https://doi.org/10.1016/j.jhydrol.2009.08.031
https://doi.org/10.1002/gdj3.55
https://doi.org/10.1002/hyp.252
https://doi.org/10.5285/9275ab7e-6e93-42bc-8e72-%2059c98d409deb
https://doi.org/10.5285/9275ab7e-6e93-42bc-8e72-%2059c98d409deb
https://doi.org/10.1038/s41467-020-16012-2


624 of 669 

Ceola, S., Arheimer, B., Baratti, E., Blöschl, G., Capell, R., Castellarin, A., Freer, J., 
Han, D., Hrachowitz, M., Hundecha, Y., Hutton, C., Lindström, G., Montanari, A., 
Nijzink, R., Parajka, J., Toth, E., Viglione, A., and Wagener, T.: Virtual laboratories: new 
opportunities for collaborative water science, Hydrol. Earth Syst. Sci., 19, 2101–2117, 
https://doi.org/10.5194/hess-19-2101-2015, 2015. 

Chan, W. C. H., Shepherd, T. G., Facer-Childs, K., Darch, G., and Arnell, N. W.: 
Storylines of UK drought based on the 2010–2012 event, Hydrology and Earth System 
Sciences, 26, 1755–1777, https://doi.org/10.5194/hess-26-1755-2022, 2022. 

Chengot, R., Knox, J. W., Coxon, G., Cojocaru, G., and Holman, I. P.: An enhanced 
version of the D-Risk decision support webtool for multi-scale management of water 
abstraction and drought risks in irrigated agriculture, Computers and Electronics in 
Agriculture, 204, 107516, https://doi.org/10.1016/j.compag.2022.107516, 2023. 

Christierson, B. V., Vidal, J.-P., and Wade, S. D.: Using UKCP09 probabilistic climate 
information for UK water resource planning, Journal of Hydrology, 424–425, 48–67, 
https://doi.org/10.1016/j.jhydrol.2011.12.020, 2012. 

Climate Sense: Climate Services: Principles, requirements, and guidelines, 2022. 

Coron, L., Thirel, G., Delaigue, O., Perrin, C., and Andréassian, V.: The suite of lumped 
GR hydrological models in an R package, Environmental Modelling & Software, 94, 
166–171, https://doi.org/10.1016/j.envsoft.2017.05.002, 2017. 

Coxon, G., Freer, J., Lane, R., Dunne, T., Knoben, W. J. M., Howden, N. J. K., Quinn, N., 
Wagener, T., and Woods, R.: DECIPHeR v1: Dynamic fluxEs and ConnectIvity for 
Predictions of HydRology, Geoscientific Model Development, 12, 2285–2306, 
https://doi.org/10.5194/gmd-12-2285-2019, 2019. 

Coxon, G., Addor, N., Bloomfield, J. P., Freer, J., Fry, M., Hannaford, J., Howden, N. J. 
K., Lane, R., Lewis, M., Robinson, E. L., Wagener, T., and Woods, R.: CAMELS-GB: 
hydrometeorological time series and landscape attributes for 671 catchments in Great 
Britain, Earth System Science Data, 12, 2459–2483, https://doi.org/10.5194/
essd-12-2459- 2020, 2020. 

Coxon, R., G. ;Addor, N. ;Bloomfield, J. P. ;Freer, J. ;Fry, M. ;Hannaford, J. ;Howden, N. 
J.K. ;Lane, R. ;Lewis, M. ;Robinson, E. L. ;Wagener, T. ;Woods: Catchment attributes 
and hydro-meteorological timeseries for 671 catchments across Great Britain (CAMELS-
GB), , https://doi.org/10.5285/8344e4f3-d2ea-44f5-8afa-86d2987543a9, 2020. 

Dawkins, L. C., Osborne, J. M., Economou, T., Darch, G. J. C., and Stoner, O. R.: The 
Advanced Meteorology Explorer: a novel stochastic, gridded daily rainfall generator, 
Journal of Hydrology, 607, 127478, https://doi.org/10.1016/j.jhydrol.2022.127478, 2022. 

 

https://doi.org/10.5194/hess-19-2101-2015
https://doi.org/10.5194/hess-26-1755-2022
https://doi.org/10.1016/j.compag.2022.107516
https://doi.org/10.1016/j.jhydrol.2011.12.020
https://doi.org/10.1016/j.envsoft.2017.05.002
https://doi.org/10.5194/gmd-12-2285-2019
https://doi.org/10.5194/essd-12-2459-%202020
https://doi.org/10.5194/essd-12-2459-%202020
https://doi.org/10.5285/8344e4f3-d2ea-44f5-8afa-86d2987543a9
https://doi.org/10.1016/j.jhydrol.2022.127478


625 of 669 

Dobson, B., Coxon, G., Freer, J., Gavin, H., Mortazavi-Naeini, M., and Hall, J. W.: The 
Spatial Dynamics of Droughts and Water Scarcity in England and Wales, Water 
Resources Research, 56, e2020WR027187, https://doi.org/10.1029/2020WR027187, 
2020. 

Environment Agency: Meeting our future water needs: a national framework for water 
resources, 91, 2020. 

Environment Agency: Water resources planning guideline, 2022. 

Fowler, K. J. A., Peel, M. C., Western, A. W., Zhang, L., and Peterson, T. J.: Simulating 
runoff under changing climatic conditions: Revisiting an apparent deficiency of 
conceptual rainfall-runoff models, Water Resources Research, 52, 1820–1846, 
https://doi.org/10.1002/2015WR018068, 2016. 

Fowler, M., Cook, S., and Lumbers, J.: Practical experience in the successful 
implementation of optimisation systems for water supply management, Computing and 
Control for the Water Industry, 1999. 

Garcia, M., Portney, K., and Islam, S.: A question driven socio-hydrological modeling 
process, Hydrology and Earth System Sciences, 20, 73–92, https://doi.org/10.5194/
hess-20- 73-2016, 2016.

Guillod, B. P., Jones, R. G., Dadson, S. J., Coxon, G., Bussi, G., Freer, J., Kay, A. L., 
Massey, N. R., Sparrow, S. N., Wallom, D. C. H., Allen, M. R., and Hall, J. W.: A large set 
of potential past, present and future hydro-meteorological time series for the UK, Hydrol. 
Earth Syst. Sci. Discuss., 2017, 1–39, https://doi.org/10.5194/hess-2017-246, 2017. 

Hannaford, A., J. ;Mackay, J. ;Ascot, M. ;Bell, V. ;Chitson, T. ;Cole, S. ;Counsell, C. 
;Durant,M. ;Facer-Childs, K. ;Jackson, C. ;Kay, A. ;Lane, R. ;Mansour, M. ;Moore, R. J. 
;Parry,S. ;Rudd, A. ;Simpson, M. ;Turner, S. ;Wallbank, J. ;Wells, S. ;Wilcox: Hydrological 
projections for the UK, based on UK Climate Projections 2018 (UKCP18) data, from the 
Enhanced Future Flows and Groundwater (eFLaG) project, , 
https://doi.org/10.5285/1bb90673-ad37-4679-90b9-0126109639a9, 2022. 

Hannaford, J., Mackay, J., Ascott, M., Bell, V., Chitson, T., Cole, S., Counsell, C., 
Durant, M., Jackson, C. R., Kay, A., Lane, R., Mansour, M., Moore, R., Parry, S., Rudd, 
A., Simpson, M., Facer-Childs, K., Turner, S., Wallbank, J., Wells, S., and Wilcox, A.: 
eFLaG: enhanced future FLows and Groundwater. A national dataset of hydrological 
projections based on UKCP18, Earth System Science Data Discussions, 1–40, 
https://doi.org/10.5194/essd-2022- 40, 2022. 

Harrigan, S., Prudhomme, C., Parry, S., Smith, K., and Tanguy, M.: Benchmarking 
ensemble streamflow prediction skill in the UK, Hydrology and Earth System Sciences, 
22, 2023–2039, https://doi.org/10.5194/hess-22-2023-2018, 2018. 

https://doi.org/10.1002/2015WR018068
https://doi.org/10.5194/hess-20-%2073-2016
https://doi.org/10.5194/hess-20-%2073-2016
https://doi.org/10.5194/hess-2017-246
https://doi.org/10.5285/1bb90673-ad37-4679-90b9-0126109639a9
https://doi.org/10.5194/essd-2022
https://doi.org/10.5194/hess-22-2023-2018


626 of 669 

Haxton, C., T. ;Crooks, S. ;Jackson, C. R. ;Barkwith, A. K. A. P. ;Kelvin, J. ;Williamson, 
J. ;Mackay, J. D. ;Wang, L. ;Davies, H. ;Young, A. ;Prudhomme: Future flows hydrology 
data,, https://doi.org/10.5285/f3723162-4fed-4d9d-92c6-dd17412fa37b, 2012.

Hollis, D., McCarthy, M., Kendon, M., Legg, T., and Simpson, I.: HadUK‐Grid—A new UK 
dataset of gridded climate observations, Geosci Data J, 6, 151–159, 
https://doi.org/10.1002/gdj3.78, 2019. 

HR Wallingford: CCRA2: Updated projections for water availability for the UK, Final 
Report - Appendices, 2015.

