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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 commissioned by the Environment Agencyôs Chief 

Scientistôs 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 Agencyôs 

other scientific work, please contact research@environment-agency.gov.uk. 
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Executive summary  

Many of the important environmental services and unique ecosystems provided by estuaries 

are fundamentally affected by estuarine water quality. However, the tools to assess water 

quality nationally and explore how estuaries will respond to climate change have been 

lacking, limiting understanding of how and where water quality will change in the future. This 

limits the ability of coastal statutory advisors and regulators to identify and implement 

effective adaptation action and assess the environmental impacts of catchment and coastal 

developments. 

 

This report describes a study to characterise water quality impacts of projected climate 

changes for the majority of estuaries in England. The latest UKCP18 (RCP8.5) climate 

projections were analysed to describe the seasonal behaviour, natural variability, and 

expected 21st century changes in sea temperatures , salinities , storm surge , sea-level  

rise , and co-incident conditions  for 52 English estuaries. Additionally, hourly-resolution 

climate projections of the upstream hydrology  (projected changes in river flows) were 

developed and analysed for 16 rivers draining into 10 of the 52 estuaries. Next, variability 

and projected changes to estuary residence times  were predicted by developing high-

resolution (computationally expensive) hydrodynamic and water quality climate impact 

models for the 52 estuaries (using the Delft modelling suite). Detailed bathymetry data for 

each estuary and much of the English coast were produced for the modelling effort. Finally, 

for 4 of the 52 estuaries, the Delft model outputs were used to parameterise simpler 

(computationally fast) models to predict residence times over a larger range of climate 

forcing conditions. Projected changes in the above water quality indicators were assessed 

for three 20-year periods of the 21st century, and analysed spatially to highlight English 

estuaries most vulnerable to change.    

 

The variability and expected 21st century climate changes in estuary residence times  were 

characterised because they are a fundamental indicator of water quality and affect pollution 

and human health risks, as well as biogeochemical processes. Residence time represents 

the time in which chemicals, nutrients, sewage, and suspended sediments/materials can 

remain within estuaries before being flushed offshore (and diluted with coastal waters). For 

example, plankton abundance and the development of algal blooms, the distribution and 

concentration of pathogens, carbon capture, and dissolved nutrient concentrations in 

estuaries are all strongly inþuenced by residence time. In this study, the residence time 

provides a preliminary estimate of where hydrodynamic fluxes and mixing in estuaries may 

be particularly susceptible to change in the future.  

 

Exploring the expected 21st century climate changes in river hydrology  enabled the first 

characterisation of future river flow behaviour at hourly-resolution. For many English 

estuaries, hourly-resolution data is necessary to resolve estuarine hydrodynamic responses 

important for water quality. This includes expected seasonal changes in extreme low and 

high river flows and changes in combined marine-riverine extreme events.   
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All 52 analysed English estuaries are expected to experience warm ing waters  this century. 

Estuaries in northeast England (e.g., Tees, Wear, Tyne, Coquet, Blyth, Wansbeck), while 

currently experiencing the coolest sea surface waters, are projected to warm at the fastest 

rate (>0.6 ºC/decade). This is a faster rate of warming than has been observed in recent 

decades. Salinity annual maxima (occurring in the outer estuaries during low river flows) are 

projected to decrease slightly (become fresher), again with the northeast estuaries 

experiencing the greatest rate of change. 

 

Regional sea-levels  around England are projected to rise by ~0.75 m (by 2080) and by 

>1 m (by 2100). Storm surges  ï where maxima currently exceed 1 m in eastern and 

northwestern England ï are projected to increase slightly for all estuaries, most in the 

northwest (>0.03 m/decade: Kent, Wyre, Lune, Leven, Ribble) and least in the southwest 

(<0.02 m/decade: Yealm, Gannel, Plymouth, Hayle, Fowley). 

 

For the 16 rivers (10 estuaries) where hourly projections of river flow were developed, 

covering different geographic regions and catchment/estuary types across England, most 

estuaries will likely experience generally lower river discharge (means and extremes) for 

extended periods during future summers, especially in the north (Tees, Ribble and Wharfe). 

The exception was Southampton Water (Itchen), southern England, which projected a slight 

increase in low/median flows. Extreme high flows in winter months will likely increase in all 

estuaries, especially in the northwest (Ribble, Mersey ï where baseline flows are already 

high). The frequency of extreme high flow events during winter will likely increase, especially 

in the southeast (Colne, Blackwater, Itchen). In turn, flash floods that often carry high 

sediment and pollution loads, are expected to increase during winter and decrease during 

summer.  

 

The modelling revealed that the Ore estuary (southeast) currently has the longest residence 

time (>3 months) with little variability due to tidal state or seasonal river flow changes. Other 

óslow responseô estuaries in the southeast (Wensum, Blyth (Suffolk), Deben, Portsmouth 

Harbour, Poole Harbour) experience residence times of several weeks, as do several large 

or long estuaries (Severn, Humber, Mersey, Southampton Water). For other estuaries, 

residence times were generally a few days to a week, except for a selection of ófast 

responseô estuaries with residence times <1 day (Cuckmere, Coquet, Tweed, Avon, Erme, 

Lymington, Stiffkey). Residence times generally correlated to estuary volume, with variability 

driven by either large tidal variability (tidally-dominated) or river flow variability (fluvially-

dominated). Projected changes in residence times due to sea-level rise resulted in reduced 

residence times by several days across most estuaries, and reduced variability due to tides. 

For some estuaries, projected change in residence time will exceed the current natural 

variability due to tides and river flows (Plymouth Sound), whereas other estuaries will likely 

change less in the future.  

 

The estuaries most vulnerable to change were identified, in terms of the above stressors 

and indicators of water quality degradation. Impacts on individual estuaries are available as 

short summaries to support local awareness and decision making. In addition the project 

has produced novel data sets for use in further analysis including: (1) Climate projections 
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for 52 estuaries of sea temperatures, salinities, storm surge, and sea-level rise; (2) Climate 

projections for 10 estuaries of river hydrology at hourly resolution; (3) Bathymetry data for 

52 estuaries including the surrounding coast; (4) High-resolution hydrodynamic models for 

52 estuaries including the surrounding coast, validated against hydrodynamic observations;  

(5) Analyses of climate stressor behaviour including co-incident conditions; (6) Analyses of 

estuary residence time behaviour; and (7) A vulnerability assessment of likely changes with 

regard to the above estuary stressors and indicators. 

 

Along with generating insights into how climate change will alter 52 English estuaries over 

the course of this century, the modelling strategy has built foundational tools from which 

future modelling can assess a wide range of pollution and human health hazards and water 

quality scenarios. These could include the development of harmful algal blooms, public 

health risks associated with sewage discharges, turbidity dynamics, flooding, or habitat and 

ecological changes resulting from increased erosion, warming or coastal realignment. Such 

insights can provide policy makers with long-term projections to inform adaptation planning, 

future regulatory conditions and help to target risk mitigations in specific estuaries. 



 

1. Introduction  
 

Estuaries are crucial for water and nutrient cycling affecting the wider coast and continental 

shelf seas ï that in turn drive the biodiversity and ecology of coastal and marine wildlife, and 

provide ecosystem services such as food security, global trade, and tourism that sustain the 

livelihoods and wellbeing of coastal communities (Fulford 2020). These ecosystems are, 

however, potential pollution corridors and sinks carrying sewage and other point-

source/diffuse loads containing harmful pathogens, sediments and contaminants (Robins 

2019a; Mamun 2020). Being at the interface between oceanographic and fluvial processes, 

estuaries are dynamic coastal systems where water quality processes and ecosystem 

dynamics are shaped by complex geo-physical, chemical, and biological interactions that 

change over small spatio-temporal scales and are unique to each estuary (Brown 1991; 

Prandle 2009). With 30% of the UKôs population living near to estuaries, maintaining safe 

water quality standards in these systems will require adaptation to future changes in water 

quality that will affect their ecological status and public health risk (Lonsdale 2022).  

  

Estuarine ecosystems are vulnerable to the growing threats associated with warming 

coastal waters. In addition, changing precipitation and river flows including changing 

contaminant loads will collectively affect estuarine salinity and the concentration and 

residence of pollutants within estuaries. These changes may expose humans to harmful 

diseases form water-borne pathogens, and impact upon eutrophication, turbidity, and 

hypoxia events that can affect sensitive food webs (Stratham 2012; Robins 2016; Hannaford 

2021). Climate analyses for the northern and western UK indicate that by the end of this 

century extreme rainfall and river flows are expected to increase by up to 50% and cluster 

during winter with extended periods of drought and low river flows during summer, whilst 

southeast regions will experience longer droughts and reduced river flows (Kay 2021; Lane 

2021). By 2100, coastal sea surface temperatures are projected to increase by up to 2ºC 

(Tinker 2020), sea levels by up to 1 m, and extreme storm surge heights are expected to 

increase by up to 1 m (Haigh 2016). Yet, crucially, these projections have not been analysed 

from the perspective of their co-dependent impacts to UK estuaries (Robins 2016; Lyddon 

2023).   

  

Estuaries are a prime example of the challenges faced from compounding environmental 

changes and the need to co-design adaptive responses that combine local and strategic 

choices and ensure that multiple aspects of the ecosystem are taken into consideration. 

 

The Investigating Estuary Vulnerability to Climate Change (INVEST) project had the central 

aim to establish the behaviours and projected changes in indicators of estuarine water 

quality across all major English estuaries. To address INVESTôs central aim, essential 

estuarine physical stressors were analysed, namely river flows and sea levels, and 

associated water temperatures and salinities, as well as calculating residence times in 

English estuaries ï the first time this analysis has been done at a national scale. A summary 

of the key physical drivers and processes affecting estuary water quality is presented in 
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Figure 1.1. The analyses used data from the latest climate projections from the UK Met 

Office for the 21st century, as well as predictions from new high-resolution estuary 

hydrodynamic models developed during the project. The analyses were applied to 52 

estuaries across England, comprising all major estuaries and where river gauge data were 

available, shown in Figure1.2-1.3.  

 

 

 



 

Specifically, INVEST addressed the following overarching research questions:   

  

Q1:  How will climate drivers  to estuaries change this century?  Present-day behaviour 

and projected 21st century climate changes in sea temperatures and salinities were 

analysed, as well as shifts in the behaviour and timing of sea levels, storm surges and river 

flows. The analyses considered changes in extreme events, seasonal patterns, and inter-

annual variability, as well as more subtle and compounding changes that could lead to a 

profound changes in water quality. The analysis considered climate data inputted to 

estuaries, rather than interactions within estuaries. 

