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Research at the Environment Agency

Scientific research and analysis underpins everything the Environment Agency does. It
helps us to understand and manage the environment effectively. Our own experts work
with leading scientific organisations, universities and other parts of the Defra group to
bring the best knowledge to bear on the environmental problems that we face now and in
the future. Our scientific work is published as summaries and reports, freely available to
all.

This report is the result of research commissioned by the Environment Agency’s Chief
Scientist’'s Group.

You can find out more about our current science programmes at
https://www.gov.uk/government/organisations/environment-agency/about/research

If you have any comments or questions about this report or the Environment Agency’s
other scientific work, please contact research@environment-agency.gov.uk.

Dr Robert Bradburne
Chief Scientist
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Executive summary

This project reviewed the use of stochastic and other approaches in water resources
planning, including their current use and limitations, potential developments and
alternative options.

Stochastic simulation methods have become an established way for water companies to
create a larger sample of rainfall inputs for their hydrological and systems models, than
from the observed record alone. But there has been little to no assessment of their use in
practice, or appropriateness when considering future climate. This project aimed to review
the science behind stochastic methods and the performance of existing products, whilst
clarifying their strengths, weaknesses and appropriate uses, alongside an equivalent
appraisal of alternative approaches.

The project consisted of an objective review of the stochastic methods currently used by
water companies, and the potential alternatives. This was primarily literature-based,
including both academic and grey (e.g. water company documents) and the findings
summarised in topic focused reviews (e.g. climate change). This was then complimented
with semi structured interviews with both users and creators of stochastic datasets.

The review draws together and consolidates the current body of knowledge on stochastic
methods used by the water industry and the potential alternatives. It has identified gaps in
our knowledge and made recommendations, including improved consideration of the:

Effects of non-stationarity and long-term variability

Incorporation of climate change

Biases in stochastic model, especially when applied to future climate
Interpolation and generation of extremes that are not present in observed data

We want to build on the findings of this review and promote discussion on methods across
the water industry, to help shape the future direction of water resources planning.
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Background

In early 2022, the Environment Agency set out on a project to review stochastic and other
approaches used for water resources planning. The aim of the project was to reflect on
water resource planning methods to date and to look for opportunities to continually
improve the approaches used in the industry.

More specifically, the project set out to review the science behind currently-used
stochastic methods and the performance of existing data products that are employed in
their use. The project undertook a critique of these methods and also set out to make
comparison with ‘alternative’ approaches to planning: alternative stochastic methods, that
are available in principle and not currently used in practice; as well as alternative
approaches to water resource planning altogether, i.e. approaches that are not based on
stochastic simulation, but are similar in their objective of supporting planning for rare
extremes that are outside the observational record. The overall aim was to inform a
debate on the most appropriate methods and data for use in future rounds of Water
Resource Management Plans (WRMP)

The specific objectives of the project were to:

e Conduct an objective assessment of the strengths and weaknesses of both the
current stochastic methods and data products, including climate change analysis,
the different ways of statistically analysing stochastic data sets, any limits to their
application, and make recommendations on their optimal use

¢ |dentify both potential alternative stochastic method(s) and potential alternative
planning approaches and the opportunities they offer, including climate change
analysis, statistical analysis, limits to application and optimal use

e Expose the arguments for and against the continued use of stochastic approaches
set against the arguments for and against alternative planning approaches, and to
make recommendations, identify gaps and engage the wider community (users,
academics, consultants) in a discussion on the future direction of WRMP

‘Stochastic methods’ here is a rather generic, catch-all term for the stochastic simulation
methods that have become an established way for water companies to create a larger
sample of rainfall inputs for their hydrological and systems models, than from the observed
record alone.

At the time this project was specified, it was noted that the research to date had focussed
on the development of statistical modelling approaches (e.g. Serinaldi & Kilsby, 2012;
Atkins, 2020; Dawkins et al. 2022), but there had been little to no assessment of their use
in practice, or appropriateness when considering future climate.