Hydro-Logic Aquator XV User Guide Version 5, Hydro international, Clevedon, UK, 
2023. 

Kay, A. L., Griffin, A., Rudd, A. C., Chapman, R. M., Bell, V. A., and Arnell, N. W.: Climate 
change effects on indicators of high and low river flow across Great Britain, Advances in 
Water Resources, 151, 103909, 
https://doi.org/10.1016/j.advwatres.2021.103909, 2021. 

Kay, A. L., Lane, R. A., and Bell, V. A.: Grid-based simulation of soil moisture in the UK: 
future changes in extremes and wetting and drying dates, Environ. Res. Lett., 17, 
074029, https://doi.org/10.1088/1748-9326/ac7a4e, 2022. 

Keller, V. D. J., Tanguy, M., Prosdocimi, I., Terry, J. A., Hitt, O., Cole, S. J., Fry, M., 
Morris, D. G., and Dixon, H.: CEH-GEAR: 1 km resolution daily and monthly areal rainfall 
estimates for the UK for hydrological and other applications, Earth System Science Data, 
7, 143–155, https://doi.org/10.5194/essd-7-143-2015, 2015.

Kuczera, G.: Water supply headworks simulation using network linear programming, 
Advances in Engineering Software, 14, 55–60, https://doi.org/10.1016/0965-
9978(92)90084- S, 1992. 

Lane, R. A. and Kay, A. L.: Climate Change Impact on the Magnitude and Timing of 
Hydrological Extremes Across Great Britain, Frontiers in Water, 3, 2021. 

Lane, R. A., Freer, J. E., Coxon, G., and Wagener, T.: Incorporating Uncertainty Into 
Multiscale Parameter Regionalization to Evaluate the Performance of Nationally 
Consistent Parameter Fields for a Hydrological Model, Water Resources Research, 57, 
e2020WR028393, https://doi.org/10.1029/2020WR028393, 2021. 

Lane, R. A., Coxon, G., Freer, J., Seibert, J., and Wagener, T.: A large-sample 
investigation into uncertain climate change impacts on high flows across Great Britain, 
Hydrology and Earth System Sciences, 26, 5535–5554, https://doi.org/10.5194/
hess-26-5535-2022, 2022. 

https://doi.org/10.5285/f3723162-4fed-4d9d-92c6-dd17412fa37b
https://doi.org/10.1002/gdj3.78
https://doi.org/10.1016/j.advwatres.2021.103909
https://doi.org/10.1088/1748-9326/ac7a4e
https://doi.org/10.5194/essd-7-143-2015
https://doi.org/10.1016/0965-9978(92)90084-%20S
https://doi.org/10.1016/0965-9978(92)90084-%20S
https://doi.org/10.1029/2020WR028393
https://doi.org/10.5194/hess-26-5535-2022
https://doi.org/10.5194/hess-26-5535-2022


627 of 669 

Lewis, E., Quinn, N., Blenkinsop, S., Fowler, H. J., Freer, J., Tanguy, M., Hitt, O., Coxon, 
G., Bates, P., and Woods, R.: A rule based quality control method for hourly rainfall data 
and a 1 km resolution gridded hourly rainfall dataset for Great Britain: CEH-GEAR1hr, 
Journal of Hydrology, 564, 930–943, https://doi.org/10.1016/j.jhydrol.2018.07.034, 2018a. 

Lewis, E., Birkinshaw, S., Kilsby, C., and Fowler, H. J.: Development of a system for 
automated setup of a physically-based, spatially-distributed hydrological model for 
catchments in Great Britain, Environmental Modelling & Software, 108, 102–110, https://
doi.org/10.1016/j.envsoft.2018.07.006, 2018b. 

Lewis, E., Quinn, N., Blenkinsop, S., Fowler, H. J., Freer, J., Tanguy, M., Hitt, O., Coxon, 
G., Bates, P., Woods, R., Fry, M., Chevuturi, A., Swain, O., and White, S. M.: Gridded 
estimates of hourly areal rainfall for Great Britain 1990-2016 [CEH-GEAR1hr] v2, 2022. 

Lowe, J. A., Bernie, D., Bett, P., Bricheno, L., Brown, S., Calvert, D., Clark, R., Edwards, 
T., Fosser, G., Fung, F., Gohar, L., Good, P., Gregory, J., Harris, G., Howard, T., Kaye, 
N., Kendon, E., Krijnen, J., Maisey, P., McDonald, R., McInnes, R., McSweeney, C., 
Mitchell, J. F. B., Murphy, J., Palmer, M., Roberts, C., Rostron, J., Thornton, H., Tinker, J., 
Tucker, S., Yamazaki, K., and Belcher, S.: UKCP18 Science Overview Report, 73, 2018.

Manning, L. J., Hall, J. W., Fowler, H. J., Kilsby, C. G., and Tebaldi, C.: Using probabilistic 
climate change information from a multimodel ensemble for water resources assessment, 
Water Resources Research, 45, https://doi.org/10.1029/2007WR006674, 2009. 

Met Office, Hollis, D., McCarthy, M., Kendon, M., and Legg, T.: HadUK-Grid Gridded 
Climate Observations on a 1km grid over the UK, v1.1.0.0 (1836-2021), 
https://doi.org/10.5285/BBCA3267DC7D4219AF484976734C9527, 2022. 

Murgatroyd, A., Gavin, H., Becher, O., Coxon, G., Hunt, D., Fallon, E., Wilson, J., 
Cuceloglu, G., and Hall, J. W.: Strategic analysis of the drought resilience of water supply 
systems, Philosophical Transactions of the Royal Society A: Mathematical, Physical and 
Engineering Sciences, 380, 20210292, 
https://doi.org/10.1098/rsta.2021.0292, 2022. 

Murphy, J. M., Harris, G. R., Sexton, D. M. H., Kendon, E. J., Bett, P. E., Clark, R. T., 
Eagle, K. E., Fosser, G., Fung, F., Lowe, J. A., McDonald, R. E., McInnes, R. N., 
McSweeney, C. F., Mitchell, J. F. B., Rostron, J. W., Thornton, H. E., Tucker, S., and 
Yamazaki, K.: UKCP18 Land Projections: Science Report, 191, 2018.

https://doi.org/10.1016/j.jhydrol.2018.07.034
https://doi.org/10.1016/j.envsoft.2018.07.006
https://doi.org/10.1029/2007WR006674
https://doi.org/10.5285/BBCA3267DC7D4219AF484976734C9527
https://doi.org/10.1098/rsta.2021.0292


628 of 669 

National Infrastructure Commission: Preparing for a drier future, 31, 2018. 

Ofwat: The National System Simulation Modelling (NSSM) Project - Phase 2 Report - 
July 2022, 2022. 

Prudhomme, C., Haxton, T., Crooks, S., Jackson, C., Barkwith, A., Williamson, J., Kelvin, 
J., Mackay, J., Wang, L., Young, A., and Watts, G.: Future Flows Hydrology: an 
ensemble of daily river flow and monthly groundwater levels for use for climate change 
impact assessment across Great Britain, Earth System Science Data, 5, 101–107, 
https://doi.org/10.5194/essd-5-101-2013, 2013. 

Robinson, A. C., E. L. ;Blyth, E. M. ;Clark, D. B. ;Comyn-Platt, E. ;Rudd: Climate 
hydrology and ecology research support system potential evapotranspiration dataset for 
Great Britain (1961-2017) [CHESS-PE], , https://
doi.org/10.5285/9116e565-2c0a-455b-9c68- 558fdd9179ad, 2020. 

Rougé, C., Reed, P. M., Grogan, D. S., Zuidema, S., Prusevich, A., Glidden, S., 
Lamontagne, J. R., and Lammers, R. B.: Coordination and control – limits in standard 
representations of multi-reservoir operations in hydrological modeling, Hydrology and 
Earth System Sciences, 25, 1365–1388, https://doi.org/10.5194/hess-25-1365-2021, 
2021. 

Serinaldi, F. and Kilsby, C. G.: A modular class of multisite monthly rainfall generators 
for water resource management and impact studies, Journal of Hydrology, 464–465, 
528–540, https://doi.org/10.1016/j.jhydrol.2012.07.043, 2012. 

Shepherd, T. G., Boyd, E., Calel, R. A., Chapman, S. C., Dessai, S., Dima-West, I. M., 
Fowler, H. J., James, R., Maraun, D., Martius, O., Senior, C. A., Sobel, A. H., Stainforth, 
D. A., Tett, S. F. B., Trenberth, K. E., van den Hurk, B. J. J. M., Watkins, N. W., Wilby, R.
L., and Zenghelis, D. A.: Storylines: an alternative approach to representing uncertainty
in physical aspects of climate change, Climatic Change, 151, 555–571,
https://doi.org/10.1007/s10584-018-2317-9, 2018.

Smith, K. A., Barker, L. J., Tanguy, M., Parry, S., Harrigan, S., Legg, T. P., Prudhomme, 
C., and Hannaford, J.: A multi-objective ensemble approach to hydrological modelling in 
the UK: an application to historic drought reconstruction, Hydrology and Earth System 
Sciences, 23, 3247–3268, https://doi.org/10.5194/hess-23-3247-2019, 2019. 