 

Q2:  How will changes in climate drivers  impact estuary water quality?  A robust 

modelling strategy was developed for simulating within-estuary indicators of estuary water 

quality. This strategy was used to explore how changes in river flow hydrology and sea-level 

rise are expected to impact estuary residence times. Residence times provide a preliminary 

estimate of which estuaries will be particularly susceptible to changes in hydrodynamic 

fluxes and mixing in the future. This strategy builds a foundational modelling tool from which 

future modelling work can assess specific water quality aspects such stratification, nutrient 

cycling, eutrophication, pathogen prevalence, and hazard mitigation. 

 

Q3:  Which English estuaries are vulnerable to changes in indicators of water quality ? 

A holistic analysis across all estuaries was established, bringing together findings from the 

changes to estuary drivers and within-estuary fluxes and mixing, to provide an assessment 

of vulnerability to specific aspects of environment change. The analysis required a synthesis 

of event-scale changes in droughts, storms, and rainfall with the incipient changes in sea-

level rise and warming seas.  

 

Data and information from this project are hosted on and publicly accessible from the 

estuaries database viewer (https://www.estuary-guide.net/search/estuaries/). 

  

https://www.estuary-guide.net/search/estuaries/
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Figure 1.1: Schematic of an along -estuar y transect  showing the key physical drivers, 
processes , variability and anticipated changes that are central to estuarine water 
quality, and which were investigated in this report.  Here we highlight some of the 
fundamental physical drivers, rather than the many additional bio geochemical 
processes affecting water quality.  
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Figure 1. 2: Map showing the 52 estuaries in England that have been analysed in this 
report, segmented into seven regions where high -resolution bathymetry data and 
hydrodynamic models were developed.   
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Figure 1. 3: Histogram ranking the 52 English estuaries analysed in terms of 
decreasing estuary area (km 2), presented on a logarithmic scale.  

 

 
 



 

2. Methodology  

2.1. Changes in Estuary Water Quality Drivers  
 

The modelling strategy is presented visually in Figure 2.1. In order to develop detailed 

estuary hydrodynamic models that resolve changes in climate, it is first necessary to identify 

relevant climate drivers and assess how these might change in the future. The drivers 

analysed within this project were present-day and future projections of: sea surface 

temperatures  and sea surface salinities ; storm surge  and sea-level rise ; estuarine  

hydrology ; and coincident conditions (e.g. combinations of high river flow and coastal 

surge). Assessment of the changes in estuary water quality drivers this century addresses 

Q1 (How will climate drivers to estuaries change this century?). 

 

A climate future based on a high greenhouse gas emission scenario (RCP8.5), simulated 

by the UK Met Office under their latest climate projections programme (UKCP18), was 

selected as the driving climate data for this project. UKCP18 RCP8.5 is a sensitive, high 

warming scenario, so results presented here represent a óhigher-endô view of future 

conditions. Transient climate simulations comprising 12 perturbed parameter ensembles of 

the Met Officeôs Global Climate Model (HadGEM3-GC3.05, 60km resolution) were used to 

force both a marine hydrodynamic model (Tinker et al. 2024) and a hydrological model 

(Coxon et al, 2019) to give hourly projections of estuary drivers. The level of global warming 

in each ensemble member of UKCP18 RCP8.5 is shown in Annex A, to represent 

projections used here in the context of the global mean warming. A 3.85°C increase by 

2040-2079, averaged across all ensembles, would exceed the Paris Climate Agreement's 

targets to limit warming to below 2°C, and preferably to 1.5°C.  

  

Future projections for marine data came from the Met Officeôs Regional Ocean Model, a 

7 km resolution shelf seas version of NEMO 4.04 (Coastal Ocean version 9, CO9) (Tinker 

et al. 2020; Tinker et al. 2024). Downscaled projections directly simulate the multitude of 

atmospheric-ocean processes that affect coastal and estuarine hazards at relevant temporal 

and spatial scales, from local effects of wind waves to tides and the inverse barometer effect 

(Ponte et al. 2019). From these marine climate projections, sea level variability (including 

storm surge), coastal temperatures and salinities were extracted at the grid cell closest to 

each estuary mouth, at hourly resolution and spanning 1980 to 2100. The Regional Ocean 

Modelôs 7 km resolution is a limitation, especially for nearby estuaries. Along sections of 

coastline where estuaries are closer than 7 km together (e.g., the Isle of Wight and Solent; 

The Don, Trent, and Ouse; Wyre and Lune; Kent and Leven) they share the same 7 km2 

grid cell. These data were obtained directly from the Met Officeôs MONSOON 

supercomputer platform.  

 

To provide future river flow projections for this project, hydrological projections were 

obtained from the NERC-funded FUTURE-FLOOD project [NE/X014134/1] for 10 estuaries 

(16 rivers) across regions of varying size, geography, freshwater inflow, and tidal range: 

Tees, Humber (Aire, Ouse, Don, Wharfe, Trent) , Colne , Blackwater , Southampton 
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Water (Blackwater, Itchen) , Exe, Dart , Taw, Torridge , Mersey , and Ribble . This is 

currently the only national climate riverine dataset that is available at hourly temporal 

resolution, which is important for investigating estuarine dynamics in the majority of English 

estuaries (Robins 2019b; Lyddon 2023). Importantly, these data are driven by the same 

Global Climate Model as the marine projections so that co-dependence and co-occurrence 

of extremes can be analysed. For the other 42 estuaries, changing future river flows were 

not considered because projections were not available at the time of analysis. For the 

estuary modelling of residence times, hydrological inputs were based on gauged river flow 

observations.   
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Figure 2.1: A schematic outlining the modelling processes used in this study . Climate 
data from the Met Office UKCP18 (RCP8.5, 12 ensembles) were used to force a Regional 
Ocean Model (NEMO, 7km res.) to provide hourly projections of climate change in the 
marine environment, and to force a Convection-Permitting Model (UKCP CPM, 5km res.) to 
provide hourly precipitation projections. Precipitation inputs drove a hydrological model, 
DECIPHeR, which provides hourly river flows for 10 estuaries. Data from these are used to 
provide an analysis of projected changes to sea surface temperatures, salinity, surge, sea 
level, and hydrology within estuaries. These projections, along with regional bathymetry 
data, are fed into DELFT3D estuary models to model present and future residence times 
under a range of river flows, tidal conditions, and sea-level rise. The DELFT3D models are 
used to calibrate simplified but more efficient Estuary Box Models (EBM) to provide 
predictions of residence times using a wider range of river discharges provided from the 10 
estuaries with hourly river discharge data. The EBM can provide rapid decadal simulations 
of residence times. 
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Climate projections of precipitation from the UKCP Convection-Permitting Model were used 

to drive a national-scale hydrological model (DECIPHeR; Coxon et al. 2019; Lane et al. 

2021). The UKCP CPM data set (Kendon et al. 2020; 2023) has a 5 km resolution and 

consists of 12 ensemble members run from 1980-2080. The precipitation inputs were not 

bias corrected before being run through DECIPHeR as this analysis was not available at the 

time. DECIPHeR simulates water storage (soils, aquifers, and reservoirs), hydrologic 

partitioning, and surface/subsurface flow for surface- or groundwater-dominated 

catchments, and has shown good performance in simulating high and low river flows across 

the UK (Coxon et al. 2019). For full details, readers are directed to Annex B.  

 

This project looked at climate change across three 20-year time slices (óBaselineô: 1980 ï 

2000; óNear-futureô: 2020 ï 2040; and óFar-futureô: 2060 ï 2080). Variability and uncertainty 

associated with the climate projections have been quantified by presenting variable means 

(e.g., calculating averages across the ensembles), extreme values/ranges, seasonal 

patterns, and inter-annual variability. To illustrate the methodology and the interpretation 

applied in this research, a case study analyses from one estuary ï the Ribble Estuary (NW 

England) ï is presented in Section 3.1. Further details of the analyses are provided in 

Annexes A-E and the main outputs from the project are presented in the Supplementary 

Estuary Report Cards, accessible through the Estuarine Database Viewer.  

2.2. Development of Estuary Models  

 

Modelling climate change within estuaries would ideally use a comprehensive suite of 

validated 3D estuary models. These would capture present-day variability on, e.g., hourly to 

decadal time scales for an ensemble of projected futures. In practice, this remains a 

challenge in terms of the required large computing resources. This project, therefore, 

adopted a compromise method to balance detail with practicality. This subsection describes 

the modelling methods developed to characterise the baseline and future estuary residence 

times for the focal 52 English estuaries. Assessment of the expected changes in residence 

times this century addresses Q2 (How will these changes in drivers impact estuary water 

quality?).  

 

The 52 focal estuaries were resolved within seven regional hydrodynamic models covering 

the majority of the English coast. Each regional model included 3-20 neighbouring estuaries, 

as shown in Figure 2.2. These regional models were built using the Delft modelling suite 

(https://www.deltares.nl/en/software-and-data/products/delft3d-fm-suite/modules/d-flow-

flexible-mesh). Details of the Delft mesh generation, boundary conditions, parameterisation 

and hydrodynamic validation are presented in Annex D. Each regional mesh was mapped 

to a new high-resolution bathymetric data set, developed for this project and described in 

section 2.2.1, with further details presented in Annex C. Each of the seven regional models 

simulated, at high spatio-temporal resolution, the hydrodynamics of the estuaries (and 

surrounding coastal waters), described in section 2.2.2.  

 

For four estuaries, the validated Delft simulated hydrodynamics were used to parameterise 

and calibrate simplified and computationally efficient estuary box models (EBMs). The EBMs 
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were applied to predict natural variability and expected changes in estuary residence times 

over a broader range of conditions than was practicably feasible with the Delft models, and 

into the future to support national scale decision making. These simulations are described 

in section 2.2.4, with further details and results presented in Annex E.  

 

The above modelling strategy is advantageous as it provides the future option to build into 

these models further dimensionality and additional important indicators of estuary water 

quality, such as simulating expected changes in dissolved oxygen, nutrient cycling, turbidity 

dynamics, stratification, eutrophication, and pathogen persistence, and pollution dispersal.  

 

2.2.1. Collation of high -resolution  bathymetry  

 

Prior to this study, there was no unified and consistent bathymetry dataset available for 

English estuaries. To address this gap, high-resolution (<20 m) Digital Elevation Model 

(DEM) bathymetry data were developed for the seven regional Delft models identified in 

Figure 1.2, which encompass the 52 estuaries modelled in this study. The bathymetry data 

set was bounded on land by each estuary shape, defined according to the terrestrial 

boundaries of the Water Framework Directive (WFD) Transitional Water Bodies Cycle 2 

polygons (https://environment.data.gov.uk/catchment-planning/). Estuary polygons were 

corrected and reshaped for Severn, Humber and Tyne regions (see Figure. 1.1). Terrestrial 

areas and floodplains outside of these estuary polygon boundaries were not included in the 

DEMs or hydrodynamic models. These bathymetry data were used to parameterise the 

seven regional Delft models (Figure 2.2). For full details of the bathymetric data sources and 

development of the DEMs, see Annex C. 