Crucially, there had not been any comparison of the methods with ‘alternative’ planning
approaches, such as the so-called ‘bottom up’ approaches that focus on understanding
the system and its limits and vulnerabilities. There is a growing need for such analysis
because research into these approaches (e.g. Anderton et al. 2015; UKWIR et al. 2017)
has led to its inclusion in drought planning guidance. In addition, in recent years there has
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been a growing number of research publications on alternative approaches such as
‘storyline’ methods (e.g. Shepherd et al. 2018) or approaches using large, physically-
based climate model ensembles (e.g. UNSEEN approaches, Thompson et al. 2017) that
could potentially be used in water resources applications.

Building on both the previous research, and ongoing research reviewing the use of models
and data in water resource and drought management generally (e.g. Environment Agency,
2023), this project aimed to review the science behind stochastic methods and the
performance of existing products, whilst clarifying their strengths and weaknesses and
appropriate uses — alongside an equivalent appraisal of alternative approaches. These
alternatives could be other stochastic methods that are yet to find application in the UK;
and alternative planning approaches, e.g. the aforementioned bottom-up approaches and
storyline based methods, among others. This will help to both shape future research and
add to our existing knowledge on the appropriate use of stochastic methods and data.

8 of 23



Methodology

Description of the approach

The EA specification requested an objective review of strengths and appropriate use of
stochastic methods, both current and any potential new, alongside the strengths and
appropriate uses of alternative planning approaches, to provide a foundation for informed
debate on the future direction of WRMP. The specification requested a project consisting
of three main elements.

Element 1: Objective review of current stochastic methods

e Comment on the science of statistical approaches

e Scientific and technical limitations to the approach

e Strengths and appropriate operational uses of stochastic data

e Appraisal of techniques for analysing the data, including operational implementation
Element 2: Comment on alternative stochastic methods and planning approaches

¢ |dentify other stochastic methods

e |dentify other planning approaches

e Comment on the science of the alternatives

e Scientific and technical limitations to the alternatives

e Strengths and appropriate operational uses of the alternatives

e Appraisal of techniques for analysing the data, including operational implementation
Element 3: Summarise to inform debate on future direction of WRMP

e Reflect on outputs from Elements 1 and 2

e Comment on relative strengths and weaknesses, including scientific and
operational

e Make recommendations where the evidence is clear

¢ |dentify any gaps in our knowledge and any potential opportunities to fill them

e Engage with wider community (users, academics, consultants)
For Elements 1 and 2, the research was primarily literature-based, reviewing appropriate
academic literature as well as grey literature (company, regional and national planning
documents). For Element 3, we integrated the learning from the previous Elements,

alongside a community engagement exercise, engaging with both users and providers of
stochastic and other water resources planning methodologies.

For Element 1, we undertook a review of current industry practice in stochastic simulation
for water resources planning, both in theoretical and practical terms. We reviewed the
motivations and general theoretical basis for stochastic simulation, before considering the
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specific methods applied in the industry. We considered the strengths and limitations of
these methods, before addressing the key learning from their implementation in practice in
the water industry since their introduction.

Our approach was to first develop a Narrative history of UK water resources planning
in relation to droughts (strategic and operational), up to and including the adoption of
stochastic methods. We briefly reviewed previous approaches to water resources
planning, including use of historical ‘droughts of record’, before including a summary of
why stochastic datasets have been used in response to the requirement of the ‘duty of
resilience’ to assess resilience to droughts beyond the historic record. We described a
brief history of developments in stochastic applications and how they have been
implemented.

We then undertook a review of how stochastic datasets have been used by water
companies in England, highlighted by a small number of work examples/case studies from
recent years to demonstrate particular issues/challenges (e.g. in datasets, modelling and
assimilation of outputs within the wider planning process). We also considered a review of
the characteristics of stochastic datasets that are required within UK water resource
planning, drawing on conclusions and recommendations from previous reviews and
projects, including the potential for a national drought dataset identified in UKWIR (2017).

