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ABSTRACT

Hydrological droughts threaten public water supply and significantly impact the natural
environment and other sectors. Quantifying the plausible worst case drought in the present day
climate and understanding the impacts of climate change on future droughts help decision-makers
formulate plans to enhance resilience. However, existing studies are often dominated by a top-
down approach characterised by a cascade of uncertainty which particularly suffers from an
insufficient exploration of low-likelihood, high-impact outcomes. This thesis aims to navigate
uncertainty in the hydrological impacts of climate change by introducing a physical climate
storyline approach. Drought storylines created from process understanding, pooling of ensemble
reforecasts and sampling from large ensemble climate model simulations enhances risk awareness

and aids robust decision-making for water resources planning.

Retrospective storylines of past droughts created by perturbations made to observed
events embraces downward counterfactual thinking through identification of different ways in
which events could have turned out worse. A more severe precipitation deficit in autumn 1975 for
east England or an even drier winter 1975/76, both of which could have arisen from natural
climate variability, could have led to a reduction in accumulated river flows by up to >50% at slow-
responding catchments in East Anglia. Storylines of the 1976 drought could have surpassed the
maximum intensity of the 1921-22 drought by up to >30% to become the most severe post-1891
drought for the region. Similarly, drier preconditions of the 2010-12 drought and a plausible third
consecutive dry winter could have led to significantly more severe conditions across the UK. A
third dry winter, in particular, could have led to conditions matching the benchmark multi-year
drought for east England (1989-1993), highlighting the fact that the drought could be seen as a
near miss. Placing the observed drought in a 2°C warmer climate is estimated to exceed mean

deficit of the benchmark 1989-93 drought by >60% at some of the worst affected catchments.



Initialized large ensemble model simulations is an emerging way to create high-impact,
low-likelihood storylines. Storylines of the 2022 drought in East Anglia created by combining
observations with pooled ensemble reforecasts enable decision-makers to explore the likelihood
of worst-case river flow trajectories, identify high impact combination of physical climate drivers
to increase risk awareness during an on-going event. Further, application of the UNprecedented
Simulated Extremes using ENsembles (UNSEEN) technique estimates that the chance of
unprecedented high (low) summer temperature (rainfall) increases from 5.7% (8.8%) in the present
day to 58.3% (18.1%) in a 3°C warmer world. The larger sample simulations are ideal for searching
for high impact drought sequences where the physical credibility of simulated events may be
verified more easily compared to statistical methods. The utility of the current generation of large
ensemble simulations to sample for multi-year drought storylines is further discussed with
drawbacks due to spatial resolution, the need for bias adjustment and the under-estimation of

weather system persistence (such as atmospheric blocking).

The various methods presented in this thesis provide evidence of the magnitude of present
and future extreme droughts. Outstanding research gaps to ensure the physical credibility of
drought storylines include the need to improve quantification of observational data uncertainty
and better characterisation of hydrological model realism during extreme droughts. The
demonstrated value of the storyline approach contributes to the diversification of approaches used
in water resources planning and could form a core part of planning to assist in stress-testing water

resources systems and enhancing resilience to future droughts.
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A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 1: Introduction

INTRODUCTION

1.1 Motivation

Droughts threaten public water supply and incur significant impacts on the natural
environment and across multiple sectors (Wilhite et al., 2007). The direct impacts of droughts
include, but are not limited to, reduced water supplies, agricultural crop failures (e.g. Beillouin et
al., 2020), suspension of energy generation (e.g. van Vliet et al., 2016) and habitat fragmentation
(e.g. Oliver et al., 2015). Additionally, droughts may indirectly lead to a range of health and socio-
economic impacts such as water scarcity, displacement and income loss (UNCCD 2017). The
impacts of droughts can also have cascading effects where an event in one region leads to cross-
border socio-economic or political impacts in another region (e.g. Sternberg, 2011; van den Hurk
et al., 2023). The occurrence of droughts is not limited to dry regions in semi-arid or arid
environments (Mishra and Singh, 2010; Van Loon, 2015). Droughts are often slow-developing and
long-lasting and the spatial and temporal aspects of the onset, development and recovery process
can be very different between events. According to the European Commission, droughts cause
annual economic losses of around €9 billion per year for the European Union (including the UK)
(Rosst et al., 2023). Additionally, some of the most severe consequences of future climate change
will be experienced through changes in the global water cycle and the frequency and severity of

hydrological extremes.



A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 1: Introduction

Public perception of the UK being a “wet and rainy” *

country with no risk of severe droughts
is not consistent with past meteorological and river flow observations showing periodic periods of
severe droughts (Marsh et al., 2007; Barker et al,, 2019) and future projections suggesting a
reduction in low flows and increase in drought severity with climate change (e.g. Arnell et al., 1990;
Arnell, 1992a; Charlton and Arnell, 2014; Kay et al., 2021; Parry et al.,, 2023). However, the
understanding of present-day drought risk is incomplete as it is limited by short observational
records and hampered by the impacts of internal climate variability and the multivariate nature of
individual drought events. Hydroclimate time series are often highly variable and relatively short
observational records do not adequately sample plausible events and are not long enough to
provide robust estimates of probability occurrence (Slater et al., 2021). A greater understanding of

plausible worst cases, including descriptions of the unfolding of extreme events beyond historically

observed events, is therefore highly relevant for risk awareness and preparedness.

Researchers have also highlighted several knowledge gaps in the understanding of climate
impacts on UK droughts. The latest IPCC report indicated low confidence in projected changes
in the frequency of hydrological droughts for Northern and Western Europe from mid-century
(2050s) onwards (Douville et al., 2021). The magnitude of change in future droughts remains
uncertain and studies diverge on changes to the frequency of severe multi-year droughts, with
some suggesting increases in seasonal, shorter-duration droughts (Blenkinsop and Fowler, 2007;
Chun et al, 2013) and others highlighting hotspots for future multi-year droughts (e.g.
Prudhomme et al, 2014; Brunner and Tallaksen, 2019). Uncertainty in future changes in
meteorological droughts is largely driven by substantial differences in projected precipitation
change between different climate models. The use of different impact models (such as hydrological
models) driven by projected precipitation from climate models and different drought indicators
further accrue uncertainty along the modelling chain (Dessai and Hulme 2010). Additionally,
traditional multi-model climate model ensembles do not represent the full range of possible
outcomes and studies generally do not consider outcomes beyond the range of the multi-model
ensemble, thus under-sampling low-likelihood, high-impact outcomes (Katzav et al., 2021; Sutton,
2019). There is thus an outstanding research gap to better understand the processes and magnitude
of future events in a way that combines various sources of information to support operational

decisions and long-term strategies to safeguard water supplies and the natural environment.

1 “The Great British Rain Paradox” survey of 2000 adults showed that over 75% associate the UK with “wet and
rainy” weather with little risk of drought and water shortages. Great British Rain Paradox.pdf (hwmglobal.com)
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1.2 Typology of droughts

The definition of droughts varies for different sectors. No single universal definition of
drought is likely to be sufficient to adequately consider the context of different sectors (Lloyd-
Hughes, 2014). The most common classification separates events into meteorological, soil
moisture, hydrological and socio-economic droughts (Van Loon 2015). Meteorological droughts
refer to deficits in precipitation over a defined period caused by large-scale atmospheric circulation
patterns. Soil moisture droughts (or agricultural droughts) are caused by low soil moisture due to
below-average precipitation and can be exacerbated by high temperatures. Hydrological droughts
refer to below average river flows, groundwater levels or reservoir stocks for a defined period
which can be triggered by precipitation deficits and enhanced by high evaporative demand from

high temperatures (Van Loon and Van Lanen, 2012).

Meteorological Anomalies in Anomaliesin
situation precipitation temperature

v

- Precipitation
Meteorological drought P

deficiency
i
Soil moisture drought Low soil moisture |
1
1
b
|
- Low i low ground-
Hydrotogleal drolight discharge i water storage
Socio-economic drought Impacts

Figure 1.1 Schematic showing the classification of different types of droughts and their relationship with
meteorological drivers and hydrological processes. [Figure from Van Loon, 2015]

As shown in Figure 1.1, meteorological droughts cascade and propagate through the water
cycle and translate into hydrological droughts. There is often a time lag for meteorological droughts
to propagate and result in hydrological droughts and drought duration tends to increase as

prolonged hydrological droughts can be caused by a pooling of multiple shorter meteorological
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droughts (Van Loon and Van Lanen, 2012; Van Loon, 2015; Barker et al., 2016). Hence, the
propagation of meteorological to hydrological drought is non-linear and heavily depends on a
combination of factors such as human influences on the catchments (e.g. surface water
abstractions) (Van Loon et al., 2016) and physical catchment characteristics (e.g. hydrogeology and
catchment storage) (Van Loon, 2015; Barker et al., 2016). Socio-economic drought relates to the
impacts of drought on human activities and the supply of economic commodities (e.g. water
supplies, hydroelectricity and agricultural products) that may be dependent on levels of river flows,

groundwater or reservoir levels (Wilhite et al., 2014).

1.3 UK droughts

The UK has experienced periodic periods of meteorological and hydrological droughts in the
past and risks future water shortages and other drought impacts as a result of climate change and
increasing water demand. The seminal publication by Marsh et al. (2007) used past instrumental
observations and historical documentary evidence to compile a comprehensive chronology of
major hydrological droughts for the period 1800-2006. Table 1.1 presents a series of major
droughts in the UK since the mid-late 19" century and a brief description of each event, including
the region that was most affected during each event. The list of drought events is based on the
hydrological drought events identified by Marsh et al (2007) as well as river flow reconstructions
in Barker et al. (2019), the more recent 2018-19 drought (Turner et al., 2021), and the 2022-23
drought (Parry, 2022).

1.3.1 Public water supply

The water industry in England is made up of private companies separated across different
administrative regions (11 provide water supply and sewerage services and an additional 13 provide
water-only services as of July 2023). Welsh Water (Dwr Cymru), Scottish Water and Northern
Ireland Water provide services for the remaining constituent parts of the UK. Cook (2017) and
Parliamentary Office of Science and Technology (2021) provided comprehensive overviews of the
responsibilities of private water companies and the respective legislation underpinning water

supply and related environmental standards (e.g. EU Water Framework Directive to safeguard and
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Table 1.1 Selected historic UK drought events since the 1890s and a brief description of the causes and
regions that were most impacted.

Drought  Description
event

1890-1910 Long drought over a 20-year period characterized by multiple sequences of dry winters

“Long (particularly 1898, 1902, 1905 and 1909) punctuated by wet interludes. Spatially extensive
drought”  over southern England and Wales and impacts were not experienced across all regions
simultaneously.