 

 

 

https://environment.data.gov.uk/catchment-planning/
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Figure 2.2: Map showing the bathymetry DEM generated for this project. The data is 
separated into seven estuarine, coastal and offshore regions (labelled, black text) that 
cover all estuaries (labelled, white text) and map onto the seven regional model 
domains described in section 3.2. Bathymetry  value s shown  are amplified in this 
visualization to enhance perception of some morphological features in shallow 
regions.  
 
 
 
 
 
 
 



 

2.2.2.  Development of Delft estuary models  

 

The regional hydrodynamic models were built using the Delft3D Flexible Mesh (FM) 

modelling system (Van Gent, 2014). Delft3D is a frequently used tool for simulating 

hydrodynamic and water quality processes in coastal and estuarine environments and has 

therefore been applied in INVEST to address Q2 of the project (How will changes in 

stressors impact estuary water quality?). The Delft3D code is open source (although the 

graphical user information system is closed source software, including the mesh building 

software). The Delft3D D-Flow module simulates 3D or 2D depth-averaged hydrodynamics 

as well as heat and salt transport. Delft3Dôs flexible mesh configuration and wetting/drying 

capabilities of intertidal regions makes it an ideal tool for estuary water quality studies (e.g., 

Mendes 2021). The hydrodynamic model (D-Flow) has been coupled with the water quality 

module (D-Water Quality) that simulates water quality processes (described further in 

section 2.2.3).   

 

2.2.3. Delft water quality modelling  

 

The Delft D-Water Quality module can simulate a range of water quality processes such as 

nutrient cycling, eutrophication, and pollutant dispersion. A key strength of D-Water Quality 

is its integration with hydrodynamic outputs from Delft D-Flow, making it effective for 

simulating interactions between physical and biochemical processes in estuary systems. 

For this study, D-Water Quality was used as a fraction computation to simulate the dispersal 

of a conservative tracer initially present throughout each estuary under different 

hydrodynamic conditions, whereby the dilution of the tracer with marine and riverine waters 

over space and time describes the estuarine residence times, as described further in section 

2.2.4.  

 

2.2.4. Delft model scenarios for simulating estuary residence times  

 

Estuary residence time is a major influence of estuary water quality (Yuan 2007). Residence 

time represents the time scale of physical transport processes and is often compared with 

the biochemical time scales of contaminated substances; for example, primary production 

by phytoplankton within estuaries will be low if the timescale for their net growth is much 

longer than the residence time (Wang 2004). This information cannot be determined solely 

from the analyses of the physical estuary drivers (sections 3.1-3.6), since the within-estuary 

hydrodynamics and the ability of estuaries to mix water properties are additional important 

processes (Simpson 2005). Estuarine water quality dynamics are inherently complex 

phenomena with sensitivity to tidal, surge, sea-level rise and riverine processes and 

interactions, but also to geomorphic shape, sediment dynamics, and residual circulation 

within the estuary (Jago 2024). Hence, changes in river and sea drivers may not necessarily 

mirror changes in estuary water quality, e.g., residence times in narrow-mouth estuaries has 

previously been shown to be primarily controlled by geometry or óbathymetric trappingô of 

pollutants (Huggett 2021).  

 

For each of the seven regional models, D-Flow was used to simulate the 2D (depth-

averaged) hydrodynamics (including salinity) of each of the 52 estuaries. Firstly, simulations 
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covered a present-day three-month spin-up period to reach steady-state salinity conditions 

ï i.e., when sufficient time has been modelled such that the model outputs reflect natural 

processes, rather than recovering from perturbations derived from initial conditions of the 

computation, and that the estuarine salinity gradients were approximately in balance, i.e., 

the down-estuary advection of riverine freshwater balances the up-estuary diffusion of 

saltwater (Brockway et al. 2006). Following the spin-up, a two- to three-month period was 

run to simulate the residence times in each estuary. These simulations covered mean spring 

through to neap tides and a range of river flow conditions (i.e., were repeated with 5th (low), 

50th, and 95th (high) percentile constant river flow forcing. The percentile values for the river 

flow forcing were based on the observational river gauge data for each river spanning 30 

years (Lyddon et al. 2023). These forcing conditions were designed to cover most of the 

present-day natural variability in estuarine hydrodynamics but were not intended to cover 

longer-term variability.  

 

Secondly, estuary residence times were computed using the D-Water Quality module. The 

residence time, as defined in this study, represents the duration in which a pollutant can 

remain within the estuary, and is therefore a fundamental physical indicator of estuarine 

health. For each river flow condition and for four tidal states (spring tide, 3 days after spring 

tide, neap tide, 3 days after neap tide), a conservative tracer was introduced (at low tide) 

throughout each estuary. This strategy was used to explore variations in residence times 

caused by two of the largest controllers of water movement in estuaries (river flow and tidal 

flux). For each scenario, the dispersal and concentration of the tracer was simulated, and 

the total estuary concentration was calculated over time, i.e., capturing the reduction in the 

concentration of the tracer within the estuary over time as it was exported to the coast and 

diluted with the surrounding coastal waters. From these simulations, the residence times 

were defined as the time taken for the tidally-averaged, estuary-averaged, tracer 

concentration to be reduced to 37% of its initial concentration (de Pablo 2022).  

 

Multiple approaches to simulating water movement vertically were tested: depth averaging, 

and 3D with three or five or seven vertical layers parameterised in the models. The 3D 

simulations were investigated to determine residence time variance between 2D depth-

averaged and the 3D approaches (Annex D, Figure D3.1). The 2D and 3D residence time 

simulations of the Liverpool Bay domain produced very similar outputs, inferring that the 2D 

depth-averaged approach was feasible for this region where the macrotidal and hypertidal 

regimes generally result in well-mixed waters (Polton et al. 2011). Although much of the 

English coast experiences macrotidal regime (Robins et al. 2015), and hence estuarine 

waters will tend to be well-mixed, there may be some estuaries within the other regions (e.g. 

around Portsmouth) where weaker tidal forcing can cause stratification and where 3D 

modelling would be more appropriate. Due to the time constraints of the project, this was 

not investigated further. The 2D simulations presented in this study in section 3.7 will 

establish the baseline metrics for residence times, and were also used to calibrate the 

simplified modelling approaches described in section 2.2.5.  

 

Note that the above modelling method has been designed to be systematic across all 

estuaries and capture broad-scale changes in estuary residence times as a result of 
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changes in tides over a mean spring-neap tidal cycle and covering a large range of riverine 

conditions. Other boundary conditions (e.g., extreme tidal ranges, surges, waves, 

atmospheric fluxes, morphological adjustment, and point-source loads) were neglected. Due 

to the large scale of the modelling effort, we were limited to this simplified model design. To 

explore in detail how residence times are likely influenced by more nuanced episodic events, 

and seasonal/interannual variability, such as tidal asymmetry and inequalities, surge-driven 

sea level variability, and event-scale river flow variability, we developed and calibrated faster 

and simpler modelling methods described in section 2.2.5. 

 

2.2.5.  Development of simplified Estuary Box Model s (EBMs) 

 

The Delft hydrodynamic modelling, described in sections 2.2.2-2.2.4, is computationally 

expensive and, therefore, only a limited number of simulations could be performed within 

the project duration. Consequently, simplified estuary box models (EBMs) were developed. 

Box models provide a simplified representation of estuary hydrodynamics by means of 

predicting the estuary-averaged physics. The EBMs assume a two-layer rectangular box 

with constant length, width, and depth (see Figure 2.3), which were parameterised on the 

revised areas and volumes of each estuary, using the WFD Transitional Water Bodies cycle 

2 polygons and the bathymetry DEM data developed (see section 2.2.1). This simplified 

approach allowed us to predict estuary residence times faster and, so, from a larger range 

of riverine and marine boundary conditions. Hence, this meant that the seasonal and 

interannual variability in estuary residence times could be simulated, and throughout the 

three 20-year climate time slices (baseline, near-future, far-future). However, the EBM 

simulations require calibrating to the Delft model outputs, as described below. 

 

The Euro-Mediterranean Centre on Climate Change Estuarine Box Model (CMCC EBM) 

(Verri 2020) was adapted and applied here to provide a simplified representation of 

estuarine residence times. Four EBMs were parameterised for four English estuaries where 

hourly future river flow projections (see section 2.1) and sea level projections were available: 

Tees, Southampton Water, Dart, and Ribble. Each EBM was forced with hourly-resolution 

river discharge and sea level boundary conditions that covered the baseline, near-future, 

and far-future 20-year climatic periods, using all 12 ensemble member projections. For each 

EBM, the estuarine horizontal mixing coefficient ï also known as the horizontal eddy 

diffusivity and defined as the rate at which a substance (in our case salt) mixes horizontally 

in a fluid (Bowden 1963) ï was calibrated against the simulated saline mixing predicted by 

the Delft modelling (2D depth-averaged simulations presented in sections 2.2.2-2.2.4). The 

four EBMs were applied to simulate volume fluxes and salinity fluxes into and exported from 

each estuary óboxô, which were calibrated for salt budgets and volume changes using the 

baseline hydrodynamic outputs from the delft simulations.  

 

The EBMs simulated hourly water depth based on inputted tidal elevations at the estuary 

mouths. The water depths were used to calculate inter-tidal volume based on the 

corresponding DEM grids. This method allows for wetting and drying of the intertidal areas 

of each estuary to be accounted for in the calculations. The corresponding estuary volumes 

(ὠ) at mean sea level, per tidal cycle, were also calculated. Hence, estuary volumes 
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iteratively change (increase) according to the sea-level rise projections. The simulated 

residence times, for each tidal cycle over each 20-year climate period (and for 12 

ensembles), are presented in section 3.8. These results indicate the expected distributions 

of residence times, seasonal and interannual variability, and relationships between 

residence times and tidal range and river discharge. 

 

 

Figure 2.3: Schematic of the estuary box model (EBM) dimensionality and forcing 
parameters. The estuary volume is parameterised by length (Lx), width (Ly), and 
depth (H), and inflow/outflow volume flux (Q) and salinity flux  (S) are described above.  



 

3. Results (case study of the Ribble estuary )  
 

To illustrate the methodology and interpretation applied in this research study, results are 

presented through (mainly) a case study of the Ribble Estuary in northwest England. (The 

simulated residence times in section 3.7 are also shown for a selection of other estuaries.) 