We then undertook a scientific assessment of the implementation of stochastic
methods within water resource planning, drawing on the strengths and limitations of
stochastic methods and approaches. This included a technical appraisal and critical review
of several key issues relevant to all stochastic approaches, including, for example:

e Input data: data requirements (reliance on relatively limited short meteorological
datasets, issues of data quality/suitability and attendant uncertainties in both
predictors and predictands), barriers of current process understanding of the
ocean-atmosphere drivers of UK drought that are integral to stochastic methods
(and emerging opportunities to overcome them)

e Theoretical basis of stochastic simulation: statistical considerations, including
non-stationarity, dependence structures (autocorrelation and long-range
dependence), statistical models for quantifying relationships between predictors
(e.g. ocean-atmosphere variables) and predictands.

e Applications of stochastic datasets: integrating with future climate change
projections; practical implementation in meteorological-hydrological-supply
systems modelling chains; spatial aggregation and so on.

We then distilled this into a review of strengths and weaknesses of stochastic methods,
framed by the requirements for UK water resources planning (strategic and operational),
leading to a tabular cross-comparison (figure 1) between these methods, highlighting
strengths/weaknesses according to the various general themes identified in the above
bullet points and across Element 1 more generally.
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For Element 2, we took the same largely literature-focused approach, to develop a review
of alternative new and emerging approaches that could be used for planning in place of (or
in combination with) stochastic approaches. We set out to develop a narrative of recent
developments that have responded to the same motivation of stochastic models, i.e.
testing resilience to events beyond those experienced in the past. We built on existing
reviews, notably the EA review of the state of our understanding of drought science
(Environment Agency, 2023) as well as previous reviews (e.g. Chan et al. 2022a; UKWIR,
2018).

The key part of element 2 was to Identify other ‘alternative’ planning approaches. We
surveyed the UK literature to identify other approaches. We identified key trends and
examples, e.g. synthetic design droughts (Watts et al. 2012); Scenario-Neutral
methods/Vulnerability frameworks (Prudhomme et al, 2015); Storylines (Chan et al.
2022b); Large Ensembles (e.g. MaRIUS; UNSEEN, Thompson et al. 2017) and others.
We also undertook a rapid and selective literature review of the international literature to
identify other potential approaches to planning for out-of-record extremes (e.g. stress
testing work in Germany; Hellwig et al. 2021). We then characterised approaches
according to their main characteristics (e.g. top-down v bottom-up, data needs) and their
potential to meet water resources planning needs.

We critically reviewed the science behind all these approaches, focusing on the same
statistical/data/modelling themes identified for stochastic methods in Element 1, also
included in the same table (Figure 1). We addressed the practical implications of applying
these methods in planning, considering, for example, driving data accessibility, costs,
complexity of application, interpretability of outputs.

For Element 3, in addition to scientific/technical review, we also undertook community
engagement through the project. This helped inform reflections on the relative strengths
and weaknesses of the implementation of different approaches.

We undertook five semi-structured interviews focussing on the weather generators
themselves and the implementation of datasets in decision making, both in terms of
learning from previous and current datasets as well as opportunities for new datasets. This
included both individuals that have worked on stochastic weather generators in the past
and present, and users of stochastic datasets in water resources planning, covering
academia, consultancy, those at water companies. We also incorporated the views of the
Environment Agency through discussions during the project.

Element 3 was also, crucially, a synthesis activity. We reflected on the findings on
elements 1 and 2 as a gap analysis, framed by the requirements for UK water resource
datasets identified in element 1. This gap analysis allowed for recommendations to made,
as well as identifying where knowledge is lacking.

Finally, Element 3 rounded off the whole project by delivering High-level
recommendations, where evidence permitted following the gap analysis, highlighting the
implications for specific parts of the water resource planning and drought planning
processes (including impacted guidance documents across the Environment Agency and
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UKWIR (reflecting on UKWIR, 2021)) to facilitate a forward plan. The recommendations

also reflect on what is needed for a transition from one approach to another and why. We
produced a timeline of what is feasible by the next planning cycle and beyond to ensure
that recommendations are constrained by the practicalities of the planning cycle process.

Structure of the reporting

The remainder of this report sets out the high-level synthesis of this project, principally the
gap analysis and high-level recommendations undertaken as part of Element 3. The aim of
this report is to give a high-level overview for policymakers and practitioners, focusing on
the key overall findings and recommendations.