Tallaksen, L. and Lanen, H. A. J. van: Hydrological drought. Processes and estimation 
methods for streamflow and groundwater, Elsevier, 2004. 

https://doi.org/10.5194/essd-5-101-2013
https://doi.org/10.5285/9116e565-2c0a-455b-9c68-%20558fdd9179ad
https://doi.org/10.5285/9116e565-2c0a-455b-9c68-%20558fdd9179ad
https://defra-my.sharepoint.com/personal/peter_drury_environment-agency_gov_uk/Documents/Desktop/,%20https:/doi.org/10.5194/hess-25-1365-2021
https://doi.org/10.1016/j.jhydrol.2012.07.043
https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.5194/hess-23-3247-2019


629 of 669 

Tanguy, J., M. ;Prudhomme, C. ;Smith, K. ;Hannaford: Historic Gridded Potential 
Evapotranspiration (PET) based on temperature-based equation McGuinness-Bordne 
calibrated for the UK (1891-2015), , https://doi.org/10.5285/17b9c4f7-1c30-4b6f-b2fe- 
f7780159939c, 2017. 

Tanguy, V. D. J., M. ;Dixon, H. ;Prosdocimi, I. ;Morris, D. G. ;Keller: Gridded estimates of 
daily and monthly areal rainfall for the United Kingdom (1890-2019) [CEH-GEAR], , 
https://doi.org/10.5285/dbf13dd5-90cd-457a-a986-f2f9dd97e93c, 2021. 

Thames Water: Draft WRMP24 – Section 4: Current and Future Water Supply, 2022. 

Tomlinson, J. E., Arnott, J. H., and Harou, J. J.: A water resource simulator in Python, 
Environmental Modelling & Software, 126, 104635, 
https://doi.org/10.1016/j.envsoft.2020.104635, 2020. 

Van Loon, A. F.: Hydrological drought explained, WIREs Water, 2, 359–392, 
https://doi.org/10.1002/wat2.1085, 2015. 

Van Loon, A. F., Stahl, K., Di Baldassarre, G., Clark, J., Rangecroft, S., Wanders, N., 
Gleeson, T., Van Dijk, A. I. J. M., Tallaksen, L. M., Hannaford, J., Uijlenhoet, R., Teuling, 
A. J., Hannah, D. M., Sheffield, J., Svoboda, M., Verbeiren, B., Wagener, T., and Van
Lanen,

H. A. J.: Drought in a human-modified world: reframing drought definitions, 
understanding, and analysis approaches, Hydrology and Earth System Sciences, 20, 
3631–3650, https://doi.org/10.5194/hess-20-3631-2016, 2016. 

Vanelli, F. M., Kobiyama, M., and de Brito, M. M.: To which extent are socio-hydrology 
studies truly integrative? The case of natural hazards and disaster research, Hydrology 
and Earth System Sciences, 26, 2301–2317, https://doi.org/10.5194/hess-26-2301-2022, 
2022. 

Wagener, T. and Pianosi, F.: What has Global Sensitivity Analysis ever done for us? A 
systematic review to support scientific advancement and to inform policy-making in earth 
system modelling, Earth-Science Reviews, 194, 1–18. 
https://doi.org/10.1016/j.earscirev.2019.04.006, 2019. 

Wagener, T., Gleeson, T., Coxon, G., Hartmann, A., Howden, N., Pianosi, F., Rahman, 
M., Rosolem, R., Stein, L., and Woods, R.: On doing hydrology with dragons: Realizing 
the value of perceptual models and knowledge accumulation, WIREs Water, 8, e1550, 
https://doi.org/10.1002/wat2.1550, 2021. 

Walker, G.: A critical examination of models and projections of demand in water utility 
resource planning in England and Wales, International Journal of Water Resources 
Development, 29, 352–372, https://doi.org/10.1080/07900627.2012.721679, 2013. 

https://doi.org/10.5285/17b9c4f7-1c30-4b6f-b2fe-%20f7780159939c
https://doi.org/10.5285/17b9c4f7-1c30-4b6f-b2fe-%20f7780159939c
https://doi.org/10.5285/dbf13dd5-90cd-457a-a986-f2f9dd97e93c
https://doi.org/10.1016/j.envsoft.2020.104635
https://doi.org/10.1002/wat2.1085
https://defra-my.sharepoint.com/personal/peter_drury_environment-agency_gov_uk/Documents/Desktop/,%20https:/doi.org/10.5194/hess-20-3631-2016
https://doi.org/10.5194/hess-26-2301-2022
https://doi.org/10.1016/j.earscirev.2019.04.006
https://doi.org/10.1002/wat2.1550
https://doi.org/10.1080/07900627.2012.721679


630 of 669 

Watts, G., Battarbee, R. W., Bloomfield, J. P., Crossman, J., Daccache, A., Durance, I., 
Elliott, J. A., Garner, G., Hannaford, J., Hannah, D. M., Hess, T., Jackson, C. R., Kay, A. 
L., Kernan, M., Knox, J., Mackay, J., Monteith, D. T., Ormerod, S. J., Rance, J., Stuart, 
M. E., Wade, A. J., Wade, S. D., Weatherhead, K., Whitehead, P. G., and Wilby, R. L.: 
Climate change and water in the UK – past changes and future prospects, Progress in 
Physical Geography: Earth and Environment, 39, 6–28, 
https://doi.org/10.1177/0309133314542957, 2015. 

Wens, M., Johnson, J. M., Zagaria, C., and Veldkamp, T. I. E.: Integrating human 
behavior dynamics into drought risk assessment—A sociohydrologic, agent-based 
approach, WIREs Water, 6, e1345, https://doi.org/10.1002/wat2.1345, 2019. 

Wessex Water: Water Resource Management Plan 2024 Main Technical Report, 2023. 

Wilby, R., Greenfield, B., and Glenny, C.: A coupled synoptic-hydrological model for 
climate change impact assessment, Journal of Hydrology, 153, 265–290, 
https://doi.org/10.1016/0022-1694(94)90195-3, 1994. 

Wilby, R. L.: Uncertainty in water resource model parameters used for climate change 
impact assessment, Hydrological Processes, 19, 3201–3219, 
https://doi.org/10.1002/hyp.5819, 2005. 

Wilby, R. L. and Dessai, S.: Robust adaptation to climate change, Weather, 65, 180–185, 
https://doi.org/10.1002/wea.543, 2010. 

Wilby, R. L. and Dessai, S.: Robust adaptation to climate change, Weather, 65, 180–185, 
https://doi.org/10.1002/wea.543, 2010. 

https://doi.org/10.1177/0309133314542957
https://doi.org/10.1002/wat2.1345
https://doi.org/10.1016/0022-1694(94)90195-3
https://doi.org/10.1002/hyp.5819
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543


 

Appendix 

Table A1 | Description, key characteristics, and references of observational climate data products 
 

Data Product Description Spatial & 
Temporal 
Resolution 

Spatial/ 
Temporal 
Coverage 

Uncertainty Key 
References 

HAD-UK 
RAINFALL 

Inverse distance weighted interpolation of 
Met Office national database of observed 
precipitation 

1km, daily United 
Kingdom
, 1891-
2022 

No 
uncertainty 
estimates 

(Watts et al., 
2015) 

CEH-GEAR 
RAINFALL 

Nearest neighbour interpolation of Met 
Office national database of observed 
precipitation 

1km, daily United 
Kingdom
, 1890-
2019 

Data on distance 
to closest rain 
gauge 

(Tanguy, 2021; 
Keller et al., 
2015) 

CEH-
GEAR1HR 
RAINFALL 

Nearest neighbour interpolation of a 
national database of hourly raingauge 
observations. These are then used to 
temporally disaggregate the CEH- GEAR 
daily rainfall. 

1km, hourly Great 
Britain, 
1990-2016 

Data on distance 
to 
closest rain 
gauge 
and quality 
indicators 

(Lewis et al., 
2018a, 2022) 

HYDRO-PE 
(FROM HAD-
UK 
GRID) 

Calculated from Had-UK meteorological 
data using the Penman-Monteith equation 
parameterised for a well-watered grass 
surface. 

1km, daily United 
Kingdom
, 1969-
2021 

Includes two PET 
products – with 
and 
without 
interception 
correction 

(Brown, 2022) 

CHESS-PE Calculated from CHESS-met 
meteorological data (downscaled from 
40km) using the Penman- Monteith 
equation parameterised for a well-watered 
grass surface. 

1km, daily Great 
Britain, 
1961-2017 

Includes two PET 
products – with 
and without 
interception 
correction 

(Robinson, 
2020) 

HISTORIC 
GRIDDED 
PET 

Calculated from temperature data 
using the McGuinness-Bordne 
equation. 