1921-22 Major drought impacting England and Wales with a dry autumn-winter sequence followed by
a dry spring-summer that was exacerbated by hot and dry summer. Benchmark worst historic
drought for some reservoirs and hydrological systems in East Anglia (Anglian Water Drought
Plan 2022).

1933-34 Severe drought beginning in winter 1932-33 in northern UK with sevete impacts on river
flows across the UK over 1934 before termination in 1934 for most catchments

1940s Notable drought phases in a decade with multiple periods of moderate droughts, including
1944 and 1948 drought episodes impacting large patts of England and Wales.

1975-76 Dry winter 1975-76 followed by dry spring-summer and abrupt termination in autumn 1976.
Major impacts on both river flows and groundwater levels and remains the benchmark event
for many reservoirs and hydrological systems across England and Wales. Notable for the 1976
summer heatwave which remains one of the hottest summers on record but has since been
joined by more recent summers (e.g. 2003, 2018 and 2022).

1988-93 Drier than average winters of 1988-89 and 1991-92 with initial impacts for catchments in
northern UK before severe impacts developing over southern England from prolonged dry
conditions exacerbated by the 1990 summer heatwave. The drought was particularly severe for
groundwater dominated catchments.

2003 Characterised by the hot and dry summer during the 2003 European summer heatwave which
was preceded by a dry winter and extended to autumn 2003.

2004-06 Drought inception duting dry winter 2004-05 before a second consecutive dry winter 2005-06.
Impacts on river flows exacerbated by dry summer 2006 before drought termination in
autumn 20006. Impacts on river flows and groundwater levels were most severe across
southern England.

2010-12 Multi-year event with two consecutive dry winters (2010-11 and 2011-12) and abrupt drought
termination in late spring 2012. Record precipitation in spring 2012 and continued wet
conditions across winter 2012-13 led to rapid drought termination. Hydrological impacts
began in northwest UK and severe impacts on river flows developed across England and
Wales by early spring 2012.

2018-19 Notable precipitation deficits over winter 2016-17 and autumn 2017 for southern England
delayed groundwater recharge despite wetter conditions over winter 2017-18. Summer 2018
was amongst the warmest summer on record which saw significant declines in river flows but
was generally not as severe as observed in summer 1976. Drought recovery during wet
conditions in late summer 2019 and widespread termination from wet autumn-winter 2019-20.

2022-23 Driest spring-summer sequence since 1976 preceded by drier than average precipitation over
winter 2021-22 (notably dry for southwest England). Severe impacts on river flows across
England and Wales with flows exceeding the 2018 drought and approaching record low flows
during 1976. Notable for the 2022 summer heatwave with 40°C recorded for the first time in
July and amongst the warmest summers on record.
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improve water quality). The regulatory framework for water resources planning is provided by the
Department for Environment, Food and Rural Affairs (DEFRA), which publishes policy papers
and proposes legislation pertaining to water resources and the natural environment. The
Environment Agency is the environmental regulator responsible for long-term planning, issues
abstraction licences for surface and groundwater sources and oversees management measures
enacted by water companies during drought. The Water Services Regulation Authority (Ofwat) is
the economic regulator for water companies and aims to ensure that water companies maintain a
minimum standard of service a customer can expect and conduct periodic price reviews related to
consumer bills. In addition to these main actors, several other public organisations such as Natural
England and the Drinking Water Inspectorate advise the government on related issues such as the

natural environment and drinking water quality.

Each water company has a statutory requirement to publish Water Resources Management
Plans (WRMPs) every 5 years as part of the formal Asset Management Planning (AMP) cycle.
WRMPs establish “levels of service”, representing the maximum frequency by which customers
experience supply restrictions and outline actions each water company takes to manage and secure
water resources, looking ahead at least 25 years. Water companies are also required to produce
business plans, submitted to Ofwat, outlining long-term business and efficiency objectives
consistent with strategies outlined in their WRMPs. Based on the business plans, Ofwat conducts
a Price Review which limits the price each water company is allowed to charge their customers,
aiming to balance customer interests and long-term investment needs to further resilience of water
supplies. Following the Water Act 2003, companies were also required to publish drought plans
alongside the WRMPs in each AMP cycle which outline the various demand and supply
management options to be taken before, during and after a drought to reduce water demand or
increase water supply (Defra and Environment Agency, 2021). The Environment Agency also
recommends testing the drought plan through worked examples. This can be demonstrated using
past droughts or synthetic droughts of varying severity and length and normally includes the timing
when drought trigger thresholds are crossed and when different management actions are enacted
during different stages of the drought (Environment Agency, 2019). Following the publication of
the National Framework for Water Resources (Environment Agency 2020), five regional groups
covering England have been initiated to encourage cooperation between water companies and

formulate integrated regional plans related to infrastructure development, transfers of water
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between water companies and cooperation with other water users (such as agriculture, industry

and the natural environment).

1.3.2 Drought management options

Water companies must outline demand and supply management actions in their drought plans
and prepare for the application of drought permits and drought orders during an event (Defra
2021). Table 1.2 shows the four levels of drought action in levels of increasing severity and
examples of both demand- and supply-side management options. During a drought, demand
management measures may include temporary use bans (T'UBs) and non-essential use bans
(NEUBs). Should a drought worsen, and river flows remain low, supply-side management options
may be available. For example, water companies must demonstrate a serious deficiency of supplies
due to an exceptional shortage of rainfall to apply for drought permits and drought orders to
enable abstraction beyond the usual abstraction limits as detailed in water company drought plans
(e.g. Anglian Water Drought Plan 2022). Drought triggers are defined for each level representing
the threshold a drought must reach prior to initiating new drought management options at the
next level. Drought triggers can be thresholds based on standardised indicators of precipitation,
river flows, groundwater levels or reservoir stocks, beyond which new management options are
available to safeguard public water supplies. Management options to be taken for each level of

drought may differ between water companies and for each source (i.e. different reservoirs or rivers).

Table 1.2 Drought management options for four levels of drought severity based on information from
Defra and Environment Agency (2021) and Cook (2017).

Level Demand-side measures Supply-side measures

L1 Increase communication with customers Drought permits to abstract additional water in
to improve water efficiency and reduce winter. Additional monitoring of sources (e.g.
consumption. boreholes). Fast-track repairs and maintenance.

L2 Temporary Use Bans (TUBs) to impose Pause compensation releases from reservoirs.
restriction on water use (i.e. hosepipe Reduce outage and leakages. Engineering
bans). Drought permits to abstract options to maximise supply such as increasing
additional water in the summer (low-risk drill depth of boreholes. Enhance conjunctive
abstraction balancing ecological demand use of different sources (e.g. increase
and other water users) groundwater abstractions to maintain storage if

surface sources are limited).
L3 Non-Essential Use Bans (NEUBs) should Regional water transfers between water

drought continues to worsen to restrict

water use of commercial operations or

7

companies. Re-instate reservoirs or boreholes

that are unused.
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businesses in addition to the TUBs.

Drought permits to enable additional

abstraction that has a high risk to other

water users and demands

L4 Extreme measures such as standpipes as a  Desalinization or more expensive

last resort. Their implementation is likely to  infrastructure solutions

have major impacts on customers and

require an emergency drought order issued

by the Secretary of State.

1.4 Drivers of UK precipitation

Hydrological extremes occur from a combination of dynamic (e.g. precipitation driven by
weather patterns and remote teleconnections) and thermodynamic (e.g. evaporation driven by
surface warming) drivers along with the influence of physical catchment characteristics. The
drivers of UK precipitation are briefly reviewed here. Specific focus is given to the drivers of winter
precipitation as the winter half-year is the primary period when aquifer and reservoir levels
(particularly in southern and eastern England) are recharged, due to the lower evapotranspiration
rates and thus a higher proportion of rainfall translated into river flows or recharged as
groundwater (Folland et al., 2015). Precipitation deficits over the UK are often associated with
atmospheric blocking conditions associated with a meandering and slow-moving jet stream that
can be stalled in one position for a prolonged period. This results in high-pressure and settled
conditions that can cause either prolonged high precipitation or precipitation deficits. There is a
higher likelihood of heatwaves within the blocking region in the summer depending on the
configuration and position of the blocking system (Kautz et al., 2022). Atmospheric blocking
commonly occurs over Europe due to the influence of the jet stream and interacts with large-scale
atmospheric circulation patterns such as the North Atlantic Oscillation (NAO) (Hurrell, 1995;
Fereday et al., 2018). Variability in sea surface. Temperature (SST) anomalies in the North Atlantic
interacts with atmospheric circulation patterns such as the NAO and different connections
between the drivers are associated with summer droughts in different UK regions (Kingston et al.,
2013). Precipitation anomalies can also be influenced by SST impacts arising from remote
teleconnections, such as the El Nifio Southern Oscillation (ENSO) (Fereday and Knight, 2022).
For example, Svensson and Hannaford (2019) found that different combinations of winter North
Pacific and North Atlantic SSTs lead to markedly different spring-to-autumn precipitation and

streamflow responses.
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Winter precipitation in the UK is particularly influenced by the state of the NAO (Wilby et
al., 1997; Simpson and Jones, 2014). Variability in the NAO exhibits marked differences between
northern and western regions and southern and eastern regions of the UK, reflecting the NW/SE
climatological precipitation gradient. There is a positive association between NAO and
precipitation for north/west Great Britain (Fowler and Kilsby, 2002; Svensson et al., 2015; West
etal,, 2019) and high river flows, possibly exacerbated by orographic enhancement of precipitation
(West et al., 2022; Burt and Howden, 2013). Studies have highlighted that the variability of winter
precipitation and temperature in other parts of Europe (including southern and eastern UK) are
not solely explained by the NAO but from the combined influence of the NAO with other
teleconnection patterns, particularly the East Atlantic (EA) pattern (Shorthouse and Arnell, 1999;
Moore and Renfrew, 2012; Ionita, 2014; Kingston et al., 2015; Haslinger et al., 2019; West et al.,
2021). A positive phase of the EA is characterised by anomalously high sea level pressure
anomalies over Europe where the pressure centre is shifted towards the southeast compared to
the NAO (Wallace and Gutzler, 1981). The combination of NAO and EA phases explains
interannual variability in the jet speed and latitude of the North Atlantic jet stream (Woollings et
al., 2010, 2014). The authors showed that the jet stream exhibits three preferred latitudinal
positions that are explained by interactions between NAO and EA phases where NAO+/EA-
conditions are associated with a more northetly jet stream and NAO-/EA+ with a more southetly
latitude. As the EA pattern alters both the location and intensity of the NAQO’s pressure centres of
action, such a displacement can either enhance or dampen the surface temperature and
precipitation response in the UK (Comas-Bru and McDermott, 2014; Mellado-Cano et al., 2019;
Hall and Hanna, 2018; West et al., 2021).