All of the relevant scientific and technical material emerging from Elements 1 and 2 is

provided in the accompanying Annex report. Appendix A provides the structure of the
Annex report, with the topic and a brief description of each individual focussed review.
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Discussion

Water resource planning context

When considering datasets and approaches for use in water resources modelling, it is
useful to consider the goal of modelling. Regardless of the framework that modelling is
being undertaken within (e.g. top-down or bottom-up), the goal of water resource
modelling is generally to:

1) Characterise the system
2) Understand system vulnerabilities
3) Invest to mitigate vulnerabilities

The “system” in this case should be wider than simply conventional water supply and
should be a domain that includes other sectors and receptors that may influence supply or
vice-versa (a systems-thinking approach). Framed in this way, the focus of modelling is on
an evidence base that is sufficient to characterise and understand system vulnerabilities
and consider the available evidence on the plausibility and likelihood of hazards including
droughts.

This recommendations report takes the form of a gap analysis, first setting out the desired
end point of an idealised evidence base, appraising datasets and approaches that
comprise the current evidence base, and providing a timeline of recommendations for
improvement of the limitations of current datasets.

The idealised and current evidence base

There are a vast number of parameters and structures associated with stochastic
approaches that may ultimately determine the dataset that is generated. Consequently,
instead of considering how each (or combinations thereof) of these may impact water
resource modelling outcomes, it is perhaps more useful to consider the ideal
characteristics of the evidence base that is required for water resource planning and
consider the current and available approaches within this framework. It is also likely, at
least in the near-term, that one single dataset is not going to be able to answer all the
questions required within water resource modelling. In many cases, and particularly with
stochastic approaches, there are trade-offs associated with improving one characteristic
that may impact others. It is important to understand this when discussing current and
future approaches.

The list below shows the characteristics of an idealised evidence base for water resource
planning. This list can be considered applicable to all datasets, including historical
observed, derived and climate change.

¢ Nationally spatially coherent
e High resolution (space and time)
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e Evidence to underpin event plausibility

e Ability to represent "future droughts” (i.e. include a climate change signal)

e Diversity of events (events with contrasting duration, intensity, frequency, spatial
and temporal patterns)

e Applicable to multiple sectors (e.g. multiple weather variables, heat waves, include
stress events appropriate for agricultural and energy sectors)

¢ Represent full range of uncertainties

e Assessed prior to use and demonstrated

¢ Industry consensus as to their application and interpretation

e Can be used in a risk-based approach

o Ability to effectively attribute event likelihood

e Can be practicably applied for all systems and for all water stakeholder / receptors
at a national scale across the industry

There are a number of different datasets and approaches available that comprise the
current evidence base. Figure 1 shows a red (does not meet the idealised dataset), amber
(partially meets the idealised dataset) and green (meets the idealised dataset) rating for a
number of these datasets and approaches against the characteristics identified above. As
part of this project, stakeholders within the water industry have been engaged to ensure
that the characteristics and the rating assigned to each current dataset and approach are
largely representative of those using stochastic and alternative datasets.
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stochastics
Kilsby &
Serenaldi
stochastics
UKCP18
Synthetic
droughts

Atkins

Nationally spatially coherent- .

Evidence to underpin event plausibility

Ability to represent "future droughts” (i.e. include a climate change
signal)

Diversity of events (events with contrasting duration, intensity
frequency, spatial and temporal patterns)

Applicable to multiple sectors (e.g. multiple weather variables, heat
waves, include stress events appropriate for agricultural and
energy sectors)

Represent full range of uncertainties

Assessed prior to use and demonstrated at national scale

Industry consensus as to their application and interpretation

Can be usedin arisk-based approach

Ability to effectively attribute event likelihood

Resource implications for industry-wide application Low Low Low Low Medium Low  High Low High

Figure 1: Red, amber, green rating of selected datasets and approaches against
characteristics of an idealised evidence base. Hatched cells indicate evidence
sources that can satisfy an element of the characteristic in combination with
another evidence source. Grey shaded evidence sources indicate an approach,
rather than a dataset.