Whilst the focus on the Ribble shows how the indicators used to assess water quality 

vulnerability were derived, equivalent results are available for all estuaries in the Annexes 

and corresponding results for all 52 estuaries are presented in the Supplementary Estuary 

Report Cards, accessible through the Estuarine Database Viewer. Additionally in section 4, 

results have been combined across all estuaries to provide an overall national picture of 

natural variability and projected changes. 

 

3.1. Changes in sea surface temperature  

  

Sea surface temperature can directly and indirectly impact the water quality within estuarine 

ecosystems. For example, certain estuarine species, particularly during their early life 

stages, are acutely sensitive to water temperature and projected warming this century may 

exceed their thermal tolerances leading to increased vulnerability (Dahlke et al. 2020). 

Temperature changes may change biochemical processing of pathogens, either promoting 

growth or accelerating decay within estuarine waters (Kevill et al. 2024). The relationship 

between temperature change and impact is not always clear. Changes in seasonal and 

interannual thermal cycles, the duration and frequency in which critical temperature 

thresholds are exceeded, interactions between temperature changes and other 

environmental changes, and species physiological and environmental shifts can all influence 

the impacts that a change in temperature may cause (Seuront et al. 2019; Madeira et al. 

2012; Cabral et al. 2019). This complexity requires analysis of multiple indicators of water 

temperature change to understand the potential for environmental impacts. Although the 

work in this section focusses primarily on chronic changes in surface water temperature at 

the estuary mouths, short-term events such as marine heatwaves, and within-estuary or 

sub-surface temperature changes, may have additional impacts (e.g., Smith et al. 2023). 

 

Changes in sea surface temperature (SST) for the Ribble estuary are shown in Figure 3.1. 

(Corresponding results for all 52 estuaries are presented in Supplementary Estuary Report 

Cards, accessible through the Estuarine Database Viewer). Temperature duration curves 

represent distribution of SSTs over time to highlight changes in cold and warm extremes. 

The temperature duration curve (Figure 3.1a) shows consistent SST warming across all time 

slices, with higher temperatures persisting for longer periods of the year, hence occurring 

more of the time overall. SST percentiles reveal shifts in temperature distribution, including 

warming trends and changing extremes. Percentile shifts (Figure 3.1b) show increasing 

mean, median, and extremes, indicating prolonged warming over time. The box-whisker plot 

shows the median and interquartile range (IQR), highlighting the central tendency and 

variability of the middle 50% of the data. The whiskers extend to values within 1.5 × IQR, 

while points beyond are flagged as potential outliers allowing distributions to be compared 
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without distortion from extremes. Monthly maximum and mean quantify seasonal warming 

trends. Rising monthly maximum (Figure 3.1c) in every month of the year highlights 

likelihood of intensified high heat events. For example, the ensemble mean for monthly 

maximum SST in July rises from 20 ºC in baseline scenarios to 26.2 ºC in far-future 

scenarios. Rising monthly mean (Figure 3.1d) suggests long-term climate-driven warming. 

There is consistency between 12 PPE showing agreement in trends.  

 

 
Figure 3.1: Ribble estuary ï changes in  SST for baseline, near - and far -future periods, 
encompassing all 12 ensemble members. (a) SST-Duration -Curves . (b) Box-whisker  
plot  of  SST distributions : Interquartile range (boxes), 1.5  interquartile range 
(whiskers), median (centre line s), mean (crosses ). (c) Monthly maximum SST . (d) 
Monthly mean SST.   In (a,c,d), s olid line s indicate ensemble mean s and shaded area s 
indicate  ensemble ranges .  
  

The distribution of exceedance months for each SST threshold highlights how the timing of 

extreme SST events shifts across future climate scenarios and the earliest onset of a 

particular temperature. Figure 3.2a shows onset of higher SST occurs earlier in the year, 

and far future will see occurrence of temperatures exceeding 24 ºC, a condition not seen in 

baseline scenarios. SST exceeds 27 ï 29 ºC in July in far-future scenarios. Figure 3.2b 

shows when temperatures first fall below the threshold in a year, and Figure 3.3 shows the 

length of time temperature thresholds are exceeded for. Higher temperature thresholds are 

exceeded for longer under near- and far-future conditions, with highest thresholds exceeded 
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which are not reached in baseline. Rising SSTs could trigger harmful estuarine conditions 

earlier in the year.  
 

 
Figure 3.2: Ribble estuary ï The seasonal timing  of (a) first exceedance and (b) last 
exceedance of specific SST thresholds , for baseline, near - and far -future periods . 
Results are presented for integer temperature s 12 °C to 29 °C. Each box -whisker 
represents SST projections encompassing all 12 ensemble members : Interquartile 
range ( shaded box es), 1.5  interquartile range  (whiskers) , median (centre line), 
statistical outliers  (circles).  
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Figure 3.3: Ribble estuary ï the duration of exceedance of integer temperature 
thresholds (12  °C to 29 °C) for baseline, near - and far -future periods . Each box -
whisker represents SST projections encompassing all 12 ensemble members: 
Interquartile range (shaded boxes), 1.5  interquartile range (whiskers), median 
(centre line), statistical outliers (circles).  
 

3.2. Changes in sea surface salinity  
 

Changing sea surface salinity (SSS) metrics for the Ribble estuary are shown in Figure 4, 

across the three 20-year time slices. (Corresponding results for all 52 estuaries are 

presented in Supplementary Estuary Report Cards, accessible through the Estuarine 

Database Viewer). The results are presented in terms of SSS duration curves, percentiles, 

monthly means, and monthly maxima, and give an indication of the potential changes in 

both freshwater and oceanographic conditions. Changes to salinity in estuarine water may 

impact the distribution and physiology of estuarine species (Kingsford et al. 2002). In 

addition, salinity variations may have impacts on chemical cycles across an estuary. For 

example, coastal wetlands with higher salinity concentrations are less capable of emitting 

methane due to oxidation of methane by sulphate (Bridgham et al. 2013; Poffenbarger et al. 

2011). It is important to separate chronic change in salinity (such as through climate change) 

against acute changes (such as through desalination discharge) when understanding 

ecological impacts. 

 

The salinity duration curves for the Ribble (Figure 3.4a) show how salinity levels change 

over time, with fresher conditions projected to occur for longer durations. Projected 

decreasing SSS percentiles (Figure 3.4b) indicates an overall freshening trend, although 

small in relation to the natural variability in SSS due to acute effects and mixing in the 

estuary. Interestingly, natural variability in SSS was larger for the baseline time slice than 

the future periods. The largest projected change in SSS and freshening occurs during the 

far-future winter months (Figure 3.4), with a smaller magnitude of change observed in the 

summer months. This could be due to ice melt or increasing freshwater input from river 

discharge. From an ecological perspective, the amount of time when a salinity threshold is 

exceeded is important, and this is a much more gradual change in the future time slices than 

the baseline, with no changes in the high and low events.  

 

There are uncertainties associated with these projections. Firstly, the projections are based 

on daily-averaged river flow data, which may mask out extremes on an hourly basis (Lyddon 

et al. 2023). Secondly, the Met Officeôs Regional Ocean Model poorly resolves complex 

estuarine processes that will influence the advection and diffusion of salt through the 

estuarine and coastal zone. Despite this simplification, the use of daily-averaged river flow 

climatology is a common approach and is used operationally by the Met Office for weather 

forecasting (Tonani et al. 2019). Further, consistency between the 12 PPE showing 

agreement in trends provides confidence in the ensembles. 
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Figure 3.4: Ribble estuary ï changes in SS S for baseline, near - and far -future periods, 
encompassing all 12 ensemble members. (a) SS S-Duration -Curves. (b) Box -whisker 
plot of SS S distributions: Interquartile range (boxes), 1.5  interquartile range 
(whiskers), median (centre lines), mean (crosses). (c) Monthly maximum SS S. (d) 
Monthly mean SS S.  In (a,c,d), solid lines indicate ensemble means and shaded areas 
indicate ensemble ranges.  

3.3. Sea-level rise   
 

Regional sea-level rise, based on UKCP18 projections for the 21st century (2007-2100), are 

shown in Figure 3.5 (for the Ribble estuary). The UKCP18 dataset provides sea-level 

projections at approximately 2 km spacing around the entire UK coast. Users can access 

the projections for any estuary of interest directly from the public dataset (Met Office Hadley 

Centre, 2018). Nine percentiles are presented in Figure 3.5 to characterise the projection 

uncertainty. The 5th, 50th and 95th percentiles are equivalent to the IPCC AR5 lower, 

central, and upper estimate of projected sea level change (Church et al., 2013; Palmer et 

al., 2018), based on underlying modelling uncertainty. All percentiles show an upward trend 

of increasing sea level. By 2080, the 95th percentile sea-level rise projections are +0.75 m, 

and increasing by 2100 to over +1 m. Sea-level rise for 2050 and 2100, based on RCP8.5 

ensemble-mean projections, for the seven regions defined in Figure 1.2 are shown in Annex 

D.  
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Figure 3.5: Ribble estuary ï Regional  annual  projections of relative sea level change 
around for the period 2007 -2100 under the RCP8.5 climate change scenario for 5 th to 

95th percentile (Met Office Hadley Centre, 2018).     

3.4.  Changes in storm surge  
 

The Met Officeôs Regional Ocean Model (NEMO) climate change ensemble simulations 

were run with tide-only forcing, and then with both tide and meteorology forcing. The 

difference in sea level between these simulations represents the residual surge and the 

meteorological component of sea level (i.e., when the tide signal is removed). The analysis 

here focuses solely on the meteorological contribution to sea level changes. Percentiles of 

residual surge across three time-slices (Figure 3.6) show little change, with the mean 

showing small increase from -0.0011 m in baseline to 0.0013 m in far-future conditions. This 

magnitude of change is in agreement with similar research completed for the Dyfi Estuary 

(Lyddon et al. 2025).  
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Figure 3.6: Ribble estuary ï Distributions of storm surge residual s, for baseline, near - 
and far -future periods. Each box -whisker represents surge  projections 
encompassing all 12 ensemble members: Interquartile range (boxes), 1.5  
interquartile range (whiskers), median (centre lines), mean (crosses).  

3.5. Changes in river hydrology   
  

For the Ribble catchment, the distributions of peak river flows across the three times slices 

are shown in Figure 3.7. Mean river flow shows a small projected increase from 42 m3/s 

(baseline) to 45 m3/s (far-future) indicating a slight rise in overall river flow, potentially due 

to increased precipitation or changes in potential evapotranspiration. There is also a slight 

projected increase in the 75th percentile and maximum river flows. The median river flow, 

25th percentile, and minima are all projected to slightly decrease over the three time slices. 