Additionally, SST anomalies in the North Atlantic exert an influence on atmospheric
circulation (such as the NAO phase). The tripole pattern of SST anomalies in the North Atlantic
prior to winter, illustrated by the differences in anomalies between the south of Greenland and
southeast United States coast, may play a role in influencing the NAO (Rodwell et al., 1999). A
positive SST tripole, indicated by warm anomalies south of Greenland and cold anomalies off the
southeastern US coast, favours NAO+ conditions and wetter conditions in western UK whereas
a negative tripole pattern is associated with drier than average precipitation (Rodwell et al., 1999;
Fan and Schneider, 2012; Folland et al., 2015). Although the direct influence of ENSO on UK

hydrological variability is small, studies have suggested a role for remote teleconnections in
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influencing UK winter precipitation and modulating the effects of NAO. For example, Wilby
(1993) and Fraedrich (1994) showed that there is a tendency for more anticyclonic (cyclonic)
weather types to occur given a winter with La Nifia (El Nifio) conditions in the historical
observations. Composite sea level pressure patterns show strong negative anomalies over
Scandinavia and positive anomalies over central Europe during I.a Nifia winters but it remains
difficult to separate the effect of ENSO from the NAO (Fraedrich, 1994; Shorthouse and Arnell,
1999). More recently, Folland et al. (2015) updated the evidence for ENSO influence on
precipitation deficit in the winter half-year over southern England and confirmed the findings in
earlier studies that La Nifia winters generally favour NAO+ conditions with a higher likelihood of

settled, dry weather over southern England.

On longer timescales, studies have shown that multi-decadal variability in the North Atlantic
ocean (also known as AMV - Atlantic Multi-decadal Variability) influences European and UK
climate. AMV could arise from the combination of natural internal decadal variability, external
forcing (e.g. volcanic eruptions) and anthropogenically forced changes in North Atlantic sea
surface temperatures and ocean circulation (such as the Atlantic Meridional Overturning
Circulation) (Knight et al. 2005; Sutton and Dong 2012; Mann et al. 2021). The observed AMV
fluctuates between warm and cold phases on a 50-70-year time scales, having been in an
anomalously warm phase in the 1930s-1960s, a cold phase from the 1960s to late 1990s and a
warm phase since (Sutton and Dong 2012; Zhang et al. 2019). The AMV influences European and
UK climate by modulating ENSO and the NAO (Zhang et al. 2019). In the summer, the summer
NAO (SNAO) is associated with changes in position of the North Atlantic storm tracks across
northwest Europe (Folland et al. 2009). It has been shown from past observations that the warm
(cold) phases of the AMV corresponds to negative (positive) phase of the SNAO and higher (lower)
summer rainfall over the UK and northwestern Europe (Folland et al. 2009; Sutton and Dong
2012). The observed warm phase of the AMV between 1930s-1960s and since the 1990s likely
contributed to the string of wet summers across northwestern Europe (dry summers in southern
Europe) during both periods (Sutton and Dong 2012; Dong et al. 2013). Across the winter half-
year, a negative AMV phase appears to encourage a positive NAO which dampens the rainfall
response across western UK but relationships are weak (Folland et al. 2015). The multi-decadal
variability of the AMV could thus play an important role in temporal clustering of hydrological
extremes, giving tise to drought/flood-rich and drought/flood-poor petiods (e.g. Bloschl et al.
2020).

10



A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 1: Introduction

1.5 Climate change and droughts

Anthropogenic climate change is projected to significantly alter the global water cycle through
changes to both the timing and spatial patterns of precipitation and enhanced evaporative demand
with warming (Douville et al. 2021). This is expected to lead to substantial changes in river flow
patterns and seasonality, as well as the frequency and severity of hydrological extremes (Arnell and
Gosling, 2013; Prudhomme et al.,, 2014). Changes in the global water cycle are expected as
greenhouse gas emissions influence the global energy balance. At the global scale, the Clausius-
Clapeyron relationship dominates the thermodynamic response where atmospheric water vapour
increases with temperature rise (~7% increase per °C averaged globally) which results in changes
to global evaporation and precipitation, such as the intensification of the hydrological cycle,
specifically for extreme, short-duration, rainfall (Held and Soden, 2006; Allan et al., 2020). The
thermodynamic response due to climate change results in the intensification of the global water
cycle and global increases in mean evaporation and precipitation with temperature rise (Douville
et al. 2021). Additionally, studies have found that plants might reduce transpiration because of the
effect of elevated levels of carbon dioxide on the opening of plant stomata, thus increasing water

availability globally (Betts et al., 2007).

At the regional scale, changes in future water availability are largely determined by variability
and potential changes in circulation patterns, such as the position of the jet stream, leading to
changes in the spatial and temporal characteristics of European and UK precipitation (Trenberth
et al., 2014; Fereday et al., 2018; Zaitchik et al., 2023). Future variability in precipitation (and in
turn river flows) is thus determined by a combination of an externally forced trend from increasing
greenhouse gas emissions and internal climate variability arising from both “fast” and “slow”
components of the climate system (Lehner and Deser, 2023). The latest national climate change
projections (UK Climate Projections 2018) suggest hotter and drier summers and warmer and
wetter winters (Lowe et al. 2018). National-scale assessment for the impacts of climate change on
UK river flows point to a general reduction in annual river flow, except for western Scotland, with
higher certainty over a decrease in summer but lower agreement over changes in winter (Arnell,
2011b; Prudhomme et al., 2012; Christierson et al., 2012). The latest evidence to inform the Third
UK Climate Change Risk Assessment using the UK Climate Projections 2018 (UKCP18) suggests
broadly that for the UK, the risks of both floods and droughts could increase under climate change,

although not necessarily in the same locations. The UKCP18 probabilistic projections indicate a
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high likelihood of an increase in the intensity and frequency of hydrological droughts, and water
resources shortages under high emission scenarios are projected to impact the entire UK, not just

the drier regions in southeast England (HR Wallingford, 2020; Arnell et al., 2021).

1.5.1 UK water resources planning and climate change

The impacts of climate change have been considered in the water resources planning process
by some water companies since the 1999 planning cycle. Arnell (2011) summarised the
methodologies and approaches water companies have taken to incorporate climate change over
the various planning cycles since 1999. Climate change did not feature strongly in initial water
resources management plans and assessment of impacts was based on simple perturbations of
monthly or annual factors to observed river flows to calculate a minimum buffer to ensure there
was available water supply to satisfy demand (Arnell and Delaney, 2006; Arnell, 2011a). Subsequent
planning cycles included both “wet” and “dry” climate change scenarios in their calculations with
the use of hydrological models rather than flow factors. Water companies have been required by
Ofwat to consider climate change in their plans since 2008 with emerging approaches such as
probabilistic projections and the use of stochastic weather generators (Charlton and Arnell, 2011;
Environment Agency, 2013). Following the UK Water Act 2014, water companies are required to
consider water supply reliability under plausible worst-case droughts (Environment Agency, 2015).
The latest regulator guidance also indicates a requirement for UK water companies to plan for a
higher level of drought resilience (i.e. 1 in 500 years extreme drought). Table 1.3 shows water
companies or water resources zones within individual companies that are designated as “seriously
water-stressed” by the Environment Agency. The National Infrastructure Commission’s Preparing
for a drier future report identified parts of the UK that would require additional water capacity to
prepare for severe and extreme droughts. The report recommended a twin-tracked approach to
tackle the impacts of climate change on public water supplies to enhance supply through
infrastructure investment and reduce demand through improving water use efficiency and reducing

per capita water use consumption (National Infrastructure Commission, 2018).
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Table 1.2 List of water companies and their regions designated as ‘seriously water stressed’ by the
Environment Agency [Adapted from Parliamentary Office of Science and Technology (2021) according to
information from Environment Agency (2021)]

Designated seriously water-stressed Additional areas assigned ‘serious water stressed’
areas prior to 2021 designation in 2021 (Environment Agency, 2021)
Affinity Water Cambridge Water

Anglian Water Portsmouth Water

South East Water South Staffordshire Water

Southern Water Severn Trent Water — excluding Chester

Sutton and East Surrey Water Veolia Water

Thames Water Wessex Water

South West Water — Bournemouth
South West Water — Isles of Scilly

1.5.2 Sources of uncertainty and knowledge gaps

Researchers highlight several sources of uncertainties associated with understanding potential
future changes. Sources of uncertainties can broadly be categorized into scenario uncertainty (from
uncertainty in emissions scenario), epistemic (from a lack of knowledge of climate processes) and
aleatoric (from the randomness due to internal climate variability) (Shepherd, 2019). Internal
climate variability arises due to non-linearity in the natural climate system which introduces an
element of randomness (or “noise”) even in the absence of any external forcing (Deser, 2020;
Lehner and Deser, 2023). Different climate system components and processes occur at various
spatial scales and different rates (including faster mesoscale processes and slower processes related
to sea surface temperatures or soil moisture) (Zappa et al., 2020; Lehner and Deser, 2023). This
results in a wide range of day-to-day variability occurring around a long-term mean. Internal
variability is not fully characterised for circulation-related aspects, as opposed to temperature
which has a large climate change signal as future warming is certain. Observations of both
atmospheric circulation indices and meteorological/hydrological drought trends also show high
variability (Environment Agency 2023). Decision-makers may therefore risk under-estimating
present and future risk of hydrological extremes such as consecutive sequences of dry seasons
persisting over multiple years (e.g. consecutive summer meteorological droughts across multiple
years — van der Wiel et al. 2023) or clustering of high rainfall events (Kendon et al., 2023) which
could happen by chance and could exceed the worst historical event. Additionally, the most
extreme events might not be found within a single realisation of climate model simulations due to
internal variability even though an overall drying trend is projected (Ault et al., 2014). This has

specific implications for estimating the impacts of a 1 in 500-year extreme drought as there is no
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standardised estimation method of such a drought and it remains unclear how to determine the

plausibility of these events.

Projected change for regional precipitation is dominated by internal climate variability in the
near-term and systematic differences in how different models represent climate processes at the
longer timescale (Hawkins and Sutton, 2011; Shepherd, 2014). Past studies have shown that
multiple generations of climate models tended to underestimate monthly and annual dry spell
length and thus the risk of prolonged droughts (Ault et al., 2014; Moon et al., 2018). Additionally,
there are significant biases in the representation of atmospheric blocking in climate models
(Woollings et al., 2018; Kautz et al., 2022). Past studies have found that models underestimate
atmospheric blocking frequencies over Europe in both winter and summer which is related to the
representation of variability in the jet stream (Woollings et al., 2018). In general, climate models
project a poleward shift in the jet stream with future warming but there is uncertainty over the
magnitude of change which can lead to significant differences in temperature and precipitation

patterns over the UK (Harvey et al., 2023).