Figure 1 demonstrates that there is not one single approach or dataset that satisfies all the
characteristics of an idealised evidence base. There are also a number of characteristics
that are better represented within the current evidence base. For example, only one
dataset (UKCP18) scores green for high resolution in space and time, whereas a number
of datasets can be used alongside extreme value analysis to attribute event likelihood.
Figure 1 could also be used to see where combinations of datasets and approaches could
be used to create an evidence base that sufficiently satisfies all characteristics.

The stakeholder engagement process undertaken as part of this study opened a debate
about the requirement for a national scale dataset. There are trade-offs associated with
creating a national dataset, including the spatial resolution that regional stochastic models
provide and the technical challenges of model calibration in different regions. This can be
compared with the need for a nationally coherent dataset by the National Framework and
the EA / RAPID / Oxford University / Bristol University National System Simulation
Modelling project using the Water Resources of England and Wales model, and whether
this is important to have consistency between the national, and regional and water
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company, scales. Notwithstanding this debate, there is a need for stochastic datasets to
be spatially and temporally coherent, and there are trade-offs related to this that do not
just relate to national scale modelling, but regional scale modelling as well.

16 of 23



Recommendations

The project recommendations are centred around both the scientific research
underpinning approaches to test system vulnerability and the implementation and delivery
of the datasets. The delivery of datasets needs to fit into the water resource management
planning cycle in order to be adopted in an organised way. A proposed timeline for
undertaking the recommendations, along with approximate water resource management
and drought planning milestones is given in Figure 2. In order to fit into planning cycle
timings, the recommendations comprise a twin track approach of shorter-term actions prior
to WRMP29 and longer-term, research driven actions ahead of WRMP34.

For WRMP29

Dataset characteristics to test system vulnerability.

Current stochastic approaches deployed within water resource planning tend to comprise
replicates of the historical period, fixing the underlying drivers to those experienced
historically. The decision to follow this method is based on trade-offs with data availability,
method complexity and more overarching issues such as drought plausibility and
validation. The droughts created by stochastic approaches that resample the historical
period are constrained by the observed record, and in the case of Atkins (2020), the
climatic drivers. This creates droughts that are relatively similar to those experienced in the
calibration period. It is recognised that the lack of diversity of droughts is a limitation of the
current method and work should be done to try to improve drought diversity.

Drought diversity could be improved through either improvements to a stochastic
generator, or through complementary approaches that generate scenarios that don’t
appear within the stochastic dataset, as highlighted above. Thinking has already begun on
WRMP29 and given the scale of changes to materially improve a stochastic generator
(including testing, generation of scenarios, guidance, improvement in frameworks), it is not
feasible to have undertaken these comprehensively in time for WRMP29. In order to
improve drought diversity within a stochastic framework, there will have to be some trade-
off with data availability and plausibility. These trade-offs should be recognised in future
stochastic method development, and care given to the solution so that it results in
plausible scenarios that can be validated. For example, increased drought diversity could
be attained by using different samples of climate drivers, rather than simply replicating the
historical pattern, or through decoupling the weather generator from climatic drivers so it is
free to generate droughts with differing characteristics. In the former example, there may
be issues with validation in allowing both the drivers and weather variables to vary,
producing events that may be very different to those experienced historically and without a
way of checking the plausibility of those events within an historical probability distribution.
The latter example also has issues with plausibility where no underlying climate drivers are
used. This report does not make prescriptive recommendations of the method to improve
stochastic approaches. There are numerous ways to make the improvements set out in
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these recommendations, and the exact way they are implemented will be specific to the
method applied. It is likely that significant changes to the stochastic generator itself are not
feasible within the timescales of WRMP29, so efforts should focus on research to underpin
developments ahead of WRMP34 and complementary approaches for WRMP29 that
ensure system vulnerability is being adequately tested.

Multi-variate stochastic generation is also important, ensuring that variables such as
potential evapotranspiration (PET) are adequately modelled so that they vary in addition to
rainfall. Historically, PET has been resampled from the historical record, meaning that it
may not represent fully the uncertainties of combined extreme rainfall deficits and record
high temperatures. In addition to PET, other variables are required if datasets are to be
applicable to all relevant sectors that may impact water supply and the demand for water,
such as water quality.