5km, daily United 
Kingdom
, 1891-
2015 

No 
uncertainty 
estimates 

(Tanguy, 2017) 

ENVIRONME
NT 
AGENCY PET 

Calculated from MIDAS data and gridded to 
1km. 
Calculated PET using the Penman-Monteith 
equation parameterised for a well-watered 
grass 

1km, daily England 
and 
Wales, 
1961- 
date 

Includes two PET 
products – with 
and 
without 
interception 

(Environment 
Agency 
Potential 
Evapotranspirati
on 



 

surface. correction Dataset, 2023) 

CAMELS-GB Catchment average timeseries derived from 
CEH- GEAR and CHESS-PE 

Catchment 
averaged, 
daily 

671 Great 
Britain 
catchmen
ts, 1970-
2015 

Includes two PET 
products – with 
and 
without 
interception 
correction 

(Coxon, 2020; 
Coxon et al., 
2020) 

 

  



 

Table A2 | Description, key characteristics, and references of modelled climate data products 
Data Product Spatial/ 

And 
Temporal 
Resolution 

Spatial/ 
Temporal 
Coverage 

Spatially/ 
Temporally 
Coherent? 

No. 
Ensemble 
Members 

Future Climate 
Uncertainty 

 

Bias 
Correction 
Applied? 

Refs 

UKCP18 
PROBABILIST
IC 
PROJECTION
S 

25km, 
monthly 

UK, 1961-
2100 

No 3000 Five emission 
scenarios (RCP2.6, 
RCP4.5, RCP6.0, 
RCP8.5,SRESA1B), 
multiple climate 
models, perturbed 
parameter ensemble 

No bias 
correction 
needed 

Murphy 
et al., 
2018 

UKCP18 
GLOBAL 
PROJECTION
S 

60km, daily Global, 1900- 
2100 

Yes 28 One emission 
scenario 
(RCP8.5), CMIP5 
Climate 
Models and Met 
Office 
Global Model, 
perturbed 
parameter ensemble 

Bias correction 
required, no 
bias 
corrected 
products 
available 

Murphy 
et al., 
2018 

UKCP18 
REGIONAL 
CLIMATE 
MODEL 

12km, daily UK, 1981-
2080 

Yes 12 One emission 
scenario (RCP8.5), 
one climate model 
(Met Office Regional 
Model), perturbed 
parameter ensemble 

Bias correction 
required, 
some bias 
corrected 
products 
available 

Murphy 
et al., 
2018 

UKCP18 
LOCAL 

2.2km, daily UK, Three 
time 
slices (1981- 
2000, 2021-
2040 
and 2061-
2080) 

Yes 12 One emission 
scenario 
(RCP8.5), one 
climate model 
(Met Office Regional 
Model) 

Bias correction 
potentially 
required, no 
bias 
corrected 
products 
available 

Murphy 
et al., 
2018 

MARIUS 
WEATHER@H
O 
ME 

25km, daily UK, Three 
time 
slices (1900- 
2006, 2020-
2049, 
2070-2099) 

Yes 100 One emission 
scenario 
(RCP8.5), one 
climate 
model, SST and sea 
ice 
sampling. 

Bias correction 
required, bias 
corrected 
products 
available 

Guillod 
et al., 
2017 



 

ATKINS 
STOCHASTIC
S 
DATASET 

>200 
locations, 
monthly 

England and 
Wales, 1950-
1997 

Within 
regions 

400 N/A Bias correction 
applied to data 

Atkins, 
2020 

AME 
STOCHASTIC
S 
DATASET 

5km, daily Greater 
Anglia, 
1914-2017 

Yes 1000 N/A N/A Dawkins 
et al., 
2022 

 

  



 

Table A3 | Description, key model characteristics and references of hydrological (HYD) and water resource system (WRS) models 
 

 

Model 
Name 

Year Spatial 
Repres. 

Driving Input 
Time Series 

Param
eters 
In 
Model 

Model 
Output 
(Time 
series) 

Operations 
In Model 

Access To 
Code 

Refs 

HY
D 

Grid-to-
Grid 

2009 Gridded Precipitation, 
Potential 
evapotranspirati
on 

5 Soil 
moisture, 
river flow 

Abstractions 
(Rameshwar
an et al. 
(2022) 

No Bell et al. 
2009 

DECIPHe
R 

2019 Semi-
distributed 

Precipitation, 
Potential 
evapotranspirati
on 

7 River flow - Github Coxon et 
al. 2019 

GR4
J/ 
GR6
J 

2017 Lumped Precipitation, 
Potential 
evapotranspirati
on 

4-6 River flow - R CRAN Coron et al. 
2017 

CATCH
MO D 

1994 Semi-
distributed 

Precipitation, 
Potential 
evapotranspirati
on 

5 River flow Abstractions 
and 
effluent 
return 

Python Wilby et al 
1994 

SHETRA
N- GB 

2018 Gridded Precipitation, 
Potential 
evapotranspirati
on 

35 River flow - Email Lewis et al. 
2018b 

W  

Aquator 2008 Network of 
source/dema
nd nodes 

River flow, 
Water 
demand, 
environmental 
flows 

182 Reservoir 
levels, 
energy/operat
io n costs, 
abstractions 

Water 
transfers, 
reservoirs, 
abstractions 

Commercial 
software 
package 

Oxford 
Scientific 
Software 
2008 

Pywr 2020  
Network of 
source/dema
nd nodes 

River flow, 
water demand, 
environmental 
flows 

11 Reservoir 
levels, 
energy/operat
io n costs, 
abstractions 

Water 
transfers, 
reservoirs, 
abstractions 

Github Tomlinson 
et al. 2020 



 

WREW 2020  
Network of 
source/dema
nd nodes 

River flow, 
water 
demand, 
environmental 
flows 

60 Reservoir 
levels, 
abstractions 

Water 
transfers, 
reservoirs, 
abstractions 

No Dobson et al. 
2020 

 

  



 

 

Table A4 | Description, key characteristics, and references of hydrological projections 
Data 
Product 

Spatial And 
Temporal 
Resolution 

Spatial And 
Temporal 
Coverage 

Climate 
Projections 

Hydrological And 
Groundwater 
Models 

Outputs Reference 

FUTURE 
FLOWS 

281 catchments, 
24 
boreholes 
Daily 

Great Britain 
1951-2098 

UKCP09 
Regional 
Climate Model 
Projections 

Hydrological 
(CERF, 
PDM, CLASSIC), 
Groundwater (R- 
Groundwater) 

River flows, 
groundwater 
levels 

Prudhomme et 
al., 2013 

EFLAG 200 catchments, 
54 
groundwater 
level 
boreholes and 
558 
groundwater 
bodies 
Daily 

Great Britain, 
1981-2080 

UKCP18 
Regional 
Climate Model 
Projections 

Hydrological (Grid-
to- 
Grid, GR4J, GR6J, 
PDM) Groundwater 
(Aquimod, 
ZOODRM) 

River flows, 
groundwater 
levels and 
recharge 

Hannaford et 
al., 
2022 

MARIUS 
DECIPHE
R 

338 catchments 
Daily 

England and 
Wales, 
1975-2004, 
2020- 
2049, 2070-2099 

MaRIUS 
Weather@Hom
e 
Climate 
Projections 

DECIPHeR River flows Dobson et al., 
2020 

MARIUS 
GRID-
TO- 
GRID 

1km gridded 
Monthly 

Great Britain, 
2000-2006, 
2020- 
2049, 2070-2099 

MaRIUS 
Weather@Hom
e 
Climate 
Projections 

Grid-to-Grid River flows 
and 
soil moisture 

Bell et al., 
2018 
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Abstract  
Indicators are important tools for tracking the socio-economic and environmental impacts 
of droughts as well as for checking progress in building resilience to future droughts under 
climate change. We begin with a synopsis of drought indicators used by the UK water 
sector to reduce disruption to supplies and harm to the environment. We explain how 
considerations of cost, immediacy, access, consistency, relevance, reliability, and others, 
have to be addressed when evaluating the suitability of information for new indicators. We 
then demonstrate the largely untapped potential of Google Trends (GT) search data and 
newspaper archives as resources for developing novel drought indicators in England and 
Ireland. We show that search terms such as “drought”, “water butt” and “hosepipe ban” 
were significantly correlated with conventional hydroclimatic data during the period 2011-
2022. There is also evidence of rising interest in water saving technologies and 
techniques, especially for outdoor water use. Meanwhile, search interest in Defra and the 
Environment Agency has declined and is more often associated with flood episodes than 
droughts. Similarly, interest in water companies in England is more likely to be associated 
with hosepipe bans than water leakage (although this varies by company). We discuss the 
implications of these findings for the development of public information campaigns, as well 
as for applying novel indicators to the monitoring of drought impacts in real-time. 

 

1. Introduction 
To measure is to manage – a principle that has been widely adopted by statutory- and 
non-statutory bodies alike. For instance, schools are graded on the basis of the quality of 
education provided, the behaviour, attitudes and personal development of pupils, amongst 
other criteria. Hospital quality indicators include the numbers of beds and types of service 
available, and nurse-to-patient staffing ratios. Railway companies are judged according to 
their safety and punctuality.  

The UK 25 Year Environment Plan is framed in a similar way. The Defra (2020) Outcome 
Indicator Framework has 66 metrics covering 10 main themes. These span air and water 



 

quality, natural resources, resilience, natural beauty, biosecurity, resource use, and 
international dimensions. The resilience theme has three indicators, including for example 
“F3 Disruption or unwanted impacts caused by drought. This is about reducing the risks of 
harm from natural hazards and falls under the headline of resilience to natural hazards1.” 
Table 1 reproduces details of this interim indicator and refers to the Supply Demand 
Balance Index (SDBI). This assesses how the supply-demand balance (water available for 
supply relative to forecast dry year demands) compares with what is set out in a water 
company's Water Resources Management Plan (WRMP) (Environment Agency, 2022). 
Water companies also have to provide related information about per capita consumption, 
outage, and leakage rates each year.  