The uncertainty in how atmospheric circulation responds to climate change and systematic
errors in climate models presents a major challenge for providing regional climate change
information (Shepherd, 2014, 2016). Studies often follow a risk-based probabilistic approach
where the effect of climate change is obtained by comparing an event’s probability occurrence in
a factual world (e.g. present day) compared to a counterfactual world (e.g. without climate change)
using multi-model ensembles (Stott et al., 2016). As shown by Clarke et al. (2023) for temperature-
related extremes such as heatwaves in the UK, strong attribution statements for an ongoing event
could even be made rapidly based on past attribution studies because different models and event
definitions agree on a clear direction of change for events driven primarily by thermodynamic
factors. However, if an event is driven by atmospheric circulation anomalies, it becomes more
challenging to make definitive statements about the influence of climate change due to
uncertainties in the response of atmospheric circulation to climate change (Shepherd, 2016). An
example discussed by Rodrigues and Shepherd (2022) is the attribution of the 2013/14 South
America drought. Assessing model consensus, in this case, is challenging as there is wide
uncertainty over the projected change in precipitation for the region due to differences in the
response of atmospheric circulation to climate change between models. Consequently, there is

insufficient evidence to achieve statistical significance and attribute the event to climate change.
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As highlighted by Zappa et al. (2021), numerous regions worldwide exhibit large projected changes
in variables influenced by atmospheric circulation, with opposing signs across different climate
models. The authors thus argue that a washed-out signal from a multi-model ensemble mean (i.e.
lack of evidence from a traditional attribution framework) does not dismiss the potential for
significant changes in risk, which remain pertinent for decision-making and climate adaptation.
Despite this, studies have identified that a “predict-then-act” approach has been dominant in water
resources planning, characterized by a tendency to wait until a robust climate change signal
emerges from the observations or until clear trends emerge from climate models before any
significant decisions are made (Murphy et al., 2011; Hall and Murphy, 2012; Dessai and Darch,
2014). However, given the large inter-model spread in projected change in circulation-related
variables (such as precipitation) and the cascade of uncertainty, it has been argued that a shift away
from a “predict-then-act” approach would be advantageous to ensure robust adaptation to climate

change (Murphy et al., 2011).

1.6 The storyline approach

Recent proposals suggested creating “tales” or “physical climate storylines” to complement
existing approaches and address existing knowledge gaps (Hazeleger et al., 2015; Shepherd et al.,
2018). Physical climate storylines are defined as plausible, physically self-consistent descriptions of
past or future events/pathways. Storylines ate constructed by conditioning on a discrete set of
changes (e.g. atmospheric circulation, management measures and event characteristics) which
could lead to high impacts (Shepherd et al., 2018). This approach is particularly motivated by
uncertainties in projected changes in circulation-related variables (such as precipitation) between
different climate models arising from the lack of knowledge of how atmospheric circulation might
respond to climate change (Shepherd, 2014). It is useful to distinguish between physical climate
storylines and scenario storylines. Scenario storylines or narratives of climate change are regularly
used in climate change assessments (e.g. emission scenarios - RCPs or shared socioeconomic
pathways - SSPs). In this thesis, storylines are used to refer to physical climate storylines rather

than scenario storylines and the use of specific emission scenarios is clearly noted.

The storyline approach is designed to navigate the cascade of uncertainty and provide
decision-relevant information for climate change adaptation. Central to the storyline approach is

the ability for users to decide which source(s) of uncertainty to focus on and analyze at what level
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of detail to navigate the uncertainty cascade in a way which best supports their decision-making.
Storylines enable consideration of multiple plausible futures to avoid type II errors (i.e. missed
warnings) and strengthen risk awareness (Shepherd et al, 2018). For example, storylines can
represent “what-if” questions to understand high-impact outcomes by quantifying plausible
conditions that could lead to adverse outcomes beyond critical thresholds without necessarily
assigning probabilities to their occurrence (Shepherd, 2019; Sutton, 2019). Shepherd (2021) argues
that this is particularly valuable from an adaptation context as it secks to connect physical reasoning
with existing statistical practices. Zappa and Shepherd (2017) presented a framework to delineate
different physical climate storylines to describe the impacts arising from changes in remote
atmospheric circulation drivers between different climate models. The authors presented four
separate storylines that captured the overall spread of change in mean precipitation over the
Mediterranean region from CMIP5 models. The storylines described the precipitation response
from different degrees of change in tropical amplification and varying strength of the polar vortex
per degree of global warming (Figure 1.2). The same framework has been applied in different
regions and with different remote climate drivers. This includes storylines developed to represent
the range of Southern Hemisphere precipitation response based on the strength of the
stratospheric vortex and the degree of tropical warming (Mindlin et al., 2020) and storylines
developed to represent precipitation changes in the Maritime Continent based on the strength of
Pacific basin-wide SST warming and the zonal difference in SSTs between the eastern and western

equatorial Pacific (Ghosh and Shepherd, 2023).
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a) low tropical amp + strong vortex b) high tropical amp + strong vortex
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Figure 1.2 Storylines for change in cold season precipitation per degree warming in the Mediterranean
region from Zappa and Shepherd (2017) conditioned on changes in remote climate drivers. Each panel
represents different storylines representative of different degrees of change in tropical amplification and
vortex strength based on the spread of CMIP5 model responses.

1.6.1 Drought storylines

Sillmann et al. (2021) recently advocated for the creation of event-based storylines. Event
storylines aim to create decision-relevant climate information with a greater focus on the physical
mechanisms leading to individual events. This can be represented through a causal network as seen
in Figure 1.3 where each node refers to drivers of an event and can be conditioned upon and varied
to create multiple plausible storylines (Doblas-Reyes et al. 2021) to describe “what-if” situations.
The variation of values for each node can also be assigned conditional probabilities informed by
expert knowledge such as the risk appetite of decision-makers/users (Young et al, 2021;
Kunimitsu et al., 2023). An event-based storyline approach is well suited to understanding
hydrological droughts. Analysing the spatial coherence of European hydrological droughts since
the 1960s, Hannaford et al. (2011) noted that every event had distinctive drought signatures. In a
case study of six significant droughts in the East Anglia region, Lister et al. (2018) also remarked

on the need to consider droughts at various time scales, such as short seasonal droughts from
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extended dry and hot summers versus longer droughts from more prolonged precipitation deficits.
While the river flow responses may be less dramatic in the latter, these longer droughts can have
larger impacts on water resources over an extended period. There is therefore merit in looking at
individual drought events following an event storyline approach as opposed to aggregating over
many dissimilar droughts as is often the case in traditional climate change impact assessments.
Storylines may be particularly useful to satisfy requirements in water resources planning such as
assessing resilience to 1 in 500-year droughts for which there are no historical observations. In a
retrospective comparison of the 2003 and 2015 European droughts, Laaha et al. (2017)
demonstrated the merit of event-based studies with a detailed analysis of the temporal and spatial
characteristics of the two droughts and their preconditions. The authors showed that new insights
for drought management and early warning prediction can be gained by understanding the unique

hydrological and drought-generating characteristics of both events.

Event storylines can also be used to explore the consequences if a historical event occurred
in a future warmer climate or to understand counterfactuals to an observed event through changes
to the events’ causal aspects (Sillmann et al, 2021; Lloyd and Shepherd, 2020). Each event storyline
is deterministic and need not be assigned a probability of occurrence. Context can be provided for
individual event storylines, such as by calculating their conditional probability of occurrence
obtained from sampling for similar events in large ensemble climate model simulations (Sillmann
et al.,, 2019). Event storylines gain realism as they are created based on an observed event and can
add value to existing approaches due to their high degree of conditionality. Table 1.4 summarises
several past studies which have constructed heatwave and drought storylines using various
approaches and data sources. Studies have applied techniques such as systematic perturbations to
past events (e.g. Stoelze et al. 2014), spectral nudging of regional climate models (e.g. van Garderen
et al, 2021), searching for analogue events with similar atmospheric circulation patterns (e.g.
Faranda et al, 2023) and sampling for extreme events with similar impacts to observed events in
large ensemble climate model simulations (e.g. van der Wiel et al, 2021). The studies have shown
that drought storylines can be used to enhance our understanding of system vulnerability in both
current and future climate. Advances in large ensemble climate model simulations, which provides
multi-thousand years of plausible weather sequences in present and future climate, in particular,
has further enabled the sampling of event storylines to inform the chance of extreme events and

the magnitude of plausible worst cases (Bevacqua et al, 2023).
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Table 1.3 Summary of the approach taken, and the individual storylines considered in past studies which
have created heatwave and drought storylines.

Study

Period

Storyline(s)

Perturbations to past event

Rangecroft et Current Narratives of South Africa droughts in warmer climate and with

al. (2018) and future anthropogenic influences (e.g. dams and irrigation schemes)
Staudinger et Current Sensitivity test of drier initial conditions prior to the summer 2003
al. (2015) drought at Swiss catchments

Stoelzle et al. Current Stress tests of past groundwater droughts from seasonal shift in
(2014) and and future recharge and changes in antecedent recharge across Germany
Hellwig et al.