Current approaches to incorporating climate change into water supply planning have
limitations with respect to their ability to represent future droughts, rather than simply
mean changes in climate variables. Future approaches should look to address this
limitation, however careful consideration needs to be given as to what and how much
information should be taken from climate models to ensure future droughts are plausible.

The following recommendations related to dataset characteristics that test system
vulnerability are applicable both before WRMP29 and ahead of WRMP34:

1. Consider the effects of non-stationarity and long-term variability in the stochastic
outputs

2. Further work required on incorporating climate change into stochastic models,

including how much and what information should be used from climate models,

based on their credibility

Further work to understand stochastic model biases when applied to future climate

Understand trade-offs between increased stochastic point coverage and

interpolation and generation of extremes

5. Explore approaches for including droughts not present in the available training data.
This could include approaches outside stochastic generators, as well as the use of
different stochastic frameworks, as outlined above

6. Explore multi-variate stochastic generation including PET and potential application
to other parts of the WRMP process (e.g. demand, outage events)

7. Further work on determining climate model and event credibility

8. Further work into the risk of consecutive dry winters

9. Regulatory framework

AW

The regulatory framework should encourage the use of approaches that ensure system
vulnerabilities are being fully explored, and thought given as to how to reconcile these
approaches from a regulatory perspective. There should be an emphasis on the need to
demonstrate system vulnerabilities and how the stochastic methods map to these
vulnerabilities. It may be that the stochastic methods used in isolation may not be sufficient
to elicit all system vulnerabilities. Consequently, there should be a demonstration of how
stochastics can be combined with other evidence sources to mitigate limitations of
datasets.
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The guidance should contain clear, worked examples and best practice in the use of
stochastic methods through to informing investment decisions. It should also contain clear
examples on how any complementary approaches should be incorporated. This should
include the use of extreme value analysis, providing clear information on the appropriate
types of EVA to use and the interpretation of uncertainty bounds within investment
decisions. Guidance should also be provided on how to use datasets with legacy models
(e.g. bias between datasets used for hydrogeological calibration and stochastic dataset).

There are a number of open source generators emerging that enable the relatively easy
and accessible creation of stochastic time series (e.g. RWGEN (Pritchard, 2024),
CoSMoS-2 (Papalexiou, 2022)). Whilst water resource planning has historically preferred
to have control over the method used to generate time series, it is not implausible to see
that such an open source tool generated through academic routes could be used (e.g.
Pywr). Doing so for stochastic generation may require regulators to have the skill to
understand these generators, the parameters and variables and how they may impact
outputs.

There should be an industry agreed approach to dataset testing to ensure that limitations
and benefits of approaches and datasets are clear from the outset, prior to use within the
water resources planning process. In addition, the evidence to support some of the
discussions within the stakeholder interviews should be published to help move the
industry towards a consensus on both the science and the practical implementation.

Procurement and organisation — science and dataset

A collaborative and transparent approach is required to the next stage of stochastic
dataset generation, incorporating rigorous evaluation and validation methods. According to
the National Infrastructure Commission (2018), £21bn is required between 2019 and 2050
(£12bn to increase resilience to a 1-in-500 year event) nationally to ensure resilient water
supplies. Given the scale of this challenge, the approach to procurement should be
commensurate in terms of time and budget. This should be determined prior to the use of
a dataset to encourage an industry-wide consensus.

In addition to the procurement of the dataset, consideration should also be given to the
procurement and organisation of the science that will underpin any new approaches.
Consequently, the sector should explore different funding and procurement mechanisms in
the near-term for both novel science and implementation of tools and products for use in
water resources planning.