This suggests that while extreme events may become more frequent or intense, median (or 

ñtypicalò) and low river flows are reducing.   
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Figure 3.7: Ribble estuary ï Distributions of river flow peaks, for baseline, near - and 
far -future periods. Each box -whisker represents river flow projections encompassing 
all 12 ensemble members: Interquartile range (boxes), 1.5  interquartile range 
(whiskers), median (centre lines), mean (crosses).  
  

We identify changes in hydrological conditions that could impact estuary water quality 

(Figure 3.8). Figure 3.8a shows changes to the seasonality of extreme (high) discharge 

events. These events were defined as exceeding the 3-month moving mean plus the 95th 

percentile value. Such conditions are likely to have substantial impacts on downstream 

water quality, e.g., leading to high nutrient and turbidity levels or indicate periods with 

reduced residence time. Notably, there are fewer extreme high discharge peaks during 

summer and autumn (May to October) in the near- and far-future. This is likely due to 

increased evapotranspiration. Conversely, a rise in extreme high discharge peaks was 

projected in winter in the near- and far-future. This indicates more frequent heavy rainfall 

and storm events are likely in the future. Overall, these trends point to a shift in seasonal 

precipitation patterns, with wetter winters and drier summers which will have implications for 

sediment and nutrient loads, and salinity fluctuations in estuaries. 

 

Flash floods introduce large volumes of sediment, nutrients, and pollutants into estuaries 

and disrupt oxygen levels. Identifying where discharge displays a steep and sudden rise in 

the flood of the river hydrograph allows for the detection of extreme, short-term flow events 

that represent flash floods (Figure 3.8b). The fastest hourly rate of rise of every hydrograph 

in the Ribble record was identified. Peaks displaying a rate of rise that exceeded the 95th 

percentile rate and exceeded the 95th percentile in magnitude were isolated. From this 

analysis, flash floods are expected to occur more frequently during winter in the future, e.g., 

an increase from 30 (present) to 60 (far-future) flash floods occurring during the December 

months. A projected reduction in summer flash floods in the future could be linked to a 

reduction in extreme discharge events, as seen in Figure 3.8a, as well as suggesting drier 
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summer conditions due to decreased intense rainfall events or increased 

evapotranspiration.  

 

Low flow conditions limit freshwater inflow and increase the saline intrusion and retention of 

pollutants and nutrients. Prolonged periods of low flows were defined as occasions when 

the simulated river discharge was below 25th percentile values for at least 10 consecutive 

days (Figure 3.8c). For the Ribble, an increasing occurrence of low flow periods is expected 

in summer months in the future: increasing from 1 event per summer (baseline) to 7 events 

per summer (far-future). This further suggests prolonged periods of drier summer conditions.   

 

 
Figure 3.8: Ribble estuary ï Projected  changes in season al hydrological behaviour  
for baseline, near - and far -future periods. The panels  show  (a) frequency of extreme 
high discharge  (3-month moving mean plus the 95 th percentile) ; (b) frequency  of flash 
floods (>50 m3/s per hour and peak >95th percentile ); (c) frequency  of low flow events 
(<25th percentile for >10 days ). Shading indicates range s across all 12 ensembles, 

and solid line indicate the ensemble mean s.    

3.6. Changes in coincident stressors    
  

This analysis explores the likelihood of co-occurrence of specific storm surge and 

hydrological events of importance for estuary water quality. It also assesses how such 

combined events will likely change in the future. Storm tracks that hit the UK often bring 

heavy rainfall and strong winds simultaneously. In such conditions, estuaries can experience 

both extreme river discharge and storm surges concurrently, which can lead to compounded 

impacts on estuarine water quality. For example, co-occurrence of extreme river discharge 

and residual surge could alter salinity gradients, increase pollutant and nutrient transport, 

and disrupt sediment deposition. This analysis explores the meteorological contribution to 

sea level (i.e., storm surge) ï but not sea-level rise. Therefore, future studies should 

consider how sea-level rise will likely change the severity of storm surge events.  
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For the Ribble, the dependence between high river discharge and high storm surge events 

are shown in Figure 3.9a. Dependence is represented by the Kendallôs rank correlation 

coefficient. Data isolated specific storm events were both discharge and surge exceeded 

the 95th percentile values, and for each event selected maximum discharge and surge as 

paired data. Figure 3.9a indicates increased dependence in the future ï i.e., the likelihood 

that both high discharge and high surge will co-occur will increase. The correlation shows a 

relatively weak relationship, which is similar to that seen in observation records (Lyddon et 

al. 2023). The number of times such co-occurrence events happened within in each season 

(June-May) is shown in Figure 3.9b, which indicates a slight increase in the future, from a 

mean of 13 (baseline) to 14 (far-future) events per season. Finally, Figure 3.9c shows a 

reduced lag time in the future between the paired data (maximum discharge and surge per 

storm event), from a mean of around 10 hours (baseline) to 9.3 hours (far-future) ï i.e., peak 

river flow and storm surge will occur closer together in time. These trends are likely driven 

by projected changes in rainfall, with more frequent extreme rainfall causing more high river 

flow events per season. Strom surges will not necessarily increase in severity and 

magnitude in the future, but shift with natural variability (Bricheno et al. 2023). 

 

 
Figure 3.9: Ribble estuary ï projected changes in the co -occurrence of high dis charge 
and high storm surge events , for baseline, near - and far -future periods. The analysis 
shows  (a) Kendall rank correlation coefficient between river discharge and storm 
surge (considering >95 th percentile paired events) ; (b) Mean number of such  co-
occurrence  events per season; (c) Mean time lag (hours) between peak  discharge and  
skew surge for such co -occurrence events. Data show s distributions  as box -whisker 
plots , encompassing each 20 -year period and all 12 ensemble members: Interquartile 
range (boxes), 1.5  interquartile range (whiskers), median (centre lines), maximum 
outlier (red cross) . 
  

Next, we considered two other types of co-occurrence events: (i) high river flows occurring 

with low surge; and (ii) low river flows occurring with high surges. These co-occurrence 

events were explored to identify seasonal patterns and climate shifts which could also 

degrade estuary water quality. For example, high river discharge increases freshwater input 

to estuaries, altering estuarine salinity gradients and transporting high nutrient loads, 

sediments, and pollutants ï potentially leading to eutrophication or turbidity maxima. At the 

same time, a reduced storm surge would limit mixing, promote stratification, and allow the 

freshwater plume to spread offshore. These conditions could be interpreted as the óflushing 

potentialô of the estuary, i.e., the maximum spatial export of river loads. On the other hand, 

low river discharge limits nutrient and sediment delivery to the estuary. At the same time, a 
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high storm surge would increase the saline intrusion and the overall salinity of the estuary. 

Such conditions would limit estuarine flushing and potentially concentrate nutrients and 

pollutants. These conditions can be interpreted as the óretention potentialô of the estuary, 

reflecting how long nutrients and pollutants could remain within the estuary. 

 

For this analysis, óhighô river flow or surge conditions were defined as exceeding the 75th 

percentile for at least three days, to represent relatively high event values but without 

focusing solely on óextremesô. Similarly, ólowô river flow or surge conditions were defined as 

being below the 25th percentile for at least three days. The three-day threshold was defined 

to identify a clear signal of sustained periods of such conditions (fish or aquatic habitats 

would likely tolerate shorter-term fluctuations in river flow or surge). See annex A for further 

details of the methodology. For the Ribble, most high river discharge combined with low 

storm surge events occur during Feb-Apr, where the mean number of such events per month 

is expected to almost double from ~5 (baseline) to ~10 (far-future) (Figure 3.9a). Virtually 

no such events occur during Jul-Sep, for any climate period. Considering low river discharge 

combined with high storm surge events, most occur during Sept-Oct (means of 5-8 events 

per season), with no clear climate trend seen (Figure 3.9b). Virtually no such events occur 

during Feb-Mar, for any climate period. 

  

 
Figure 3.10: Ribble estuary ï seasonality and frequency of two types of co -occurrence 
events  for baseline (present), near -future, and far future periods : (a) high river flows 
occurring with low surge; and (b) low river flows occurring with high surges. óHighô 
flow/surges exceed  the 75th percentile s, and ólowô flow/surges are below the 25th 
percentiles,  for at least three days . Shading indicates range across 12 ensembles  and 
20-year periods , and solid line s indicate the mean.  

3.7. Estuary r esidence times  (Delft  modelling ) 
 

Residence times for each of the 52 English estuaries were simulated with the Delft 

hydrodynamic and water quality models. For each of the seven regional Delft models 
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(Figure 1.2), the hydrodynamics of the coast and estuaries were simulated over several 

months (encapsulating spring through to neap tidal regimes). These simulations were 

repeated for a range of river flow forcing (5th to 95th percentile discharges inputted to each 

river) ï where for each simulation the river flows were held constant over time so that a 

systematic assessment of the relative controls of estuary residence time could be made. For 

each simulation, tracer release simulations were performed at four stages of the spring-neap 

tidal cycle, to calculate residence times. Hence, variability in residence times were a result 

of tidal range and river discharge conditions, as well as the specific estuary size and shape. 

The following tracer releases were simulated: (1) spring tide; (2) mid (to neap) tide; (3) neap 

tide; and (4) mid (to spring) tide. For all cases, tracers were initially released at low tide.  

 

The simulated estuary residence times for the baseline 20-year period are shown in 

Figure 3.11 for a selection of six of the 52 estuaries: Tyne, Mersey, Taw Torridge, Ribble, 

Dart, and Exe. The graphs in the figure show the predicted changes in residence time due 

to changes in tidal phase and riverine conditions. Similar results for all 52 focal estuaries 

are presented in Annex D3 and the Supplementary Estuary Report Cards, accessible 

through the Estuarine Database Viewer. Figure 3.11 shows variations in residence times 

between the different estuaries ï from a few days (Dart, Exe, Ribble) to several weeks 

(Mersey). Figure 3.11 quantifies the general reduction in residence times with increasing 

river discharge ï reducing by several days in some estuaries (Tees, Mersey, Taw Torridge) 

but less so for the Dart, Exe, and Ribble. This suggests that for these estuaries, residence 

times are predominantly influenced by the tidal regime. For the six estuaries, the simulated 

residence times varied by a few days according to tidal phase, whereby the longest 

residence time was simulated when the tracer was released at either neap tide or mid (to 

neap) tide (blue and red curves in the figure), i.e., avoiding spring tidal conditions whereby 

increased tidal fluxes reduce the residence time.  