(2021)

van den Hurk  Current Compound and cascading hydro-climatological events arising from
et al. (2023) and future remote climate drivers with socioeconomic impacts in Europe

Van Tiel etal.  Future Repetition of three past severe European droughts (1976, 2003 and
(2023) 2018) given initial conditions of near future and far future

Watts et al. Current Synthetic multi-year droughts (“long” droughts) created from stacking
(2012) severe droughts in the 19t century

Woo (2021) Current What if northerly jet stream had persisted longer than observed in

summer 1976

Sample from initialized large ensemble simulations

Bevacqua etal.  Current Impacts on crop yield from preconditioned compound event of hot

(2021) and dry summer preceded by a dry spring

Bevacqua etal.  Future Diverging precipitation trends associated with compound hot-dry

(2022) events in Burope, USA and South America in future climate

Coughlan de Current Unprecedented hot-dry events associated with crop yield failures in

Perez et al. USA and China sampled from SEAS5 hindcasts

(2023)

Gessner et al. Current Worst-case European and US droughts generated from re-initialising

(2022) large ensemble simulations and retaining events with low precipitation

Goulart et al. Current Hot-dry events similar in impact to the 2012 midwestern US drought in

(2021) and future  time-slice large ensembles for present-day, 2C and 3C warming

Leach et al. Future Future winters (including hottest and wettest) that are even more

(2022) extreme than selected extreme winters in the UKCP18 projections

van der Wiel et Current Droughts with similar precipitation deficits to the 2018 drought for the

al. (2021) and future Rhine basin in time-slice large ensembles for present-day, 2C and 3C
warming

van der Wiel et~ Current Consecutive summer meteorological droughts for the Rhine basin in

al. (2022) and future time-slice large ensembles for present-day, 2C and 3C warming

Sample from climate model simulations

Aalbers et al. Future Unfolding of the 2018 European heatwave-drought in warmer climate

(2023) given the same circulation patterns

Faranda et al. Current Sample for events with similar circulation patterns as 2022 summer in

(2023) period with no climate change (pre 1910s) and period with climate
change (post-1940s)

Fung et al,, Future UK droughts driven by a set of eight weather patterns describing

(2022) atmospheric circulation

van Garderen Current Unfolding of the 2010 Russian and 2003 European heatwaves in

et al (2021) counterfactual without climate change but conditioned on atmospheric
circulation of the observed event

Van Garderen Current Development of the 2011/12 Southeastern and South America drought

and Mindlin and future  in pre-industrial and 2C warmer climate conditioned on atmospheric

(2022) circulation of the observed event
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Figure 1.3 Event storyline expressed in a casual network for a particular hazard (Source: Doblas-Reyes et

al. 2021). Each of the dark blue nodes is aspects that can be varied or conditioned upon to create multiple
plausible storylines of the hazard that can result in different climate impacts.

1.7 Research questions

The previous sections introduced the motivation of this thesis and summarised key research
gaps in understanding present and future risk of hydrological droughts in the UK. Section 1.6
outlined the rationale for a storyline approach to understand hydro-climatological extremes and
reviewed recent studies which had applied this emerging approach to different climate extremes.
To address the research gaps outlined in the previous sections and to understand the potential of
applying a storyline approach to advance understanding of UK droughts, this thesis aims to

address the following three general research questions:

1. How have approaches to understanding the hydrological impacts of climate

change in the UK developed over time?

Much research has been carried out on the possible impacts of climate change for UK river
flows and hydrological extremes, but past studies have used different approaches and techniques.
The first research question aims to track the development of modelling approaches over time and
identify the respective strengths and weaknesses of existing approaches in tackling some of the
outstanding research gaps. This review also aims to identify emerging methods which can
complement existing approaches to advance understanding of the impacts of climate change on

UK hydrological extremes (Chapter 2).
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2. How can the storyline approach be applied to construct plausible worst cases and

understand extreme UK droughts in current and future climate?

The second research question aims to demonstrate the application of the storyline approach
in various ways to create plausible worst-case droughts in both current and future climate. This
research question makes use of multiple sources of evidence (such as observations, river flow
reconstructions, seasonal hindcasts and climate model projections). Chapter 4 uses observations
and the UK’s national climate change projections (UKCP18) to construct downward
counterfactuals of past drought events. Chapter 5 pools together seasonal hindcasts to assess the
implications of continued dry conditions for the 2022 UK drought. Chapter 6 uses river flow
reconstructions and novel large ensemble climate model simulations to estimate the chance and

understand the processes of unprecedented droughts.

3. What is the added value of a storyline approach to understand hydrological
droughts in current and future climate and complement probabilistic estimates of

drought hazard risk?

The third research question aims to evaluate the utility of a storyline approach to understand
hydrological droughts and demonstrate the advantage of bridging storylines with existing
approaches (such as a probabilistic risk-based approach) to provide climate change information
relevant for water resources planning and to assist in the stress-testing of hydrological systems

under present and future climate (Chapter 6).

1.8 Structure of thesis

The structure of the thesis is broadly separated by the research questions outlined in the
previous section. Chapter 2 presents a detailed review of the approaches taken in the published
literature to understand the impacts of climate change on UK river flows over the past several
decades. The observational and model-based data sources and approaches to hydrological
modelling are presented in the Data and Methods chapter (Chapter 3). Chapter 4 presents an

event-based analysis of the 1975-76 and 2010-12 droughts and demonstrates ways to create
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downward counterfactuals of the events. Building on retrospective analysis of past events, Chapter
5 demonstrates the application of an event storyline approach to an on-going event (i.e. the
ongoing 2022 drought at the time of writing) to evaluate plausible worst cases in near real time.
The last results chapter (Chapter 6) presents the use of large ensemble climate model simulations
to obtain probabilistic estimates of drought hazard risk and demonstrates how a storyline approach
can provide complementary information to understand the impacts of climate change and stress
test hydrological systems. Chapter 7 summarises and discusses the overall findings and provides
recommendations for future research to advance understanding of the present-day drought risk

and impacts of future climate change on UK hydrological droughts.
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METHODOLOGICAL EVOLUTION OF
CLIMATE CHANGE PROJECTIONS FOR

UK RIVER FLOWS

A version of this chapter has been published as a review paper in the journal Progress in Physical

Geography — Earth and Environment, with the following reference:

Chan, W.C., Shepherd, T.G., Facer-Childs, K., Darch, G., Arnell, N.W., 2022. Tracking the
methodological evolution of climate change projections for UK river flows. Progress in Physical
Geography: Earth and Environment 030913332210792.
https://doi.org/10.1177/03091333221079201

2.1 Introduction

A substantial amount of research has taken place over the last three decades on the impacts
of climate change for river flows and hydrological extremes in the UK. Studies have used different
modelling techniques and approaches to assess the hydrological impacts of climate change. The
breadth of this research has been enabled by the dense network of hydrological and hydrometric
monitoring of UK river catchments, which is characterized by its data quality and length
(Hannaford, 2015). Previous review of the evidence base on projections using multiple generations

of UK climate change scenarios show that there is broad agreement over a reduction in summer
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flows and a possible increase in winter flows, although this differs across different UK regions and
the magnitude of change remains uncertain across different studies, regions and catchments

(Arnell et al., 2015; Garner et al., 2017; Environment Agency, 2023)

Despite a large body of literature, uncertainty remains over the magnitude of projected
change in different hydrological variables for different parts of the UK by studies using a variety
of climate model output and modelling approaches. Existing approaches can broadly be separated
into broad categories of “top-down” or “bottom-up” that are briefly described in the following
two sub-sections. Details of methodologies within each broad approach is identified in the

systematic literature search (Section 2.2).

2.1.1 “Top-down” approaches

The first approach is scenario-led and can be described as “top-down” and “science-first”
according to guidelines developed by the Intergovernmental Panel on Climate Change (IPCC)
(Jones et al. 2014). This approach is scenario-led as climate change scenarios describing different
socio-economic pathways associated with different climate forcings are used as input to GCMs or
Earth System Models to generate climate change projections. In its most basic form, output from
a single climate model is taken and changes in various climate variables are used to drive impact
models with embedded uncertainties associated with each step of the analysis is not explicitly
quantified (Viner, 2002). Choices made along the impact modelling chain making up different
sources of uncertainties include the choice of emission scenarios, GCMs (and climate sensitivity),
hydrological models (and parameters), spatial downscaling approaches and risk indicators (Smith
etal, 2018). Different sources of uncertainties are then accrued and increase at every step to make
up the “cascade of uncertainty”’, meaning that uncertainty in the impact of concern, such as
projected change in river flows, is often more uncertain than the uncertainty in projected change
in precipitation itself (Viner, 2002; Wilby and Dessai, 2010) (Figure 2.1). Depending on the
approach taken in specific impact studies, some of the uncertainties along the impact modelling
chain can be explicitly represented while others may be omitted and it is often practically difficult

to fully consider all sources of uncertainties (Smith et al., 2018).
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Figure 2.1 The cascade of uncertainty along a typical “top-down” impact modelling chain (Wilby and Dessai,
2010)

2.1.2 “Bottom-up” approaches

“Top-down” studies can be contrasted with “bottom-up” approaches which are not
scenario-led and may be conducted independently from climate change scenarios often with
greater involvement from stakeholders (Dessai et al., 2005). Conway et al., (2019) noted several
advantages of “bottom-up” approaches, including the ability to retain regional to local granularity,
a focus on process understanding, consider system sensitivity and a wider exploration of plausible
outcomes for adaptation. Given that “top-down” approaches are more exposed to a cascade of
uncertainty, “bottom-up” approaches often pay greater attention to system sensitivity (“‘sensitivity-
led”) and others are motivated by assessing robustness of different strategic plans and adaptation
options over time for different stakeholders (“policy-first”) (Viner, 2002; Falloon et al., 2014). For
example, this can be incremental scenarios of change in different climate variables (such as
incremental increase in temperature) used to populate response surfaces visualizing critical

thresholds of system response to a changing climate (Mearns et al. 2001).
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2.1.3 Aims and objectives

Stemming from evolving data availability and motivated by different ways to navigate the
cascade of uncertainty, different “top-down” and “bottom-up” approaches have been used over
the years. There is therefore merit in looking back at past studies to identify the approaches they
took, their main contributions and the advantages and disadvantages behind each approach. In
this chapter, modelling approaches of studies that investigate the impacts of climate change to UK
river flows either at the catchment or national scale are identified and compared. There have been
reviews of the potential impacts of climate change on hydrological variables for different regions
of the UK (Arnell et al., 2015; Garner et al., 2017; Hannaford, 2015; Watts et al., 2015). There have
also been a number of reviews of the different downscaling and bias correction techniques
available for hydrological modelling (Fowler et al., 2007; Teutschbein and Seibert, 2013). This
chapter places emphasis on the temporal development and main sources of evidence from
different approaches. Although the review only focuses on studies investigating changes in UK
river flows, the methodological approaches identified are also used elsewhere and the development

of these approaches over time is likely to be similar in other contexts.
The specific aims of this chapter are to:

1 Track the development of approaches over time and identify how the different
approaches have dealt with the different sources of uncertainty

2 Identify the uptake, advantages and disadvantages of the approaches, including factors
that may present possible barriers to decision-making

3 Identify emerging approaches that could be used to complement existing approaches for

the provision of regional climate change information

2.2 Systematic literature search

Relevant peer-reviewed publications from 1990 to May 2021 which investigated changes
in river flows and hydrological extremes (i.e. floods and droughts) over UK catchments are
identified. The search terms listed in Table 2.1 are used to search for relevant papers on the Scopus,
Web of Science and Google Scholar databases. Other search terms related to individual

hydrological sub-disciplines, variables or impact indices (e.g. water quality, hydro-ecology) are also
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relevant to assess the evidence base and could identify additional studies. However, the search
terms employed are already able to retrieve a large number of studies with a focus on assessing
changes in UK river flows. Only empirical studies that focus on understanding the changes to
hydrological variables using hydrological models are included. Review papers, opinion articles and
other non-empirical publications are excluded. Assessments of hydrological extremes and water
resources availability have also been completed by private water companies, government agencies
and research institutes which are published in research reports and conference proceedings. These
have not been included as part of the reviewed papers due to their patchy nature of publication
and the lack of detailed methods in certain publications. The earliest studies of climate change and
UK river flows were reports prepared for the then Department of the Environment by the
Institute of Hydrology (Arnell et al, 1990; Beran and Arnell, 1989). These, and subsequent,
research reports informed the development of methods used by the water industry in the UK to
estimate the effects of climate change on resources (Arnell, 2011a). In practice, the approaches

developed in these reports have been presented in the peer-reviewed papers reviewed here.