Ahead of WRMP34

There are a number of areas identified within the technical reports for future scientific
research ahead of WRMP34. These should focus on collaborative research that can be
more ambitious and novel, be multi-sectoral, incorporate and feed into potential UKCP
releases and not be limited to stochastic approaches.
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Improved quality and availability of predictor data

Investigation of compound events and risk to water supply (both hot and dry

sequences that may drive demand, as well as drought to flood events that may

impact outage)

3. Continued improvement of paleoclimatic techniques, particularly related to weather
variables during winter periods

4. Demonstrations on how to co-produce storylines across sectors, spatial scales and
different modelling communities

5. Explore ways to influence climate modelling community to produce SMILEs with
characteristics of interest (e.g. longer droughts)

6. Improved spatial scale of input data (e.g. climate model resolution)

N

11. Consideration of procurement 1- 9. Research underpinning
arrangements for industry-wide improvements to stochastic

programmes datasets : :
‘ Idealised evidence base and ways of

5. Evidence to underpin drought combining data achieved
plausibility and credibility

* +

|
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12-17. Research underpinning
improvements to stochastic

4.Industry approach to dataset datasets and additional approaches

testing
10. Regulatory

framework enabling

use of different

approaches 10. Regulatory framework enabling
use of different approaches

Figure 2: Timeline for implementation of recommendations.

A note on hydrological models

The aim of this project was to review the use of stochastic and other approaches in water
resources planning. It did not review hydrological models, either their formulation or
application in water resources assessment. This is a further degree of uncertainty and its
impact on future rounds of Water Resource Management Plans, is worthy of consideration
both on its own and in combination with stochastic methods.

20 of 23



References

ANDERTON, S., LEDBETTER, R. AND PRUDHOMME, C., 2015. Understanding the performance
of water supply systems during mild to extreme droughts, Environment Agency, Report —
SC120048/R. URL:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment d
ata/file/484944/Performance of water supply systems during mild to extreme droughts

report.pdf

ATKINS, 2020. Regional Climate Data Tools: Sutton and East Surrey Water on behalf of WRSE.
URL: https://www.wrse.org.uk/media/ok1mtsog/wrse file 1338 regional-climate-data-

tools.pdf

CHAN, W.C.H., SHEPHERD, T.G., FACER-CHILDS, K., DARCH, G. AND ARNELL, N.W., 2022.
Storylines of UK drought based on the 2010-2012 event. Hydrol Earth Syst Sci 26, 1755—
1777. https://doi.org/10.5194/hess-26-1755-2022

DAWKINS, L.C., OSBORNE, J.M., ECONOMOU, T., DARCH, G.J.C. AND STONER, O.R., 2022.
The Advanced Meteorology Explorer: a novel stochastic, gridded daily rainfall generator.
Journal of Hydrology, 607. https://doi.org/10.1016/j.jhydrol.2022.127478

HELLWIG, J., STOELZLE, M. AND STAHL, K., 2021. Groundwater and baseflow drought
responses to synthetic recharge stress tests. Hydrol Earth Syst Sci 25, 1053—-1068.
https://doi.org/10.5194/hess-25-1053-2021

PAPALEXIOU, S. M. 2022. Rainfall generation revisited: Introducing CoSMoS-2s and advancing
copula-based intermittent time series modeling. Water Resources Research, 58,
€2021WR031641. https://doi.org/10.1029/2021WR031641

PRITCHARD, D. 2024. Code and UK observation-based historicalased historical climate input data
for the Rainfall and Weather GENerator (RWGEN) stochastic model. NERC EDS
Environmental Information Data Centre. https://doi.org/10.5285/44c577d3-665f-40de-adce-
74ecad7b304a

PRUDHOMME, C., SAUQUET, E. AND WATTS, G., 2015. Low Flow Response Surfaces for
Drought Decision Support: A Case Study from the UK. Journal of Extreme Events 02,
1550005. https://doi.org/10.1142/S2345737615500050

SERINALDI, F. AND KILSBY, C.G., 2012. A modular class of multisite monthly rainfall generators
for water resource management and impact studies. Journal of Hydrology, 464—465,
528-540. https://doi.org/10.1016/j.jhydrol.2012.07.043