Table 1 Defra (2020) indicator F3: Disruption or unwanted impacts caused by 595 
drought. Key words and phrases are highlighted for the purpose of discussion. 

 
Short description This indicator will focus on disruption to public water 

supply due to drought. Water companies have a statutory 
duty to produce a water resources management plan (WRMP) 
and drought plan. The WRMPs, prepared, published and 
maintained in accordance with provisions of the Water Industry 
Act 1991 and regulations and directions made under it, must 
set out how a company intends to maintain the balance 
between supply and demand for water over at least the next 25 
years. This includes how it will manage the increasing 
pressures on our water supplies from a growing population and 
climate change, whilst protecting the environment. Water 
company drought plans, also prepared, published and 
maintained under Water Industry Act 1991, set out the 
operational actions the water companies will take before, 
during and after a drought to maintain a secure supply of water. 
This indicator will track changes in a Supply Demand 
Balance Index (SDBI), which will be reported by all water and 
sewerage companies from summer 2022. The SDBI will be 
reported within annual reviews of the WRMPs and as part of 
the Environment Agency’s Environmental Performance 
Assessment (EPA) report. 

Relevant goal(s) in 
the 25 Year 
Environment Plan 

Reducing the risks of harm from environmental hazards 

Relevant 
target(s) in the 
25 Year 
Environment 

Ensuring interruptions to water supplies are minimised during 
prolonged dry weather and drought. 
Boosting the long-term resilience of our homes, businesses and 

 

 

 

1 Whether there are any ‘natural’ hazards is now questionable given the extent of human-
induced global change – but we shall overlook this oxymoron. 



 

Plan infrastructure 

Position in 
the natural 
capital 
framework 

Service/benefit 

Related 
reporting 
commitments 

Relevant to Sustainable Development Goals 11 and 13. Water 
and sewerage companies currently provide Security Of Supply 
Index (SOSI) data to the Environment Agency annually. This is 
published as part of the Environment Agency’s EPA report and 
is part of the water companies’ annual review of WRMPs. 

Geographical 
scope 

By water company area for those with customers wholly or 
mainly in England 

Readiness 
and links to 
data 

This indicator is not ready for reporting in 2020. 
SOSI data identifies whether water companies have a greater 
than planned risk of interruptions to public water supply during 
drought events. It illustrates those that need to take immediate 
action to increase resilience to the environmental hazard of 
drought. SOSI data is reported annually in the Environment 
Agency’s annual EPA report. 
From 2022, all water and sewerage companies will report a 
new, improved index (SDBI) annually. We will therefore use 
the SDBI as the metric for this indicator and report on it 
from 2023. 

Interim 
indicator (where 
applicable) 

Not applicable 

 

  

Other outcome indicators in the Defra (2020) framework cover aspects of freshwater and 
environmental quality but none of these explicitly refer to ‘drought’. Nonetheless, drought 
was mentioned by 13 out of the 61 risks and opportunities in the third UK Climate Change 
Risk Assessment (CCRA3) (Table 2). The majority of these have a UK urgency score of 
‘More action needed’. This means that new, stronger or different Government action, 
whether policies, implementation activities or enabling environment for adaptation, over 
and above those already planned, are beneficial in 65 the next five years to reduce climate 
risks or take advantage of opportunities (Climate Change Committee, 2021a:9). 

Table 2 Drought-related climate risks and opportunities identified by the CCRA3. 
Urgency is coded as: More action needed (red) or Further investigation (orange). 
Adapted from: Climate Change Committee (2021c). 

Indicator  Link to drought  

N6 Agricultural and forestry productivity  Decreased yields  



 

N11 Freshwater species and habitats  Loss of habitats, reduced species 
abundance  

N18 Landscape character  Changes in woodland, downland 
communities  

I6 Hydroelectric generation  Reduced hydropower output and revenues  

I8 Public water supplies  Reduced water availability  

H1 Health and wellbeing  Wildfire and air pollution  

H5 Building fabric  Shrink-swell of soils and subsidence  

H10 Health  Public water supply interruptions  

H11 Cultural heritage  Damaged buildings, archaeological sites, 
parks  

H13 Delivery of education and prison 
services  

Overheating of buildings  

B3 Business production processes  Interruptions to water supplies  

B6 Disruption to business supply chains 
and distribution networks  

Insurance pay outs linked to drought 
indices  

ID1 UK food availability, safety and quality  Decreased yields  

 

The Climate Change Committee (2021b) used 49 indicators to Report Progress to 
Government of which eight were drought-sensitive or drought-related. These were: (1) 
condition of freshwater Sites of Special Scientific Interest in England; (2) status 
classifications of surface water bodies in England under the Water Framework Directive; 
(3) water temperature anomalies in Southern and Northern England (Figure 1); (4) 
weighted average water consumption per capita for households in England 2005-2020 and 
forecast to 2044-45; (5) proportion of properties with water meters from 1999-00 to 2019-
20; (6) mid-century supply-demand balance for UK Water Resource Regions; (7) late-
century supply-demand balance for UK Water Resource Regions; (8) total leakage for all 
water companies from 2000-01 to 2019- 20 against future commitments. Supporting 
analyses by ADAS (2019; 2021) confirm that the underpinning evidence base requires 
strengthening for many of these risks. 



 

Figure 1 Water temperature (Tw) index for Northern (left) and Southern (right) 
England showing annual variance from the long-term mean. Sources: Climate 
Change Committee (2021); Wilby and Johnson (2020)  

  



 

CCRA3 refers to the National Water Framework for Water Resources because it sets out 
seven steps to better understand and prepare for water needs to 2050 (Box 1). As 
highlighted, these will require information on the incidence of rota cuts and standpipes; 
amounts of water abstraction; per capita water usage; leakage rates; use of drought 
permits and orders; increased water supplies; and water transfers. Others have developed 
indicators of physical climate risks to the UK, including the proportion of time under severe 
hydrological drought (Arnell et al., 2021) based on standard drought indices (Bachmair et 
al., 2016a; Hannaford et al. 2023, this issue). However, relatively little attention has been 
given to the socio-ecological responses to present and projected droughts (Wilby, 2020). 
An indicator on ‘Total annual spend on resilience measures by all water companies’ was 
reviewed by ADAS (2019) but not included in the final set of metrics reported by the 
Climate Change Committee (2021b). Moreover, it has been noted that “…while impacts 
are often used to define drought, in the UK this is usually undertaken in hindsight rather 
than actively monitored and reported publicly…” (Hannaford et al., 2019:56). 

 

Hence, there are gaps in national capability to (1) track impacts of past and present 
droughts; as well as (2) monitor progress in building resilience to future drought risks. This 
paper considers how novel indicators – based on print media and online searches – could 
be deployed to meet these challenges and support water planning. The next section 
begins by setting out the desirable properties of a (drought) risk indicator. This is followed 
by an appraisal of recent advances in the use of data from online searches to monitor 

Box 1 Role of regional planning in the National Water Framework for Water 
Resources. Source: Environment Agency (2020:6) 

Increasing resilience to drought – so that restrictions such as rota cuts and 
standpipes are needed no more than once every 500 years on average by the 
2030s 
Delivering greater environmental improvement – by considering changes to 
water abstractions, beyond those already identified in water company plans, that will 
deliver a sustainable abstraction regime across all sectors 
Long-term reductions in water usage – through adopting a planning assumption 
of achieving, on average, 110 litres per person, per day, of water use by 2050 while 
also reducing non-household demand 
Leakage reduction – through delivery of the industry’s target to reduce leakage by 
50% by 2050 
Reducing the use of drought permits and orders – by understanding the 
environmental risk of each measure and using them less frequently, particularly at 
sensitive water sources or habitats 
Increasing supplies – by exploring a range of options, such as reservoirs, water 
reuse schemes and desalination plants; considering the potential for developing and 
sharing supplies with other sectors; and through work to improve water 
management in catchments 
Moving water to where it’s needed – by fully exploring all opportunities for water 
transfers, within and between regions, of different scales and lengths. 



 

spatiotemporal awareness of drought. We then review the emerging use of newspaper 
and documentary analysis to uncover past droughts and their impacts. These two 
elements are bought together in a pilot study of coincident search terms and drought 
impacts in England and Ireland within the period 2011 to 2022. These countries were 
chosen for comparative purposes and to limit the possibility of contrasting drought/non-
drought conditions over larger areas (such as the UK as a whole). Finally, we discuss 
future possibilities for developing more nuanced indicators of drought impacts and societal 
awareness, in near real-time. 

 

2. Novel indicators of drought 
According to ADAS (2021) indicators can be used to assess trends in (1) risk factors 
(hazard, vulnerability and exposure); (2) impacts (across various sectors and 
administrative units); (3) resilience and adaptation actions (input and output). As noted 
before, some drought risk factors and a few climate change impacts are covered by 
existing indicator sets (Table 2). However, less is known about the attendant social and 
environmental impacts and responses to droughts.  