Table 2.1 Search criteria and search terms employed to retrieve relevant papers

Search criteria Search terms Type
Title, keywords, Hydrology, river flow(s), floods, droughts, runoff Hydrological
abstract text Climate change, climate impacts, impacts of climate change Climate change
United Kingdom (UK), England, Scotland Wales and Northern
Ireland Region

A total of 122 publications across 35 scientific journals are identified from 1990 to 2021.
Figure 2.2 shows the number of publications per year and their regional coverage based on the
UK’s administrative region boundaries. Across the selected studies, 24 papers (20%) had a specific
focus on droughts and 40 papers (33%) on floods. There is an uneven spatial coverage of the
catchments considered in the identified publications. Catchments in southeast England were
included most frequently, followed by catchments in Wales. In comparison, catchments in
Northern Ireland were included least frequently. Additionally, studies have used a wide variety of
hydrological models. The largest number of studies employed the PDM hydrological model
followed by similar uptake across the CLASSIC, CATCHMOD and Grid-2-Grid models (inset
Figure 2.2). Other hydrological models such as TOPMODEL have been widely used at UK
catchments but have been used less often in climate change impact assessments. Out of the 122
publications, 63 (52%) made use of the downscaled UK regional climate change projections from

the UK Climate Impacts Programme and Met Office with the remainder using either global or
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downscaled projections from different ensembles of climate models or an approach independent

from climate model output.
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Figure 2.2 Number of identified peer teviewed publications per year since 1990 (n=122) and the top five most
employed hydrological model across all publications (inset) (left). Percentage of total publications which included
catchments in each administrative region of the UK (right)

2.3 Development of modelling approaches

Four approaches to the development of climate scenarios are identified from the reviewed
publications. Approaches to study the hydrological impacts of climate change have developed over
the past three decades from an initial very simple approach. These developments have occurred in
terms of (i) the type and number of scenarios that are used, and (ii) the way the scenarios have
been applied (Table 2.2). Ditferent approaches have shared some of the same methods in applying
climate change scenarios and the various methods have been developed to suit individual aims of
the different approaches. Figure 2.3 tracks the development of each approach over time and
highlights seminal papers indicative of each approach. The following sections review the aims of

each approach and the evidence and main contributions from selected studies. The following sub-
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sections provide details for each of the identified modelling approaches, examples of their use in

the identified literature and high-level summaries of results from exemplar studies.

Table 2.2 Approaches identified in the reviewed papers and methods used to apply climate change

scenarios.
Approach
Application Stylised GCM/RCM- Probabilistic Scenario-
method driven neutral
Delta method 4 v 4 4
Bias adjustment v
Stochastic (e.g. v v v
weather generator)
Statistical (e.g. v
weather types)

2.3.1 Stylised approach

Early studies in the 1990s employed a stylised approach using the delta (or change factor)
method where ad-hoc relative changes in monthly means are applied to observed climate variables
(e.g. precipitation, temperature, potential evapotranspiration) to create model input time
series. The delta method has since been used consistently across all the other approaches identified.
The stylised approach stems from the limited number of GCMs and the coarse resolution of their
output at the time. Stylised scenarios are separately defined for precipitation and temperature
describing changes in monthly precipitation and potential evapotranspiration (PET) of various
magnitudes at coarse spatial resolution. Relatively simple to apply with limited data requirements,
stylised scenarios are particularly useful to understand and quantify plausible sensitivity ranges of
individual catchments. The main contribution of the stylised approach is the understanding of

hydrological system sensitivities across different UK regions and catchments.
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Figure 2.3 a) Modelling approach for each identified peer reviewed publication and b) Number of citations
received for every publication. Representative publications for each modelling approach category and those
which received over 300 citations are highlighted and coloured based on their modelling approach.

2.3.11 Summary of evidence

Following the release of the first IPCC assessment report in 1990, (Arnell, 1992a, b; Cole
et al., 1991) were among the first published papers to investigate the impacts of climate change on
UK river flows based on understanding at the time which suggested wetter winters and the
possibility of drier summers. Cole et al. (1991) assessed changes to annual runoff and reservoir

yield in contrasting regions of the UK (NW and SE. England) by perturbing precipitation and
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evaporation with seasonal mean changes to calculate annual runoff. They showed an overall 8%
(4%) reduction in annual runoff for SE (NW) England with larger decreases in reservoir yields
driven by an increase in evaporation. Similarly, Arnell (1992a, b) created seven stylised precipitation
scenarios representing monthly and annual changes in precipitation made up by additional
combinations of seasonal changes (e.g. 20% increase in all months or 15% decrease in summer).
Applying different combinations of the stylised scenarios via a simple monthly water balance
model, Arnell (1992a, b) showed that hydrological response to climatic change varies across
different catchments. The results suggest particularly high sensitivity of annual and monthly river
flow to how changes in precipitation are distributed across the year. For example, in fast
responding northern catchments, reduction in summer precipitation has a significant (—35%)
impact on summer river flows. In contrast, river flow response for lowland groundwater-
dominated catchments during drier summers are determined by both catchment characteristics

and the extent of increase in winter precipitation.

Later publications extended this approach to additional catchments with stylised scenarios
constructed based on expert knowledge and process understanding gained from early climate
models. An example are the precipitation scenarios in (Arnell and Reynard, 1996) which was
created based on expert knowledge from the UK Climate Change Impacts Review Group
representing “Wettest” (precipitation increase in all months by a large magnitude), “Driest”
(precipitation reduction in all months with a larger reduction in summer) and “Best” (precipitation
increase in all months except summer, where there is no change). This approach was subsequently
used to quantified the relative contribution from different sources of uncertainty through different
stylised scenarios based on high-level national estimates of the UKHI and CCC climate models
(Boorman and Sefton, 1997). They confirmed that changes in river flows varied between
catchments with different physical characteristics but also between different hydrological models
following the same stylised scenario. The largest magnitude of change in mean and low flows was

projected for the groundwater-dominated catchment considered.

2.3.2 GCM-driven studies

Growth in computational resources and availability of GCM model output enabled the
dominance of GCM-driven studies since the mid-1990s (81 papers, 65%). These studies use
climate model output directly, most commonly projections developed and led by the UK Climate

Impact Programme (UKCIP98, UKCIP02) and the Met Office (UKCP09, UKCP18). Figure 2.4
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shows the use of the delta method, statistical and dynamical downscaling in the GCM-driven

studies identified.
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Figure 2.4 Development of approaches to generate climate change scenarios in GCM-driven studies for
use in hydrological models.

First, the delta method, developed from the stylised approach, has been used consistently
over the years. Most recently, the delta method has been used to apply dynamically downscaled
regional climate models (RCMs) in the UKCP18 set of projections (Kay et al., 2021). This method
preserves the temporal variability of the observed time series, which has been shown to be useful
as it increases realism and familiarity to stakeholders (Watts et al., 2015; Arnell et al., 2021). Several
GCM-driven studies have refined the delta method to include consideration of monthly variance
for relative changes in wet and dry days and precipitation intensity (Reynard et al., 2001; Arnell,
2003, 2011b). The majority of studies following this approach have created scenarios representing
specific time periods to be compared with the present, but a few have applied changes
incrementally to create time series of evolving change (Arnell and Reynard, 1996; Arnell et al.,

2021; Kay et al,, 2021).

Second, bias correction and statistical downscaling techniques have also been used

consistently alongside the delta method. Bias correction methods range from interpolation and
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area weighting of coarse GCM output to simple adjustments to the statistical moments of raw
climate model output (Pilling and Jones, 1999). More complex regression-based methods have
been used based on atmospheric circulation or weather types (Wilby, 2005; Wilby and Harris, 20006;
Prudhomme and Davies, 2009). Stochastic weather generators have also been used and was a major
part of the UKCPO9 projections (Kay and Jones, 2012; Harris et al., 2013; Afzal and Ragab, 2020).
Different statistical techniques correct for different kind of biases. In practice, it is often difficult
to compare and validate the appropriateness of different techniques at multiple locations. Multiple
statistical downscaling methods of varying complexities are therefore often used together before
application in hydrological models (see Wilby et al., 2009 and Maraun et al., 2017 for details of the
different possible methods).

Third, the use of RCM output was motivated by the ability to incorporate finer region-
specific attributes. In practice, RCM model outputs are often subjected to the same types of
statistical bias adjustments as discussed above to correct for different biases (Cloke et al., 2010;
Lafon et al., 2013; Kay et al., 2015; Pasten-Zapata et al., 2020). Studies have made use of the RCM
outputs from multiple generations of the UK climate change projections (Bell et al., 2007; Kay et
al., 2015; Rudd et al., 2020) and large ensemble experiments (weather@home - Guillod et al., 2018;
Kay et al,, 2018) to drive regional-scale hydrological models. Both statistical and dynamical
downscaling enable continuous simulation of hydrological variables over time with greater

consideration of natural variability and changes in wet/dry sequences.

2.3.21 Summary of evidence

Figure 2.5 presents a high-level summary of the direction of projected change in river flows
across different regions of the UK based on GCM-driven studies. GCM-driven studies often take
the form of multi-model and multi-method experiments to navigate the uncertainty cascade which
has become the standard for climate change impact assessments. Outputs from different climate
models from multi-model intercomparison projections (MIPs) (e.g. CMIP3 and CMIP5) are often
used to consider climate model uncertainty. Different emission scenarios, downscaling methods,
and hydrological models are also considered with an aim to comprehensively analyse as large a
number of uncertainty sources as possible. Successive studies comparing different sources of
uncertainty along the impact modelling chain at different UK catchments show that GCM-related
uncertainty is generally the largest source of uncertainty with differences in both sign and

magnitude of projected change although there is greater agreement among the selected GCMs
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over a reduction in summer flows, particularly for catchments in southern England (Prudhomme
etal., 2003; Wilby and Harris, 2006; Prudhomme and Davies, 2009; Kay et al., 2009; Arnell, 2011b).
The relative significance of different sources of uncertainty also varies with the time horizon
considered. Uncertainty in the near-term (2020s) is associated with natural climate variability while
climate model and emission scenario uncertainty dominate in the mid- (2050s) and long-term
(2080s) (Hawkins and Sutton, 2011). An additional source of GCM-related uncertainty is natural
climate variability which is often overlooked in hydrological climate change impact assessments
but can have a large impact on the magnitude of projected change in river flows as demonstrated

by using a statistical resampling procedure applied to GCM model output (Ledbetter et al., 2012).