SHEPHERD, T.G., BOYD, E., CALEL, R.A., CHAPMAN, S.C., DESSAI, S., DIMA-WEST, .M.,
FOWLER, H.J., JAMES, R., MARAUN, D., MARTIUS, O., SENIOR, C.A., SOBEL, AH.,
STAINFORTH, D.A,, TETT, S.F.B.,, TRENBERTH, K.E., VAN DEN HURK, B.J.J.M.,
WATKINS, N.W., WILBY, R.L. AND ZENGHELIS, D.A., 2018. Storylines: an alternative
approach to representing uncertainty in physical aspects of climate change. Clim Change
151, 555-571. https://doi.org/10.1007/s10584-018-2317-9

THOMPSON, V., DUNSTONE, N.J., SCAIFE, A.A., SMITH, D.M., SLINGO, J.M., BROWN, S. AND
BELCHER, S.E., 2017. High risk of unprecedented UK rainfall in the current climate. Nat
Commun 8, 107. https://doi.org/10.1038/s41467-017-00275-3

UKWIR, 2017. Drought Vulnerability Framework. Report Ref. 17/WR/02/12.

WATTS, G., CHRISTIERSON, B. VON, HANNAFORD, J. AND LONSDALE, K., 2012. Testing the
resilience of water supply systems to long droughts. J Hydrol (Amst) 414—-415, 255-267.
https://doi.org/10.1016/j.jhydrol.2011.10.038

21 of 23


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/484944/Performance_of_water_supply_systems_during_mild_to_extreme_droughts_report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/484944/Performance_of_water_supply_systems_during_mild_to_extreme_droughts_report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/484944/Performance_of_water_supply_systems_during_mild_to_extreme_droughts_report.pdf
https://www.wrse.org.uk/media/ok1mtsoq/wrse_file_1338_regional-climate-data-tools.pdf
https://www.wrse.org.uk/media/ok1mtsoq/wrse_file_1338_regional-climate-data-tools.pdf
https://doi.org/10.5194/hess-26-1755-2022
https://doi.org/10.1016/j.jhydrol.2022.127478
https://doi.org/10.5194/hess-25-1053-2021
https://doi.org/10.1029/2021WR031641
https://doi.org/10.5285/44c577d3-665f-40de-adce-74ecad7b304a
https://doi.org/10.5285/44c577d3-665f-40de-adce-74ecad7b304a
https://doi.org/10.1142/S2345737615500050
https://doi.org/10.1016/j.jhydrol.2012.07.043
https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.1038/s41467-017-00275-3
https://doi.org/10.1016/j.jhydrol.2011.10.038

Appendix A — Contents of the Annex report

The following is a table listing the topics with a brief description of the more detailed
scientific and technical material contained within each chapter of the Annex report.

Table 1: contents of the Annex report

1. Narrative history of water resources
planning in relation to droughts

This chapter provides the narrative history
(Element 1), developed through literature
review alongside semi-structured
interviews (Element 3)

2. Existing stochastic methods — A
critique of statistical aspects

This chapter reviews the statistical aspects
of current stochastic approaches, from a
theoretical perspective as well as in terms
of implementation (Element 1)

3. Climate input data

This chapter reviews issues related to the
input data (rainfall and evapotranspiration)
used by current stochastic models,
focusing on (e.g.) temporal and spatial
coverage (Element 1)

4. Climate predictors

This chapter reviews issues related to the
predictors used in current stochastic
models (Element 1). It highlights the state
of our knowledge in which predictors can
be used to estimate UK climate variables,
how these are applied in current methods,
and highlights key gaps.

5. Climate Change

This chapter reviews how current
stochastic methods include climate change,
focusing on the strengths and weakness of
current approaches, and potential ways
forward (Element 1)

6. Alternative approaches

This chapter reviews alternative
approaches beyond stochastic methods,
and considers their advantages and
limitations before making
recommendations.
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Would you like to find out more about us or
your environment?
Then call us on

03708 506 506 (Monday to Friday, 8am to 6pm)

Email: enquiries@environment-agency.qgov.uk

Or visit our website

www.gov.uk/environment-agency

Incident hotline

0800 807060 (24 hours)

Floodline
0345 988 1188 (24 hours)

Find out about call charges (https://www.gov.uk/call-charges)

Environment first

Are you viewing this onscreen? Please consider the environment and only print if
absolutely necessary. If you are reading a paper copy, please don’t forget to reuse and
recycle.
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