When developing new hydroclimatic indicators, it is helpful to refer to a checklist of 
desirable properties (Table 3). Ideally, the underpinning data are benchmarked in some 
way to enable consistent comparisons over time and space. Climate risk or resilience 
indicators should be sensitive to primary hydro-meteorological variables such as 
temperature, rainfall, solar radiation, atmospheric humidity and wind speed. The link 
should be direct and physically-sensible, without intermediate or confounding factors. Data 
should be freely available, routinely and quickly updated, plus economically feasible to 
sustain over decades. Long-term, quality assured indicator series are needed to discern 
emergent trends within (often) ‘noisy’ data sets. Finally, indicators should be interpretable 
by decision-makers and planners, as well as resonate with public interest. By satisfying 
these conditions, there is scope for the publication of indicators that can track changes in 
drought impacts and awareness over time, as well as offer useful insights for their 
management.  

Table 3 Desirable properties of climate risk and resilience indicators. Informed by: 
603 DETR (1999) and Ekström et al. (2018). 
Property Explanation 
Benchmarked Changes in the indicator are always compared with the 

same reference case, such as a baseline reporting period 
of 1961-1990. 

Sensitive to climate Variations in the indicator are associated with physically-
plausible climate drivers, such as between air and river 
water temperatures. 

Relevant to decisions The indicator describes conditions that are relevant to 
planners, such as changes in per capita water 
consumption over time. 



 

Based on long series Long series are helpful for distinguishing between short-
term variations and long-term trends, as with the NHMP 
Outflow Series. 

Based on open data Data used to develop and update indicators are openly 
and freely available, such as those from the CEH UK 
Water Resources Portal. 

Based on reliable 
data 

Data used to support the indicator are quality assured with 
good meta data, such as groundwater levels from the 
British Geological Survey. 

Readily updated Data underpinning the indicator are routinely updated with 
limited latency, such as HadUKP which is published within 
just a few days. 

Affordable to maintain Costs are low/ economically justified for long-term data 
collection and reporting, such as for routine water resource 
monitoring and outlooks. 

Few confounding 
factors 

Variations in the indicator are driven primarily by climatic 
factors, such as heightened demand for irrigation during 
periods of low rainfall. 

Public resonance Variations and trends in the indicator raise awareness or 
chime with public concerns, such as around water 
distribution leakage rates. 

2.1. Analysis of online search terms  
Google Trends (GT) is a publicly available tool that allows users to analyse the relative 
popularity of search terms over time. It provides data on the number of Google searches 
for a particular term that can be used to track changes in search volume for any topic. The 
data are anonymized, categorized and aggregated allowing users to gauge interest in 
search terms or topics at global to city-scales (assuming sufficient search volumes are 
available). Providing absolute search information would return billions of entries every day 
which would not be feasible to describe. Therefore, data are presented as a proportion of 
all searches on all topics on Google for the specified period and geographic unit, in a way 
that accounts for the changing numbers of interest users through time. GT has two filters 
for real-time and historical datasets. Real-time gives searches covering the past seven 
days, compared with non-real time, which is a sample of the entire Google dataset from 
year 2004 to 36 hours ago. This offers scope for following public interest in droughts and 
their impacts in near real-time (as in de Brito et al., 2020).  

However, GT does have limitations. Although data aggregated by GT are referenced by 
geographical area, searches made by users may be for events that are taking place or 
have occurred in places remote from the physical location of the internet browser. For 
example, by using Google to search for information about “drought” in Australia, a 
Loughborough-based user would add to England counts of searches on the topic of 
drought. In other words, counts reflect the geographic location of the searcher rather than 
the search topic. Hence, this effect may confound associations. Moreover, spikes in 
search volumes for drought could be driven by other factors such as media coverage in 
another country or totally unrelated issues, for example, England-based searches for the 
lyrics of the Beyoncé song ‘Love Drought’.  



 

Despite these recognized limitations, there has been much uptake of GT in hydroclimatic 
research. For instance, Kam et al. (2019) used GT to analyse decay patterns in drought 
interest, whereas Kim et al. (2019) tracked drought awareness at regional and national 
scales across the United States by comparing search interest with data from the US 
Drought Monitor. Similarly, Park et al. (2022) found that spikes in public interests in 
drought depend on drought intensity. Others have used GT to investigate growing public 
health concerns about micropollutants in waste, surface or ground water in the UK 
(Mavragani et al., 2016); or around heat-health vulnerabilities in Ireland (Paterson and 
Godsmark, 2020). At the other hydrological extreme, Thompson et al. (2020) 
demonstrated that GT could help evaluate flooding in places (Kenya and Uganda) where 
formal hydro-meteorological data are scarce.  

2.2. Analysis of newspaper articles  
There is growing interest in the use of newspapers archives (Dayrell et al., 2022; Murphy 
et al., 2017; Noone et al., 2017; van der Schrier et al., 2021), documentary sources 
(Brázdil et al., 2018), and social media (Antwi et al., 2022) to investigate past droughts and 
their impacts. Such techniques have even enabled the (re)discovery of otherwise forgotten 
extreme events (e.g., Murphy et al., 2020). 

The Irish Drought Impacts Database (IDID) (Jobbová et al., 2023) provides a catalogue of 
historical drought impacts compiled from print media covering the period 1733-2019. The 
IDID comprises more than 11,000 drought impact reports, identified and categorised 
through systematic searches of the Irish Newspaper Archives (INA) 2 using key terms such 
as “drought” and “droughts”. The INA provides a good sample of national and regional 
print media from at least 50 titles annually covering the majority of Irish counties but is not 
an exhaustive database of all Irish newspapers. Identified newspaper reports were 
individually examined to remove irrelevant articles, such as those referring to the surname 
“Drought” or a “scoring drought” in sporting terms. Remaining articles were then grouped 
into 15 drought impact categories using a modified version of the impact categories 
developed as part of the European Drought Impact Inventory (Stahl et al., 2012). This 
includes agriculture and livestock farming, forestry, energy and industry, tourism and 
recreation, public water supply (PWS), water quality, freshwater ecosystem (habitats, 
plants and wildlife), terrestrial ecosystem (habitats, plants and wildlife), soil systems, 
wildfires, air quality, and human health. The date of impact, date of report, newspaper title, 
associated drought categories and sub-categories, location of impact (local area, county, 
region), timing of impacts and relevant quotations from the article are provided for each 
impact (where available) in the IDID. Hence, the dataset provides detailed information 

 

 

2 https://www.irishnewsarchive.com/  

 

https://www.irishnewsarchive.com/


 

about the temporal and geographic extent of drought events, their socio-economic context, 
impacts and responses. 

Although the IDID provides valuable information on drought impacts the database has 
several limitations (Jobbová et al., 2023), including changing frequencies of publication, 
variations in life span and spatial coverage of newspaper titles in the INA. For our period of 
analysis, the annual number of newspapers in the INA remains stable at more than 60 
titles. However, a predominance of regional newspapers in some counties and larger 
centres of population may create biases through increased reporting in these areas. While 
the IDID includes Northern Ireland, there are fewer titles there relative to the Republic. 
More broadly, use of newspaper records for investigating drought may be prone to other 
biases such as reporting of impacts subject to editorial judgements about what is 
newsworthy at the time and alongside other stories. The number of impact reports also 
varies markedly between impact categories and is dominated by articles about agriculture 
and livestock and public water supplies. No doubt this reflects the importance of these 
sectors in Ireland, but the focus also reflects what is considered as important from a 
journalistic perspective so should not be considered a comprehensive representation of 
wider drought impacts. Despite these limitations the IDID has been shown to closely relate 
to quantitative meteorological and hydrological drought metrics in Ireland (O’Connor et al., 
2022a;b; Jobbová et al., 2023).  

Here, we use impact reports from the IDID for the period concurrent with GT data (2011-
2019). This includes 178 reports across the impact categories (Figure 2). The significant 
impact of the summer 2018 drought is immediately apparent from the spike in reports 
during this period. Overall, the most frequent impacts were recorded for agriculture and 
livestock and PWS categories, with the most frequently recorded sub categories, 
representative of the type of impact identifiable in the given article, being reduced crop 
productivity for the former and local water supply shortages for the latter. Notably, nine 
categories had fewer than 10 impact reports so were excluded from further analysis. 

 

Figure 2 Total monthly IDID drought impact reports, by month of impact, across all 
categories during the period 2011-2019. 



 

 

 

 

 

3. Pilot study 
3.1. Data and methods 
Here, we demonstrate the application of GT and a newspaper archive to the analysis of 
societal and environmental impacts of droughts in England and Ireland. Following 
Hannaford et al. (2019), we are particularly interested in the feasibility of using these 
resources as near real-time (rather than retrospective) indicators of drought impacts. 
Others have also called for “a better framing of drought as a coupled dynamic between the 
environment and society”, with greater emphasis on indicators for drought monitoring and 
in early warning systems (Bachmair et al., 2016b: 516).  