Additional sources of uncertainty form the cascade of uncertainty in GCM-driven studies.
This includes uncertainty from different hydrological model structures particularly when
considering intensity, frequency, and duration of hydrological extremes (Kay et al., 2009; Visser-
Quinn et al., 2019; Parry et al., 2023) and the choice of hydrological indices for evaluating impacts
(Ekstrom et al., 2018). Parameter uncertainty was also found to be particularly important for
periods of low flows (Wilby and Harris, 2006; Arnell, 2011b). Comparing different statistical
downscaling techniques, Diaz-Nieto and Wilby (2005) concluded that although different
techniques agree on a reduction in the magnitude of low flows for the River Thames, the change
factor method projects a larger reduction in all months compared to more conservative changes
projected using statistically downscaled data. The use of downscaled data at different spatial
resolutions adds to the GCM-related uncertainty and increases overall uncertainty (Orr et al., 2021).
Kay et al. (2015) and Rudd et al. (2020) both found that the magnitude of change in increased peak
flows can vary between the 1.5 km and 12 km RCM data in different regions of the UK (e.g. East

England) with largest uncertainty for projected changes in winter and spring.
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Figure 2.5 High level summary of the hydrological impacts of climate change from studies employing a
GCM-driven approach. Refer to Supplemental Table S1 for the corresponding citation to each reference

index.

2.3.3 Probabilistic approach

UKCP09 was the first generation of UK climate change projections to provide
probabilistic information (Murphy et al. 2009). Prior to UKCP09, climateprediction.net (CPDN)
was the first to produce probabilistic projections and has been used in several studies to assess
potential changes in UK river flows (New et al., 2007; Lopez et al., 2009; Fung et al., 2013). The
authors used transient climate model simulations to create perturbed parameter ensembles (PPEs)
through systematic variation of parameters within a single climate model. Applied at two river
catchments, the studies highlighted the added value of PPEs to generate a probabilistic distribution
following a risk-based approach using physically based dynamical models. The probabilistic strands
of UKCP09 and later UKCP18 consist of, respectively 10,000 and 3000 equally plausible climate
scenarios constructed using a statistical emulator tuned to GCMs representing both uncertainty in
climate model (structural uncertainty) and parameterization parameter uncertainty. 25 of the
reviewed papers have used the UKCP09 or UKCP18 probabilistic projections. The probabilistic
projections are presented as monthly changes in weather variables, so have been applied using the
delta method. The UKCP09 probabilistic projections can also be explored using the stochastic

weather generator provided. Note that both UKCP09 and UKCP18 include projections based on
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individual GCMs and RCMs and studies employing data from these projections are considered

GCM-driven studies, as covered in GCM-driven studies.

2.3.3.1 Summary of evidence

Figure 2.6 provides a high-level summary of projected change in river flows from studies
employing probabilistic projections. The first use of the UKCP09 probabilistic projections was
Kay and Jones (2012) which compared results using the different UKCP09 strands (probabilistic
change factors, weather generator and RCM) at nine UK catchments. Using all 10,000 sets of
probabilistic change factors and 100 sets of weather generator data, the study showed that most
of the change factors point towards an increase in flood peaks with a 20-years return period except
for selected catchments in Southern England which exhibited greater uncertainty in the sign of
change. Although mean projected change is similar across the UKCP09 strands, the authors
cautioned against the use of a single strand as the uncertainty range of the probabilistic change
factors did not always incorporate the uncertainty range of the other strands. Christierson et al.
(2012) was the first to present national scale projections of flow changes at 70 catchments for
different probability percentiles. For the 50th percentile, the study found a reduction in summer
flows across the UK, particularly southern England. There was greater uncertainty over changes
in winter with enhanced flow seasonality and increased winter flows more prevalent in northern
catchments (also found in Thompson, 2012 for Scotland). Changes for spring and autumn are
smaller with catchments in southern England projected to experience a reduction in flows in all
seasons. Despite wetter winters projected for northern catchments, studies have also highlighted
an increase in future drought severity for the central estimate mainly due to lower summer flows
and higher evaporative demand (Afzal et al., 2015; Afzal and Ragab, 2020). Using all 10,000 change
factors may not be computationally feasible in practice. Christierson et al. (2012) found that a
subset of 20 change factors is enough to capture climate model uncertainty, but the appropriate
sample size is likely to differ for more extreme quantiles to understand uncertainty in projected

change for hydrological extremes (Charlton and Arnell, 2014).
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index.

Probabilistic projections enable the adoption of what has been termed a “risk-based”
approach in water resources planning (Hall et al., 2020). The large sample size from the
probabilistic change factor sample sets and the UKCP09 stochastic weather generator allows for
the generation of probability distributions to characterize the likelihood of projected changes
exceeding certain thresholds (Hall et al., 2020; Borgomeo et al., 2014; Harris et al., 2013; Reynard
et al., 2017). For example, Manning et al., (2009) employed a probabilistic approach with synthetic
data generated from a stochastic weather generator to investigate the probability of exceeding
water shortage thresholds for the River Thames in the 2050s and 2080s in accordance with current
abstraction strategies. Similarly, Borgomeo et al. (2014) updated the risk of water shortages by
using a weather generator fed with the UKCP09 probabilistic change factors. The authors found
that climate change and population growth are likely to increase the probability of water shortage
risk (failure to meet Level of Service for water shortage; the frequency of water use restrictions)
even with demand and supply management measures. While studies have demonstrated the use of
this approach in a number of catchments, the uptake of probabilistic projections in practice is
challenging and limited by issues such as the treatment of uncertainties and spatial coherence which

is further discussed in Section 2.4.
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2.3.4 Scenario-neutral

The scenario-neutral (S-N) approach, first presented in Prudhomme et al. (2010), aims to
invert the scenario-led, GCM-driven approach. Hydrological response from incremental changes
in two user-defined dimensions are visualized on a response surface. The use of this approach in
Prudhomme et al. (2010) was motivated by the need to consider changes beyond GCM projections
and to explicitly consider system sensitivity against current guidance on climate change allowances
for flood risk management. The scenario-neutral approach has since been used for different
hydrological variables (peak flows - Prudhomme et al., 2013a, b; Kay et al., 2014 and low flows -
Prudhomme et al., 2015) . In Prudhomme et al. (2010), response surfaces were constructed for 20-
years flood peaks from incremental percentage changes in mean annual precipitation and seasonal
precipitation variation. Results from different studies following the S-N approach confirmed the
important role of precipitation seasonality in projected change in future floods and droughts on a
national scale, as had been demonstrated in small subsets of UK catchments in earlier studies

tfollowing the stylised approach.

The methodological framework of the S-N approach echoes the early stylised approach
carried out two decades prior. It also has clear roots in eatly sensitivity experiments such as the
“sensitivity surfaces” constructed in Arnell, (1996) for a small number of UK catchments and that
of Némec and Schaake, (1982) for the Pease River, USA which was one of the first published
studies to assess the impacts of climate change on river flows. Like the stylised approaches, studies
are not directly driven and constrained by GCM model output. The S-N approach also quantifies
hydrological response at finer increments rather than the discrete experiments in the stylised
approach with the ability to consider dimensions beyond just changes in monthly means.
Constructing response surfaces at a national scale for 154 catchments, Prudhomme et al. (2013a,
2013b) and Kay et al. (2014) defined nine flood sensitivity types for the UK by grouping flood
peak response surfaces by signal and magnitude of change. Results from the flood sensitivity types
further highlight differences in sensitivity to climatic change between different types of catchments,
with certain sensitivity types more uncertain to future changes in peak flows (such as more variable

and uncertain response at drier and slow-responding catchments in SE. England).
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2341 Summary of evidence

The ability to integrate GCM-driven and probabilistic approaches by overlaying projected
changes from climate models or probabilistic outputs on the response surfaces further
differentiates the S-N approach from previous approaches. Prudhomme et al. (2010) overlaid
projected change from 46 GCMs on response surfaces of 20 years flood peaks to understand the
validity of the widely used climate change allowance of +20% in flood peaks. The authors found
that a considerable proportion of GCM projections match and exceed the allowance threshold and
that a small deviation from some of the GCM projections would result in further increases in flood
peaks beyond the allowance. Kay et al. (2014) subsequently combined the probabilistic projections
from the full UKCP09 change factor set with S-N response surfaces. In this case, climate change
allowances are revised on a catchment and regional basis by exploring the uncertainty range of the
probabilistic projections within a “sensitivity-led” response surface framework for different flood

sensitivity types (Kay et al., 2011; Reynard et al., 2017).

2.4 Methodological limitations

Table 2.3 summarizes the key characteristics of each approach and examples of their use
in drought and water resources planning. The four approaches are subdivisions within the “top-
down” and “bottom-up” categories. GCM-driven studies are “top-down” as their projections are
constrained by the number or subset of GCMs selected. Although probabilistic projections are
presented as an alternative way to navigate climate model uncertainty via a “risk-based” approach,
they are also “top-down” as the probability distributions are dependent on the experimental setup,
the climate model(s) used (e.g. PPEs based on single model) and the emission scenarios they follow.
The stylised and scenario-neutral approaches can be considered “bottom-up” and “sensitivity-led”
as they place particular emphasis on understanding system sensitivity without direct reliance on
and can be developed independently from climate model output. The research-orientated objective
of comprehensively assessing large numbers of uncertainty sources in GCM-driven studies differs
from the more outcome-oriented focus of stylised and scenario-neutral approaches which explores

a wider range of plausible futures through exploratory modelling.
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Table 2.1 Advantages and disadvantages of the modelling approaches identified from peer reviewed literature

since 1990s and examples of their use in water resources management

Stylised scenarios =~ GCM-driven (mid Probabilistic Scenario-neutral
(1990s) 1990s-present) (2009-present) (2010-present)
Direction of Bottom-up — Top-down Top-down Bottom-up
approach dependent on
justification for
perturbation ranges
Number of Small (<10) Small (single Depend on Large (depend on
scenarios model) to >40 sampling strategy sampling
(multi-model (10,000 for increments)
ensembles) UKCP09 and 3000
for UKCP18)
Advantages - Simple generation - Inter-comparison - Drive for a risk- - Covers wide
of discrete sets of of GCMs and based approach range of plausible
scenarios RCMs with finer using probabilistic futures
- Valuable for spatial resolution information - Emphasizes
understanding - Quantification of - Discrete output system sensitivity
system sensitivity GCM-related and from single GCM with information
other sources of does not cover all on vulnerability
uncertainty plausible futures or system failure
Disadvantages - Scenarios may not - Studies oftenuse - Latge number of - Large number of