 

As well as simulating estuary-wide residence times, we also simulated within-estuary 

residence times, i.e., residence times for discrete areas within estuaries. This gives an 

indication of the spatial variability in residence times within each estuary, highlighting areas 

with extended residence times such as sheltered and constricted zones, and areas that are 

well flushed such as the upper and lower parts of the estuary. Within-estuary residence 

times for the Liverpool Bay region are presented in Figure 3.12, for two scenarios: tracers 

released at mid (to neap) tide with river flow forcing of (1) 10 m3/s and (2) 50 m3/s. 

Consistent river flow forcing (rather than estuary-specific percentile discharge values) was 

used in this case so that comparisons between different estuaries can be made. Generally, 

the longest residence times were simulated in the mid-estuary areas, this is where the tracer 

is dispersed back-and-forth with each successive flood-and-ebb tidal cycle. Areas with the 

shortest residence times were in the upper estuary, where the tracer was quickly replaced 

with inputted riverine water, and in the lower estuary where the tracer was exported and 

diluted with the surrounding coastal water. For the Ribble, the 50 m3/s river forcing scenario 

produced maximum residence times of ~6 days in the mid-estuary ï approximately double 

the estuary-wide residence time shown in Figure 3.11. While for the Mersey, the 50 m3/s 

river forcing scenario produced maximum residence times of ~18 days in the mid-estuary ï 

again approximately double the estuary-wide residence time. Conversely, residence times 

in the upper estuaries, where the tracer was quickly replaced with inputted riverine water, 
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were 10-30% of the estuary-wide residence time. Within-estuary residence times for all 52 

estuaries are presented in Annex D. 

 

 

 

 

 
Figure 3.11: Simulated estuary -wide residence times for a selection of six estuaries, 
based on the baseline time slice. The figures show how residence time varies in 
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response to river flow (x -axis), and to tidal range ( grey shading, where the four curves 
indicate the release time of the pollutant tracer within the spring -neap tidal cycle).  
Vertical dashed lines indicate 5 th/50th/95th percentile river flows representative of the 
baseline time slice.  Inset maps and text give an indication of how estuary shape and 
area further influence residence times.  
 

 

 
Figure 3.12: Simulated within -estuary residence times for the eight estuaries within 
the Liverpool Bay region, forced with 10  m3/s river flows (left) and 50  m3/s river flows 
(right).  Tracers were initially released throughout the estuaries at mid (to neap) tide  
(at low water).  
 
To predict future changes in estuary residence times, two sea-level rise (SLR) scenarios 

were introduced to the modelling framework. Regional SLR projections for 2050 and 2100, 

based on ensemble means from the UKCP18 RCP8.5 data, were used to represent ónear-

futureô and ófar-futureô periods. For these two future scenarios, the suite of Delft 

hydrodynamic and water quality simulations for the baseline (present-day) period were 

repeated with 2050 and 2100 SLR added to the ocean boundary forcing. All simulations 

followed the same spin-up procedure and tidal/riverine sensitivity described in section 2.2. 

For each regional model, SLR representative of that region was incorporated. For example, 

for the Liverpool Bay domain, a SLR increase of 0.24 m was applied for 2050 and 0.66 m 

for 2100. Regional SLR projections for 2050 and 2100, based on ensemble means from the 

UKCP18 RCP8.5 data, for all model regions are described in Annex D4.  
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Simulated residence times, representing baseline, near-future, and far-future time slices, 

are shown in Figure 3.13 for four estuaries: Ribble, Lune, Mersey, and Wyre. As in the 

baseline-only results (Figure 3.11), the graphs in the figure show the predicted changes in 

residence time due to changes in tidal phase and riverine conditions. But in this case, 

Figure 3.13 also shows changes in response to SLR. Similar results for all 52 focal estuaries 

are presented in Annex D4 and the Supplementary Estuary Report Cards, accessible 

through the Estuarine Database Viewer.  

 

Figure 3.13 demonstrates generally a reduction in residence times of several days in 

response to the sea-level rise projections. Baseline simulations in the Ribble estuary, for 

example, predict a mean residence time of 2.93 days (i.e., residence time averaged over 

the estuary and averaged over 5th-95th percentile river flows and spring-neap tidal regimes). 

Whereas for the 2050 SLR scenarios, the mean residence time was reduced by about a half 

to 1.44 days. Moreover, for the 2100 SLR scenarios, the mean residence time was reduced 

further (by ~75%) to 0.78 days. The figure shows differing responses to SLR in each estuary. 

For example, in the Wyre, mean residence time decreased from ~7.5 days (baseline) to 3 

days by 2100 (by ~60%), while the Mersey decreased from ~15 days (baseline) to 9.25 days 

by 2100 (by ~40%).  For the Mersey (and to some extent the Ribble), an important finding 

is that the predicted far-future residence times are essentially lower than the baseline 

regardless of the river flow magnitude. 
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Figure 3.13: Simulated estuary -wide residence times for a selection of four estuaries, 
based on the baseline , near-future (2050), and far -future  (2100) time slice.  Future time 
slices represent regional ensemble mean SLR projections, based on UKCP18 RCP8.5 
data.  The figures show how residence time varies in response to river flow (x -axis), 
and to tidal range (shading).  Vertical dashed lines indicate 5 th/50th/95th percentile river 
flows representative of the baseline time slice.  Inset maps and text give an indication 
of how estuary shape and area further influence residence times.  
 

3.8. Estuary residence times using Estuarine Box Models  

 

This section presents simplified simulations of estuary residence times using the Estuary 

Box Model (EBM) described in section 2.2.5. The simplified modelling approach of the EBM 

is computationally fast, enabling characterisation of residence times under a much larger 

range of conditions than with the Delft modelling (section 3.7). The EBM was applied to the 

Ribble estuary, as presented in this section. The EBM was also applied to the Tees estuary, 

Dart estuary, and Southhampton Water and these results are presented in Annex E. The 

EBM was forced with climate projections of hourly river flows and water level over each 20-
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year time slice (baseline, near-future, far-future). Using the EBM, residence times were 

estimated for every tidal cycle over each 20-year period, therefore capturing seasonal and 

inter-annual variability in river flow, tidal range, storm surges, and their combined influence 

on residence time ï and how these patterns shift in response to SLR and changing surge 

and hydrology climates. The EBM was parameterised on the geometry of Ribble estuary 

(i.e., length, averaged depth, and volume).  

 

The density distribution of EBM-simulated residence times for the Ribble estuary are shown 

in Figure 3.15, for the baseline, near-future, and far-future 20-year time slices. For the 

baseline scenario, the mean residence time was ~2.7 days. The residence time distributions 

decreased for the future SLR scenarios: mean residence times decreased to ~1 day (near-

future) and 0.44 days (far-future), as seen with the Delft simulations in Section 3.7. An 

interesting result was that the range of EBM-simulated residence times reduced for the 

future scenarios, decreasing from a range of ~4 days (baseline) to ~3 days (near-future) to 

~2 days (far-future). This is because SLR reduced the range of intertidal volume of the 

estuary, experienced under neap and spring tidal conditions.  

 

The simulated relationships between residence times and river flow and tidal range are 

shown in Figures 3.16 and 3.17. For all three periods, there is a clear inverse relationship 

between tidal range and residence times, with larger tidal range predicting short residence 

times. For example, a large tidal range of ~9 m predicted residence times of 1.5 days 

(baseline), 0.5 days (near-future), and 0.3 days (far-future) ï regardless of the river flow 

conditions. Conversely, a small tidal range of ~3 m predicted residence times of 5 days 

(baseline), 3 days (near-future), and 1.2 days (far-future). There also appeared to be a 

positive relationship between high river flow and tidal range, leading to the ótriangleô shaped 

distribution of data in Figure 3.16 (i.e., when the tidal range was small, river flows tended to 

be low).  
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Figure 3.15: Ribble estuary ï Histograms showing the density distribution of EBM -
simulated residence times, for the baseline, near -future, and far -future  20-year time 
slices. For each panel, the mean, median, 25 th percentile, and 75 th percentile values 
are highlighted.  
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Figure 3.16: Ribble estuary ï Scatter plots showing the relationship between mean 
river flow and EBM -simulated residence times, for the baseline, near -future, and far -
future 20 -year time slices . The colour of the scatter is representative of the tidal range. 
Note that the y -axis is shown on a logarithmic scale.  
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Figure 3.17: Ribble estuary ï Scatter plots showing the relationship between tidal 
range and EBM -simulated residence times, for the baseline, near -future, and far -
future 20 -year time slices . The colour of the scatter is representative of the mean river 
flow.  
 



 

4. Estuary vulnerability to change  
 

The behaviour of estuarine water quality drivers (sea temperatures, salinities, storm surge, 

sea-level, river hydrology, and their coincident conditions) and within-estuary 

hydrodynamics and mixing (residence times) have been assessed for the 52 English 

estuaries, over three 20-year time slices: (baseline: 1980 ï 2000; near-future: 2020 ï 2040; 

and far-future: 2060 ï 2080). Projected changes in the behaviour of these metrics provide 

an assessment of estuary vulnerability to specific aspects of environmental change. A 

vulnerability assessment identifies where conditions are most likely to change across the 

country, highlighting estuaries at higher risk and whether any estuaries are particularly 

susceptible to specific types of water quality hazards, allowing for a targeted approach to 

adaptation planning.  

 

4.1. Vulnerability  

 

This study assessed how marine, fluvial, and estuary drivers are projected to vary across 

different estuaries by showing: (1) baseline conditions for selected drivers (e.g., annual 

maxima in SST, mean residence time, etc); (2) the predicted rate of future change; and (3) 

ranking the drivers spatially from those that will experience the greatest rate of change to 

the smallest. This approach identified estuaries that will experience most change, and those 

which could experience regime change and longer-term shifts. Cross-plotting drivers, to 

identify estuaries vulnerable to changes from the perspective of multiple drivers, helped 

identify which estuaries are most vulnerable to climate impacts, which will inform adaptation 

strategies in the future. 

 

4.1.1 Projected changes in water temperature  

 

Trends in annual maximum SST will be a result of several interacting drivers including 

changes in air temperature, cloud cover and solar radiation, the wind climate, precipitation, 

sea-level rise, and local and regional hydrodynamics. These processes will collectively drive 

the heat flux to surface waters and the behaviour of water column mixing and stratification. 

For sea surface temperature (SST), the average annual maximum (AMAX) SST, over the 

20-year baseline period, is shown in Figure 5.1a for each estuary. AMAX SST was 

calculated for each of the 12 PPEs and then averaged across all ensembles. Under baseline 

conditions, AMAX SST was highest in southeast England (e.g., >20 ºC) and lowest in 

northeast England (e.g., <17 ºC).  