GT allows the comparative analysis of up to five search terms. We began by exploring 
detailed variations in search interest for broad terms such as “drought”, “heatwave”, and 
“hosepipe” over the period 2018 to 2022 as these years bracket three notable events (in 
2018, 2020, and 2022) across the GT geographic domains of England and Ireland. We 
then evaluated a set of 25 terms, clustered into five thematic groups, each with five terms 
(Table 4). For example, our ‘Household’ group has search terms: “dual flush toilet”, “grey 
water”, “tap aerator”, “water butt”, and “watering can”. Our initial choice of terms was 
informed by trial and error, as well as by reference to previous studies (e.g., Lee et al., 
2022). Terms considered but subsequently excluded due to small sample sizes were: 
“bottled water”, “desalinisation”, “drought index”, “Drought Order”, “river flow”, “runoff”, “soil 
moisture”, “water abstraction”, “water cycle”, “water deficit”, “water demand”, “water 



 

pricing”, and “water stress”. Other terms – such as “river level” – were excluded because 
they more often associated with floods than droughts.  

Table 4 Groups of search terms. Those with greatest interest in each group during 
2018 to 2022 are highlighted in bold. Note that Group 2 organisations were changed 
for equivalent organisations in Ireland. 
 
Group 1 
Households 

Group 2 
Organisations 

Group 3 
Impacts 

Group 4 
Regulation 

Group 5 
Hydrological 

Dual flush 

toilet  

Grey 

water  

Tap aerator 

Water butt 

Watering can 

Defra 
Environment 
Agency 
Ofwat SEPA 

Water 
company 

Algae bloom 

Heath fire 

Subsidence 

Water leak 

Water 
shortage 

Hosepipe ban 

Water 

customer 

Water meter 

Water supply 

Water use 

Groundwater 

Infiltration  

Irrigation 

system 

Water 

evaporation 

Water 
management 

 

Monthly GT search interest data were then downloaded separately for the 25 terms in 
Table 4 for the period 2011 to 2022, for England and Ireland separately. This ensures that 
each term is self-calibrated within the range 0 (no search interest) through to 1 (the month 
with greatest search interest). Extracted series were detrended by the method of 
differencing, whereby a new series is created by taking the difference in GT values 
between successive months. These detrended series were then cross-correlated with 
others in the group, across the set as a whole, as well as with two hydroclimatic indices for 
England (Met Office HadUKP monthly precipitation series3 and the National Hydrological 
Monitoring Programme [NHMP] Outflow Series4) as well as the newspaper report counts 
for Ireland. Critical values for the Pearson correlation coefficient (rcrit) were adjusted using 
the Bonferroni correction given the large number of correlation tests performed. For 
instance, when performing 50 separate correlation tests, rcrit increases from 0.16 (p=0.05) 
to 0.27 (p=0.001) for a sample size N=144 months and a two-tailed test. 

The same 25 GT interest search terms were assessed for the domain of Ireland but the 
England government agencies listed in Group 2 were replaced with Irish equivalents (i.e. 

 

 

3 https://www.metoffice.gov.uk/hadobs/hadukp/data/download.html  

 
4 CEH National River Flow Archive, pers. comm. 

https://www.metoffice.gov.uk/hadobs/hadukp/data/download.html


 

Department of Environment, Environmental Protection Agency [EPA], Commission for 
Regulation of Utilities [CRU], Northern Ireland Environment Agency [NIEA] and Irish 
Water) for the period 2011-2019. Counts of monthly drought impact reports – based on 
date of impact rather than of publication – were extracted from the IDID for the most 
common impact categories (i.e., agriculture and livestock, PWS, freshwater ecosystems, 
and wildfires). Both datasets were detrended using the method of differencing, and 
resultant series cross-correlated. The GT search terms that correlated significantly with the 
selected IDID categories were then identified, firstly using the rcrit value of 0.19 (p=0.05) 
and then a more stringent (p=0.001) Bonferroni corrected rcrit value of 0.33 (sample size 
N=108; two-tailed test). All four categories showed significant correlations with at least one 
GT interest term, with the most strongly correlated terms being “hosepipe ban”, “water 
shortage” and “water butt” (in that order). Detrended series for these GT search terms 
were subsequently plotted against impact reports to visualize their association. 

3.2. Results  
3.2.1. Overview  

The findings of the GT and newspaper archive analysis are presented in three stages. 
First, the relative interest and intra-annual phasing of key search terms are described. 
Second, multi-annual trends and correlations amongst terms are presented. Third, the 
strongest associations between GT interest versus hydroclimatic indices for England and 
droughts impacts in Ireland were identified.  

Over the periods 2018‒2022 and 2011‒2022 there was more interest in “heatwave” than 
“drought” with search volumes 69-72% and 28-31% of the totals respectively in the four 
nations of the UK (compared with a more even divide of 42-60% and 40-58% across 
regions of Ireland). Interest in “hosepipe ban” in England spiked in April 2012, July 2018, 
and August 2022, coinciding with actions taken by water companies to preserve stocks at 
those times (Figure 3). The largest spike in the Ireland series occurred in July 2018 – the 
month when a state of absolute drought was declared in the Republic because there had 
been no rainfall at the vast majority of weather stations in the previous 14 days.  

Figure 3 GT interest in search terms “drought” (yellow line), “heatwave” (red line), 
and “hosepipe” (blue line) in Ireland, England (and the UK) during the years 2011 to 
2022, having normalized across the period as a whole. Note that GT system changes 
were made to data collection in 2016 and 2022. (Top to bottom: Ireland, England, 
UK) 

 



 

 

 

 

3.2.2. Droughts in England  

There were subtle variations in the timing of peak interest within and between years 
(Figure 4). In England, this was most marked during summer 2022 when interest in the 
record-breaking heatwave5 peaked in 17-23 July, a few weeks before greatest interest in 
drought (and hosepipe bans) in 7-13 August. Conversely, in 2018 and 2020, peak interest 
in drought (and hosepipe bans) preceded peak interest in the heatwave due to 
exceptionally dry conditions in June and spring respectively. Hence, the GT data appear 
capable of detecting and discriminating variations in the temporal evolution of the two 
hazards between years. 

Other trends emerge over the longer-term amongst some of the 25 search terms (Figure 
5). Overall, “hosepipe ban” (Group 4) attracts most interest but this is highly episodic. 
Within other groups the most popular terms were “water butt” (Group 1), “Environment 
Agency” (Group 2), “water leak” (Group 3), and “water management” (Group 5). Strong 
upward trends are evident in the volume of searches for all household terms (Group 1), 
but most notably for “dual flush toilet”, “grey water” and “tap aerator”. Interest in “water 
butt” and “watering can” increased too but is highly seasonal with clear summer maxima. 
Search interest in organisations (Group 2) is generally waning with notable declines for 
“Defra” and the “Environment Agency”. However, intervening spikes of interest during 
winters 2013/14, 2015/16 and 2019/20 coincided with major flood episodes. Interest in 
impacts (Group 3) has risen most for “water leak” but there are also spikes in search 
volumes for “water shortage”. All regulation terms (Group 4) show a strong increase 

 

 

5 A new record temperature of 40.3 °C was set on 19 July 2022 at Coningsby, England. 



 

(except “hosepipe ban”) with significantly more interest in “water use” and “water meter” in 
2022 than in 2011. Search volumes for hydrological terms were comparatively low and 
noisy apart from “irrigation system” which is highly seasonal and typically peaks in May to 
July.  

Within groups, there were significant (p = 0.001) correlations amongst detrended search 
data for “water butt” versus “watering can” (r = +0.60); “water leak” versus “water shortage” 
(r = +0.52); “water meter” and “water use” (r = +0.52); and “infiltration” versus “water 
evaporation” (r = +0.47). Other significantly correlated pairs of terms were: “grey water” 
versus “water butt” (r = +0.55); “heath fire” versus “water shortage” (r = +0.46); “hosepipe 
ban” versus “water use” (r = +0.48); and “groundwater” versus “evaporation” (r = +0.39). 
Across all search terms, the strongest correlations were for “hosepipe ban” versus “water 
butt” (r = +0.72); “hosepipe ban” versus “water company” (r = +0.69); “water shortage” 
versus “water supply” (r = +0.65); and “watering can” versus “irrigation system” (r = +0.65). 
However, inspection of these associations reveals they are dominated by a few outliers 
(Figure 6). For example, when there is high interest in hosepipe bans people are also 
searching for information about water butts – presumably as an adaptation measure. 
Similarly, the strong association between watering can and irrigation system could reflect 
concerns about dry soils and damage to garden plants/ crops.  

 

  



 

Figure 4 As in Figure 3 but for England during years 2018 to 2022, normalized over 
this period as a whole. Note the data collection system changed from 1/1/22. (Top to 
bottom: 2018, 2019, 2020, 2021, 2022, 2018-2022). 

 

 

 

 

 

 



 

Figure 5 Illustrative trends and associations amongst GT search volumes around 
“households” (grey water, water butt, watering can), “organisations” (Environment 
Agency, SEPA), “impacts” (water leak, water shortage), “regulation” (hosepipe ban, 
water supply), and “hydrological” (irrigation system, water management) terms in 
England over the period 2011 to 2022. Changes in comparative volumes are also 
given for the most popular terms in each group (lower right panel). 

 

 



 

 

 



 

 

 
  



 

Figure 6 Correlations (r) in GT interest amongst drought-related search terms for the 
UK over the period 2011 to 2022. All data have been detrended. 