 

The projected rate of changes in AMAX SST, defined by the slope of the linear regression 

fitted to the AMAX SST time series, from the baseline to the far-future time slice, are shown 

in Figure 4.1b (as a map) and Figure 4.1c (as a bar graph ranking the estuaries from largest 

to smallest rate of change). The projected higher rate of change in AMAX SST in northeast 

England of >0.06 ºC/yr (Tees, Wear, Tyne, Blyth, Wansbeck) are in part due to the thermal 

stratification of the offshore waters in this region (Sharples et al. 2022). Also of note, in and 
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around the Thames estuary (Blackwater, Crouch-Roach, Inner Thames, Medway), the 

baseline AMAX SST was ~20 ºC and increasing at ~0.05 ºC/yr to ~24 ºC by 2080. 

 

 

 
Figure 4.1: Average annual maximum sea surface temperature (AMAX SST) ï (a) map 
showing the AMAX SST for the baseline time slice; (b) map showing the rate of 
change in the AMAX SST (1980 ï 2080) with the top -5 estuaries labelled; and (c) bar 
graph ranking the rate of change in the AMAX SST (1980 ï 2080), from largest to 
smallest. To calculate these outputs, the maximum SST value for each year was 
calculated for each of the 12 PPEs, a non -linear regression was performed on the time 
series of each ensemble AM AX to determine the rate of change (trend slope), which 
were then averaged across 12 ensemble members.  
 

4.1.2 Projected changes in salinity  

 

For salinity (SSS), the average annual maximum (AMAX) SSS, over the 20-year baseline 

period, is shown in Figure 5.2a for each estuary. (Note that these data are extracted from 

the outer estuary regions of the 7 km AMM climate model and do not necessarily represent 

or resolve within-estuary salinities). AMAX SSS was averaged across all 12 PPEs. Under 

baseline conditions, AMAX SSS was highest in southern England (>35 psu) and lowest in 

central and northern England (30 ï 35 psu). Figure 4.2a highlights the notably low SSS in 

the Severn Estuary, which is influenced by its proximity to the model grid cell at the estuary 

mouth. This location is influenced by freshwater discharge in the NW Shelf model, 

contributing to the modelled lower salinity.  
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The projected rate of changes in AMAX SSS, defined by the slope of the linear regression 

fitted to the AMAX SSS time series, from the baseline to the far-future time slice, are shown 

in Figure 4.2b (as a map) and Figure 4.2c (bar graph ranking the estuaries from largest to 

smallest rate of change). The results show a negative trend, i.e., AMAX SSS is expected to 

decrease (freshen) over time. The highest projected rate of change in AMAX SSS (<-0.01 

psu/yr) was predicted in northeast England (Wear, Tyne, Tees, Coquet, Wansbeck). These 

estuaries have a baseline AMAX SSS between 34 ï 35 psu, which will decline by -0.01 

psu/yr up to 2100 (i.e., by ~0.8 psu). Estuaries showing the lowest projected changes in 

AMAX SSS were Severn, Dee, Mersey and Ribble. The NW shelf model primarily resolves 

large-scale oceanographic changes rather than localised freshwater inflow variations, so the 

model may not capture strong salinity trends in estuaries that are heavily influenced by tidal 

mixing. Future changes in freshwater inflows may not be captured well by the NW shelf 

model.  
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Figure 4.2: Average annual maximum Sea Surface Salinity (AMAX SSS) ï (a) map 
showing AMAX SSS for the baseline time slice; (b) map showing the rate of change 
in the AMAX SSS (1980 ï 2080) with the top -5 estuaries labelled; and (c) bar graph 
ranking the rat e of change in the AMAX SSS (1980 ï 2080), from largest to smallest. 
To calculate these outputs, the maximum SSS value for each year was calculated for 
each of the 12 PPEs, a non -linear regression was performed on the time series of 
each ensemble AMAX to d etermine the rate of change (trend slope), which were then 
averaged across 12 ensemble members.  
 
4.1.3 Projected changes in storm surge  

 
The projected average annual maximum (AMAX) storm surge over the 20-year baseline 

period is shown in Figure 4.3a. Results were averaged across all 12 PPEs. Under baseline 

conditions, AMAX storm surge was highest in eastern England (>1.1 m) and lowest in NE 

and S England (<0.7 m). The projected rate of changes in AMAX storm surge is defined by 

the slope of the linear regression fitted to the AMAX storm surge time series from the 

baseline to the far-future time slice. The projected trend in AMAX storm surge is shown in 

Figure 4.3b (as a map) and Figure 4.3c (bar graph ranking the estuaries from largest to 

smallest rate of change). These figures indicate a small but positive projected trend in storm 

surge for all estuaries (equating to between 15 and 17 cm over 80 years). The Kent Estuary 

(NW England) is projected to experience the highest increase, at >0.003 m/yr, with estuaries 

in northwest and northeast England generally projected to experience larger trends 

(~0.003 m/yr). In contrast, estuaries in southwest England are projected to experience the 
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smaller rates of change in storm surge (<0.0023 m/yr). These patterns align with climate 

projections for a northward shift in north Atlantic storm tracks in the coming decades (Wolf 

et al. 2020).  

 

 
Figure 4.3: Average annual maximum (AMAX) storm surge ï (a) map showing AMAX 
storm surge for the baseline time slice; (b) map showing the rate of change in the 
AMAX storm surge (1980 ï 2080) with the top -5 estuaries labelled; and (c) bar graph 
ranking the rate of change in the AMAX storm surge (1980 ï 2080), from largest to 
smallest. To calculate these outputs, the maximum surge value for each year was 
calculated for each of the 12 PPEs, a non -linear regression was performed on the time 
series of each ensem ble AMAX to determine the rate of change (trend slope), which 
were then averaged across 12 ensemble members.  
 
4.1.4 Projected changes in hydrology  

 

The baseline hydrology characteristics and projected future changes are presented for the 

ten estuaries (and 16 rivers) where hourly river flow climate data were available (Tees, 

Humber (Aire, Ouse, Don, Wharfe, Trent), Colne, Blackwater, Southampton Water 

(Blackwater, Itchen), Exe, Dart, Taw-Torridge, Mersey, and Ribble). The 5th (low flow), 50th 

(median), and 95th (high flow) percentile river flows are presented in Figure 4.4, for each 20-

year time slice, and averaged across all 12 PPEs. Low (5th percentile) and median flows 

(50th percentile) are expected to decrease (Figure 4.4a-b). This suggests that rivers will 

generally experience lower flows for extended periods. The exception is Southampton Water 

(Itchen) in southern England, which shows a slight increase in low/median river flows in the 
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future. For the river Itchen, the 5th percentile flow is projected to increase from 2.8 to 3 m³/s, 

while the 50th percentile increase from 5 to 5.2 m³/s. For all rivers analysed, the 95th 

percentile river flows are projected to increase in the future, indicating that extreme high 

flows will become more intense. River flows remain comparatively lower in southern 

catchments (e.g., Colne, Southampton Water), compared with larger catchments in northern 

England (e.g., Trent, Mersey).  

 

 
Figure 4.4: Hydrology ï projected changes in (a) 5 th(low) ; (b) 50 th(median) ; (c) 
95th(high)  percentile river flows, for the three time slices, for the 10 estuaries (16 
rivers). Estuaries are ordered from SW region moving clockwise around UK to S 
region.  The 95 th percentile represents the threshold below which 95% of values fall, 
highlighting the highest 5% as extreme or unusually high values.  The 5 th percentile 
marks the threshold below which only 5% of values fall, highlighting the lowest 
extremes in the data.  The 50 th percentile (median) shows the midpoint of the data 
distribution.  
 

To illustrate these results spatially, the 5th (low), 50th (median), and 95th (high) percentile river 

flows are presented as maps in Figure 4.5, for the baseline time slice and percentage 
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changes for the future time slices, again calculated for each of the 12 PPEs and averaged 

across all ensembles. As seen in Figure 4.4, baseline river discharge was lower in southern 

than northern rivers. Projected percentage changes in river flows from the baseline to the 

near-future (Figures 4.5b, e, and h) and far-future (Figures 4.5c, f) time slices are shown. A 

negative percentage change was seen in most catchments for 5th and 50th percentile flows, 

indicating again that the rivers will generally experience lower discharge for extended 

periods in the future. A small, positive increase was seen in Southampton Water (Itchen). 

The largest positive changes in the 95th percentile flows were projected for catchments in 

western England (Taw, Torridge, Mersey, Ribble). Rivers in northwest England show high 

baseline river discharge, and greatest future percentage change. 

 

 
Figure 4.5: Hydrology ï maps showing low flows   (top row), median flows (middle 
row), and  high flows (bottom row) percentile river flows, for the baseline time slice 
(left column); % change from baseline to Near Future (middle column); % change from 
Baseline to Far Future (right column), for the 10 estuaries (16 rivers).  
 

Looking at the seasonal hydrology, summer (JJA) and winter (DJF) baseline hydrological 

conditions and projected changes are shown in Figure 4.6, for the 10 focus estuaries (16 

rivers) over each 20-year period, calculated for each of the 12 PPEs and averaged across 

all ensembles. The figure shows (a-b) the number of extreme (>95th percentile) river flows 

events, (c-d) the occurrence of flash floods (where >95th percentile events increase at >50 

m3/s per hour), and (e-f) the occurrence of low flow events (where flow is less than the 5th 
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percentile flow for at least 10 days), as presented in Section 3.5, Figure 3.7, for the Ribble 

estuary (and for the Supplementary Estuary Report Cards).  

 

For the baseline time slice, more extreme high (>95th percentile) river flow events (floods) 

are shown to have occurred during winter than summer months in all rivers analysed. 

Further, there is a projected increase in the number of extreme river flow (floods) events 

occurring during winter months ï by tens (most rivers) or hundreds (Colne, Blackwater, 

Itchen) of events over the future 20-year time slices. In contrast, there is a projected decline 

in the number of extreme river flow (i.e., flood) events occurring during summer months, 

with the greatest projected declines (>20) in the Tees, Ribble and Wharfe rivers. These clear 

trends have important estuarine water quality implications, for example, in terms of the 

frequency and magnitude of sediment and pollutant loading to estuaries, and for the 

management of wastewater networks and sewage overspills.  

 

Similarly, for the baseline time slice, flash floods (where discharge displays a rise above 

50 m3/s per hour and the peak exceeds the 95th percentile) are shown to be more common 

during winter (3-17 events over the 20 years) than summer months (<3 events per 20 years), 

and their occurrence during future summers is projected to decline. However, an exception 

is observed in the Aire catchment, which shows less variability and a small future increase 

in summer flash floods. All catchments display an increasing number of winter flash floods, 

of up to 7 events per 20 years. 

 

For the baseline period, the number of 10-day low-flow periods are shown to be more 

prevalent during summer (generally 5-10 events) than in winter (generally did not occur) 

months, and the number of summer low-flow periods is projected to generally decrease, 

except in the Tees. However southern catchments Colne, Blackwater, and Southampton 

Water) appear to behave distinctly, with fewer summer droughts and more winter low-flow 

periods compared to northern catchments. Low-flow periods in the south appear to occur 

later in summer and early autumn, sometimes extending into early winter, rather than being 

confined strictly to the summer months. This means that using conventional seasonal 

classifications, such as June-August for summer and December-February for winter, may 

not fully capture the shifting timing of low-flow events in southern England.   
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Figure 4.6: Hydrology ï summer and winter changes in (a -b) peak river flows 
exceeding the 95 th percentile; (c -d) occurrence of flash floods where discharge 
displays a rise above 50 m 3/s per hour and peak exceeds the 95 th percentile; (e -f) 
occurrence of low flow events where discharge is less than 25 th percentile for a 
minimum of 10 days over the three time slices, for 10 focus estuaries (16 rivers). 
Results are presented for summer months (JJA, left panels) and winter months (DJF, 
right panels). Estuaries are ordered from SW region moving clockwise around UK to 
S region.  
 

4.1.5 Projected changes in estuary residence time  

 

The Delft-simulated estuary residence times, representative of baseline sea level and river 

flow conditions, are shown for mean flow conditions (Figure 4.7a). Considering a scenario 

with RCP8.5 sea-level rise projections for 2100, the predicted changes in mean residence 

times are shown as a map in panel (b) of Figure 4.7 and as a bar graph ranking the estuaries 

from largest to smallest mean changes in panel (c) of Figure 4.7, with minima and maxima 

change represented by whiskers. These min/mean/max residence time simulations and 

projected changes are also summarised and ranked as box-whisker plots in Figure 4.8. 
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For the baseline period, the Ore estuary (southeast) had the longest simulated residence 

time, approximately 100 days (>3 months), with little variability due to tides or river flows. 

Other estuaries in the southeast with notably long residence times ï of the order of several 

weeks ï are Wensum, Blyth (Suffolk), Deben, Portsmouth Harbour, and Poole Harbour. 

These estuaries are generally small (<13 km2) ï but with microtidal regimes (tidal range < 

2 m) and low river flows (50th percentile < 3 m3/s), characteristics that restrict the flushing 

potential of the estuaries. Other estuaries with similarly long residence times are the Severn 

and Humber, which are hypertidal and macrotidal, respectively, with large river flows 

(characteristics which promote flushing) but these estuaries are the two largest in England 

(<300 km2) ï their large size limiting their potential to be flushed quickly. Additionally, the 

Mersey and Southampton Water have long residence times of several weeks ï both medium 

sized estuaries (90 and 40 km2) with large river flows (50th percentile = ~15 m3/s) and 

macrotidal, but are relatively long estuaries (>20 km) which again restricts their potential to 

be flushed quickly. Natural variability in residence times for the above óslow responseô 

estuaries was generally small (days), although notably larger for the Wensum and Blyth due 

to a large variation in river flow (tidal variability was a small factor). For the majority of the 

other estuaries, the simulated residence times were of the order of a few days to a week, 

except for the following ófast responseô estuaries which experience residence times of less 

than one day (likely due to the reasons suggested): Cuckmere, Coquet, Tweed, Avon, Erme, 

(all small estuaries <2 km2), Lymington (relatively large river input: 50th percentile ~15 m3/s), 

and Stiffkey (short and open mouthed estuary). 

 

In Annex D, Figure D5.1 demonstrates how estuary residence time scales to estuary 

volume. For the baseline period, estuaries with larger volumes (e.g., Humber, Severn, 

Mersey) tended to experience longer residence times, and vice-versa for smaller estuary 

volumes (e.g., Cuckmere, Axe). For the future time slices with sea-level rise, whilst this 

relationship holds, the volume is less of a control on residence times because the tidal prism 

becomes a larger control as this increases disproportionally more so than the volume (as 

there are less intertidal areas).   

 

Some of the 52 English estuaries showed sensitivity of Delft-simulated residence time 

predominantly to variability in the tidal regime, while others showed sensitivity predominantly 

to variability in river flows. From this perspective, we can define the estuaries as either 

tidally-dominated or fluvially-dominated. The residence time figures presented (e.g., Figure 

3.11, Annex D, and those in the Supplementary Estuary Report Cards, accessible through 

the Estuarine Database Viewer) show: (1) for tidally-dominated estuaries, generally 

horizontal curves/lines and wide shaded regions, e.g., the Dee, Duddon, and Kent estuaries; 

and (2) for fluvially-dominant estuaries, sloping curves/lines of the graphs with narrow 

shaded regions (during high river flows but increasing during low flows), e.g., the Lune, 

Wyre, and Mersey estuaries. The tidally-dominated estuaries tend to be shallow with 

extensive intertidal regions, and macrotidal or hypertidal with a large change in tidal range 

from spring to neap tide (Robins et al. 2015). These characteristics mean that the estuary 

tidal flux varies markedly over the spring-neap tidal cycle, causing the large variability in 

residence times (for reference see Figure 1.1). The fluvially-dominated estuaries also tend 

to be shallow with a large variability in river flow and where the riverine contribution to the 

tidal prism (during high flows) is relatively large. Figure 4.9 characterises the 52 estuaries 
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according to these drivers of variability in residence times for tidal and fluvial conditions 

representative of the baseline period. Estuaries below the diagonal dashed line in the figure 

are tidally-dominated, whereas estuaries above the diagonal dashed line are fluvially-

dominated. For example, the Ouse in southeast England is tidally-dominated because 

residence time varies by ~13 days due to the spring-neap tidal cycle but only varies by 

~1 day due to river flow variability. In contrast, for the Wenson estuary in eastern England, 

the residence time varies by several weeks due to river flow variability, but only by a few 

days due to tidal variability. 

 

Projected changes in residence times due to sea-level rise were simulated with the Delft 

models, representing regional increases for 2050 and 2100. Based on UKCP18 RCP8.5 

ensemble projections, by 2050 SLR is projected to be between 0.24 m and 0.31 m, 

depending on region, and by 2100 between 0.6 and 0.81 m. A clear result was that sea-

level rise reduced the residence times across the majority of estuaries simulated, by several 

days (Figure 4.8). These changes were due to increased tidal fluxes associated with (a) 

reduced frictional influence (in deeper water) and (b) increased tidal prism (rising sea level 

reduced the intertidal areas). For these simulations, estuary areas remained as per the 

baseline, representing a óhold the lineô coastal management strategy. These climate impact 

simulations were forced with the baseline river flows (baseline 5th, 50th and 95th percentile 

constant flows). This was because hourly projected river flows were not available for all 

catchments (only the 16 rivers analysed in section 4.1.4). This approach introduces 

uncertainty, as residence time is sensitive to variations in river inflow that affect circulation 

and flushing capacity. Hence, this should be considered when interpreting the projected 

changes in residence times; if, for example, 5th percentile river flows were projected to 

decrease (as was generally the case for the 16 rivers analysed above ï see Figures 4.5 and 

4.6), then this would tend to increase the residence time and somewhat counteract the effect 

of reducing residence time due to SLR. Conversely, if the 95th percentile river flows were 

projected to increase (again as was generally the case for the for the 16 rivers analysed), 

then this would tend to further decrease the residence time in addition to SLR. Although the 

projected changes in percentile river flows were not explicitly simulated in the Delft models, 

such changes can be inferred from the residence times graphs within the estuary report 

cards. Indications from the EBM-simulated residence times, for four estuaries (Ribble, Dart, 

Southampton Water, Tees), which did account for projected changes in hourly river flows as 

well as sea-level rise, suggest that the effect of sea-level rise in reducing residence times 

outweighed that from changes in river flow. Nevertheless, as future river flow projections 

become available in more catchments, further research is required to explore the relative 

controls of hydrology and sea-level rise on residence times. 

 

An interesting result is that, for most estuaries, the simulated variability in baseline residence 

times due to tidal and river flow variability tended to be greater than that due to SLR. Whilst 

for other estuaries, the simulated variability in residence times due to SLR tended to be 

greater than the baseline variability (Figure 4.10). For example, the residence time of 

Plymouth Sound varied by almost 5 days due to 2100 SLR (+0.79 m), which was slightly 

more than due to baseline tidal/river flow variability. Such estuaries where future changes 

in residence time outweigh present-day variability (Plymouth, Portsmouth, and 

Southampton) suggest marked future changes in the estuary hydrodynamics as a result of 
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projected sea-level rise, which will affect a wide range of water quality drivers (beyond 

residence times), such as turbidity, stratification, pollution, and larval dispersal. Hence, 

these estuaries should be of particular focus for further climate impact research. Moreover, 

it is important to understand how, physically, the estuary will change due to SLR, how 

changes in hydrology and storm surge might affect this, and the importance of such changes 

temporally (i.e., changes in mean conditions as well as extreme, compounding and episodic 

events), for a range of water quality impacts, e.g., for species with different growth or 

tolerance levels, or pathogens with different growth/decay behaviour and different 

environmental responses. 

 

 

 
Figure 4. 7: Delft -simulated e stuary residence time vulnerability  for  52 English 
estuaries ï (a) map of  baseline residence times  in days  (estuary -averaged and mean 
over all tidal/riverine forcing);  (b) map of changes in estuary -average d, mean,  
res idence  time (days) by 2100 ; (c) rank/list of (b) as histogram.  Whiskers  in (c)  
represent minima and maxima changes over baseline residence times by 2100.  
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Figure 4. 8: Delft -simulated estuary residence time vulnerability for 52 English estuaries, showing variability between estuaries 
and projected change s over each 20 -year time slice. The box -whisker plots show the interquartile range ( thicker boxes) and the 
full range (vertical lines). Statistical outliers are shown as dots. Note that the y -axis is shown on a logarithmic scale (days). The 
estuaries are ranked from largest to smallest mean residence time. 



 

 

 
Figure 4. 9: Delft -simulated baseline residence times for  52 English estuaries , 
characterised  according to drivers of variability. Estuaries below the diagonal dashed 
line are  considered  tidally -dominated, implying that variability in residence times is 
driven by tidal variability  (e.g., spring through to  neap tides).  Whereas estuaries 
above the diagonal dashed line are  considered  fluvially -dominated, implying that 
variability in residence times is driven by river flow variability. For example, the Ouse 
in southeast England is classed as tidall y-dominated because it varies by ~13 days 
due to the spring -neap tidal cycle but only varies by ~ 1  day due to river flow 
variability.  
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