 

Next, we investigated associations between GT search volumes, hydrometric indices for 
England (coincident and lagged in time), and documented impacts in Ireland. The 
strongest negative correlations were between lag-1 monthly England and Wales 
Precipitation (EWP) and “water butt” (r = -0.42), “watering can” (r = -0.28), “heath fire” (r = -
0.28), and “irrigation system” (r = -0.31); the only significant positive correlation was for 
“Environment Agency” (r = +0.27). The strongest negative correlations with the non-lagged 
monthly England Outflows series were also for “water butt” (r = -0.45), “watering can” (r = -
0.32), “heath fire” (r = -0.23) and “irrigation system” (r = -0.40). The strongest positive 
correlations were for England outflows and “Environment Agency” (r = +0.51), and 
“groundwater” (r = +0.38).  

Inspection of the data for selected search terms suggests non-linear associations with the 
rainfall and runoff series (Figure 7). For instance, search volumes for “drought” increase 



 

markedly when the EWP total for the previous month is <50 mm, or when England 
outflows for the concurrent month are <500 m3/s. Interest in “irrigation system” falls 
dramatically when the monthly mean outflow is >1000 3/s. As noted previously, greatest 
interest in the “Environment Agency” is during episodes of high outflow.  

Figure 7 Associations between EWP (lag 1) and England outflows versus GT search 
interest in “drought”, “irrigation system”, and the “Environment Agency” during the 
period 2011 to 2022. 



 

 



 

 

 

 

3.2.3. Droughts in Ireland  

In Ireland, the terms “hosepipe ban”, “water shortage”, and “water butt” were most strongly 
linked to the number of newspaper reports about drought impacts on agriculture/livestock, 
PWS, freshwater/terrestrial, soils, and wild fires (Figure 8). As before, these associations 
tend to be dominated by a small number of outliers. Nonetheless, GT terms such as 
“hosepipe ban” are a good proxy for high historical interest by (print) media in agricultural/ 
livestock and PWS. Presumably, this interest is being driven by a common factor – severe 
drought (notably in summer 2018).  



 

Two other points emerge from this analysis. First, the correlation between the GT data for 
“hosepipe ban” and each of the IDID categories was strong (r > 0.7) relative to other terms 
– as evidenced by the steeper gradients for this term in Figure 8. Second, agriculture and 
livestock, and PWS are prominent because of the greater number of impact reports within 
the period 2011-2019 when compared with all other categories (which had less than 10 
articles each in the same period).  

Figure 8 Associations between GT interest in “water butt”, “water shortage”, and 
“hosepipe ban” versus the number of drought impact articles (for IDID categories 
with >10 articles) in Ireland during the period 2011 to 2019. Note that impact article 
counts and GT interest values were detrended. 

 
 



 

4. Discussion 
This preliminary analysis shows the potential for relating GT search interest around 
drought terms with quantitative indicators of water availability and impacts – here 
demonstrated using available national precipitation and outflow series for England and 
counts of newspaper reports of selected drought impacts in Ireland.  

The GT data since year 2011 reveal upward trends in search interest around several 
themes, most notably for “grey water”, “water leak”, “water meter”, and “water use”. This 
suggests that searches have been focused more on outdoor water saving rather than 
indoor measures (as the interest volumes decrease from water butt > watering can > grey 
water > dual flush toilet/ tap aerator > water saving shower head). The interest in some 
search terms (“water butt” and “irrigation system”) are also weakly but significantly 
correlated with national precipitation and runoff series for England. For Ireland, there were 
no significant correlations between GT search terms and total monthly precipitation values, 
derived from the recently updated Island of Ireland Precipitation series (Murphy et al., 
2018; Noone et al., 2016).  

Insights from this analysis that are potentially relevant to water authorities, policy-makers, 
and water companies are: 

• Rising search interest in water saving technologies suggests a growing 
awareness of household-level solutions to water scarcity during droughts;  

• Greater search interest around outdoor water saving measures than indoor 
measures may signal opportunities for more targeted public information 
campaigns;  

• Search interest in Defra and the Environment Agency is more associated with 
floods than droughts, hence public relations teams might consider ways of 
improving awareness of roles played by these organisations during droughts;  

• Search interest in water companies in England is more likely to be associated 
with hosepipe bans than water leakage (although this varies by company).  

These findings could also lead to the development of novel indicators to inform drought 
management and water resource planning. For instances, real-time GT data on searches 
for outdoor water saving and use (i.e., water butts and cans, grey water) plus irrigation 
systems might track the rising severity of a meteorological drought. Our evidence from 
Ireland suggests that these terms could also reflect real-time impacts on agriculture, 
livestock and PWS, as well as harm to natural freshwater and terrestrial environments. 
Rising volumes of searches about water leakage and metering, paired with water use and 
shortages, may signal greater public awareness of the links between these issues and 
hence scope for policy interventions. This could be a manifestation of evolving notions of 
water consumer rights and responsibilities (Taylor et al., 2009). Variations in the phasing 
of relative interest in drought and heatwave may also capture shifting societal concerns 
during an event –signatures that are unique to each heat-drought episode. Water 
companies might note that searches for their names (principally Thames Water, Southern 
Water, Anglian Water, Severn Trent Water, Yorkshire Water) frequently associate with 
interest in hosepipe bans and meters.  



 

GT data appear to cover most of the desirable attributes for an indicator given in Table 3. 
Search volumes are benchmarked (individually or relative to other terms); sensitive to 
hydroclimatic conditions (as evidenced by correlations with rainfall and runoff); based on 
free and open data that are updated in real-time; reflective of changes in public interest 
and awareness; and yield insights that are decision-relevant (around messaging, 
marketing, and water consumer behaviour). However, although GT data are available from 
2004, there have been several unspecified system changes since then (most recently on 1 
January 2022) so the homogeneity of GT output is uncertain. Information seeking 
behaviour is shaped by many factors, such as prior knowledge and characteristics of the 
subject matter or product (Jun et al., 2018). Hence, there a raft of factors that potentially 
confound interpretations. On this basis, GT data would score ~7/10 against the criteria 
listed in Table 3.  

Our initial findings and suggestions should be treated with caution because of other 
specific shortcomings of GT data. For example, particular search terms can have multiple 
meanings: “runoff” cannot be included because of links to electoral runoffs (in the US State 
of Georgia, and Senate); and “showering” is biased by searches for Nic Showering (one of 
The Apprentice 2022 contestants). Some data are even available for misspelt terms such 
as “drout”! The term “water cycle” has strong intra-annual variations that might be 
attributable to school coursework and examinations. As might be expected there are 
relatively few searches and hence robust data for technical terms like river pollution, water 
saving, water level, and public water supply. The geographical domain reflects the location 
of the searcher rather than the subject matter. Finally, it must be kept in mind that public 
interest in a drought-related topic –such as water saving devices for the home or leakage 
from the water distribution network – does not necessarily translate into changes in 
behaviour or expenditure.  

Despite these reservations our analysis shows the potential for GT data to inform drought 
management and water planning. The UK still lacks a one-stop-shop, public domain, 
environmental indicator set because the need to make an economic case remains a 
persistent obstacle. Nonetheless, techniques are being developed for valuing climate 
services, including when building climate resilience (Watkiss et al., 2021). Some assert 
that resilience metrics and indicators are important tools for tracking risks and climate 
actions (Wilby, 2020). Others claim that the things we really care about are not always 
quantifiable: Measurement requires stopping the action, getting outside of it and holding it 
up against a yardstick, exactly the opposite of the activity that would create products or 
ship them, make customers happy or move our business forward in any way (Ryan, 2014). 
However, we assert that the economy, immediacy and intimacy of GT makes this a 
powerful tool worthy of further consideration for environmental applications, including 
water management. 

 

5. Conclusions 
This paper provides an overview of indicators used by the UK water sector to reduce 
disruption to supplies and harm to the environment. Drought-related risks are also woven 



 

into many national climate change indicators. However, there remain major gaps in 
national capability to track impacts of droughts (in near real-time) as well as for monitoring 
progress in building resilience to future drought risks. Considerations of cost, immediacy, 
access, consistency, relevance, reliability, and others, have to be addressed when 
evaluating the suitability of information for indicators. Here, we show the largely untapped 
potential of Google Trends (GT) data and newspaper archives as resources for developing 
novel drought indicators.  

Our preliminary analysis for England and Ireland shows that GT search interest can track 
the temporal evolution of a drought, along with changes in public awareness and enquiries 
into drought impacts and adaptation measures. Search volumes for terms such as “water 
butt” and “hosepipe ban” are significantly correlated with conventional hydroclimatic data. 
There is also evidence of longer-term growth of interest in water saving technologies and 
techniques, especially around outdoor water use. However, we are mindful that many 
factors influence Google searches, not least the prior knowledge of the user, and that GT 
has limitations. Nonetheless, the data yield insights about associations in search terms 
such as “Environment Agency” and “flood” (as opposed to “drought”), or related queries 
about water companies and hosepipe bans. Such knowledge could be used to shape 
public information campaigns and policy development. The GT analysis for Ireland could 
also be replicated using drought impact reports within existing newspapers archives for 
England. Another possibility worthy of exploration is the potential use of novel indicators 
for forecasting drought impacts. 
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