Example use in
water resources
planning

be realistic

- Ad hoc changes in
precip. and temp.
separately may not
be consistent with
GHG-related
changes

- Applied at large
domains (e.g.
single or small set
of perturbation
across entire UK)

- Regional average
monthly and
annual flow factors
estimated from
subset of stylised
scenarios (“wet”,
“mid”, “dry”)
applied to
observed river flow
(e.g. UKWIR 1997)

- Employed by water
companies in eatly

single or a limited
set of models
GCMs do not
cover all possible
changes

Cascade of
uncertainty due to
long modelling

chain

Bias correction
applied based on
baseline period
may not hold in
the future

- Rainfall runoff
modelling using
UKCIP02,
UKCP09 and
UKCP18

- Future Flows
Hydrology
(Prudhomme et
al., 2013b)

- eFLaG ensemble
(Hannaford et
al., 2022; Parry et

required model
runs

- Limited scope in
water resources
planning to fully
incorporate
probabilistic
information

- Attachment of
probabilities may
be misleading

- Not temporally
and spatially
coherent

- UKCP09 and
UKCP18

- Risk estimates at
probability levels
(951 50t and 5t)
(Environment
Agency, 2013)

- “Smart
sampling” of
probabilistic
sample at drier
end of spectrum

required model
runs

- Difficult to
analyze more
than two
dimensions in
response surface

- Range of possible
futures may not
narrow over time

- Small sampling
increments are
computationally
demanding

- Catchment or
regionalized
response surfaces
and typology
(Kay et al., 2011,
Environment
Agency, 2015)

- Drought
vulnerability
assessment
framework
(Environment

water resources al., 2023) for drought Agency, 2020)
management plans (Environment
Agency 2013)
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Each methodological approach is subject to several drawbacks. The number of scenarios
(and model runs) required by studies following the different approaches can differ considerably.
This ranges from the small number of discrete perturbations in the stylised approach to subsets
(or full range) of climate models in GCM-driven studies and many possible simulations in both
the probabilistic and scenario-neutral approaches. Although simple to apply, the stylised approach
preserves the temporal variability of the observed time series as a single set of ad-hoc monthly
perturbations are applied to observed data. The plausibility of such changes or combination of
changes are difficult to verify with limited consideration of spatial variation. The scenario-neutral
approach, which can be seen as a development from the stylised approach, is designed as a
screening tool, and further detailed studies of individual “futures” within the response surface are
still needed for adaptation and water resources planning (Prudhomme et al., 2015). Additionally,
multiple or combined response surfaces are required if more than two dimensions (e.g. derived
variables such as aridity) are considered at any one time which increases computational time and
may potentially be confusing for practical use. Recent research also highlighted additional
uncertainty from the wide variety of methods used to populate the response surfaces and the
different choices of decision- or system-relevant impact variables (Keller et al., 2019; Culley et al.,
2019). Another challenge is to define the boundaries over which the response surface is

constructed: using climate model projections may help identify a “plausible” range as a first pass.

GCM-driven studies often aim to comprehensively analyze as many sources of uncertainty
as possible. The lengthening of the cascade of uncertainty has led to what has been termed
“ensemble fatigue” (Benestad et al., 2017) where choices made along the impact modelling chain
result in an abundance of available information and wide uncertainty ranges. Even the most
comprehensive study cannot fully analyze all sources of uncertainty and choices made along the
impact modelling chain are often made by the modellers instead of the decision-makers (Smith et
al., 2018). Additional uncertainty is introduced from “method uncertainty” characterized by
differences in the experimental setups of different MIPs particularly for projections for changes in
precipitation and patterns of drying (Uhe et al.,, 2021). The need for analyses to be repeated
whenever new projections are published means that the subsequent uncertainty range may become
larger with successive generations of climate change projections. This characterizes a “predict-
then-manage” philosophy where decisions may be made from a single or few projections and
represented through an ensemble mean, which may be both inaccurate and implausible (Arnell,

2011b; Smith et al., 2018; Lohre et al., 2019).
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Probabilistic projections explore a larger range of plausible futures and in principle can
represent different sources of uncertainty. However, the range of plausible futures depends on
choices made about what sources of uncertainty to include and which sources of information to
use — such as which climate models are used. For example, GCM-related uncertainty mainly stems
from uncertainty in the atmospheric circulation response to climate change between different
climate models (Shepherd, 2014). The estimated probability distribution is therefore not an
objective estimate of the likelithood of some climate outcome (Arnell, 2011a; Beven, 2011). The
treatment of climate model uncertainty in the UKCP09 probabilistic projections is largely the result
of a science-led process. The assumption was made that estimating the full range of model
uncertainty would lead to better decision-making. However, scientists’ perceptions of user needs
and actual user needs may differ (Skelton et al., 2017; Porter and Dessai, 2017). Current UK
probabilistic projections are also not spatially coherent and cannot be used to analyze the spatial
extent of hydrological extremes across multiple catchments, an often-neglected aspect in current
studies (Brunner et al., 2021). Decision-makers could find it difficult to interpret probabilistic
information as they may be unaware of the underlying assumptions and uncertainty when
generating probability distributions (Reeder and Ranger, 2011). Although the inclusion of
probabilistic information may be seen as more scientifically accurate with wider uncertainty ranges
(i.e. more likely to include the actual outcome), probabilistic projections may be perceived as being
less informative (i.e. lower level of precision) and therefore less useful for decision-making (Lohre

et al. 2019).

2.5 Implications for methodological approaches

High-level summaries of projected change from the different approaches show good
agreement over the general direction of changes projected for different regions of the UK and
between catchments with different characteristics (e.g. slow vs fast-responding catchments).
However, detailed comparisons of the magnitude of change are difficult due to the inconsistent
and uneven selection of emission scenarios, catchments, hydrological models and variables (and
indicators) between different studies. This inconsistency mainly arises from different
methodological aims of the different approaches. For example, studies following stylised and S-N
approaches may be able to focus on many catchments due to their relatively simple perturbations.
Conversely, GCM-driven studies may choose to comprehensively analyze a single source of
uncertainty (e.g. using climate model ensembles or multiple hydrological models) but may only be

able to select a few catchments and may not be able to comprehensively analyze other sources of
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uncertainties. Consequently, the studies reviewed show an unequal geographical spread with
certain regions (or catchments) that are studied more often than others (e.g. SE England). Studies
are also dominated by a few hydrological models which can limit our understanding of the
heterogeneity of hydrological behaviour and their responses to climate change. Recent advances
to tackle this include flexible, modular modelling frameworks (Lane et al., 2019) and improvements
to national-scale gridded hydrological models (e.g. inclusion of abstraction processes;

Rameshwaran et al., 2022).

Figure 2.7 shows the uneven use of emission scenarios and future time period in studies
using different generations of UK climate change projections. The largest number of studies using
UKCIP02 and UKCP09 products focused on the medium emissions pathway. A previous
synthesis by Gawith et al., (2009) found that users often saw the medium scenario as the “middle
road” or “safe” choice. In practice, water companies rely on the medium scenario for estimates of
climate change effects on water supply and use the high and low scenarios to incorporate
uncertainty through a target headroom — a buffer to be maintained between water supply and
demand (Environment Agency, 2013). In contrast to this, GCM-driven studies disproportionately
employed the highest emissions RCP8.5 pathway. This was also identified in O’Neill et al., (2020)
where the greatest number of studies globally across different sectors used RCP8.5. Some have
contested that the use of RCP8.5 could be misleading, especially if interpreted — incorrectly —as a
“business as usual” scenario (Hausfather and Peters, 2020). However, its use in practice is often
because RCP8.5 has the strongest climate change signal and because it often has the most
information available (e.g spatial coherence). Recent studies have demonstrated that other sources
of information could be more suited for decision-making such as quantifying the impacts avoided
from lower emission pathways or from mitigation strategies and policy targets (Arnell et al., 2014;
Orr et al., 2021). Even though probabilistic projections are designed to tackle a wider range of
climate model uncertainty, a number of studies have used and reported only the central estimate
(i.e. 50th probability level) of the UKCP09 probabilistic projections. However, both probable and
non-probable information are required from a risk perspective for effective adaptation (Lawrence
et al., 2020). Adaptation and management measures based on the studies reviewed may therefore
require further information on low-likelihood outcomes to reduce the risk of maladaptation where
findings based on a single level of probability could be overly cautious and optimistic (Harris et al.,
2013, 2014; Lawrence et al., 2020).
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Figure 2.7 Percentage of total publications using each emission scenario from UKCIP02, UKCP09, IPCC
SRES and RCP climate change scenarios. Inset plot shows percentage of total publications considering the
three most commonly used future time slice (2020s, 2050s and 2080s).

Ensuring adopted approaches can provide meaningful information for decision-making
emerges as a key research priority. Falloon et al. (2014) recommends a more flexible selection of
approaches, such as the selection of “top-down” approaches if there are relative certainty across
climate projections and selecting “bottom-up” approaches if there are widespread uncertainties in
both magnitude and direction in projected change. Emerging approaches can be considered as
“hybrid” or “pluralistic” where different techniques complement each other and “top-down”
projections can be explored within a wider “bottom-up” framework led by the intended aims of
specific applications (also as reflected in Weaver et al., 2013 in review of the use of climate
projections in decision-making). They aim to circumvent and navigate aspects of the uncertainty
cascade in different ways to provide additional lines of evidence in future climate change impact

assessments.

Future research could draw on a combination of existing approaches and emerging
approaches outlined in this section in a pluralistic and complementary way such that different

approaches may be used for different purposes according to the aims of individual applications.
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Alternative ways have been proposed to extract additional information from the cascade of
uncertainty. Smith et al. (2018) identified three different strategies to characterize uncertainty: 1)
Analyze, 2) Bound and 3) Crystallize. GCM-driven studies identified in this chapter tend to fall
within the first strategy as their aim is to analyze as many sources of uncertainty as possible. The
latter two strategies require a more focused investigation by presenting the upper and lower bounds
ot by searching for specific outcomes within the uncertainty cascade. Both strategies may be able
to better consider plausible worst cases and high-impact, low-likelihood events (Sutton, 2019;
Arnell et al., 2021). An example of this is the H++ climate change scenarios, which created high-
impact scenarios for high/low river flows, floods and droughts. The high-end scenatrios were
created by combining multiple lines of evidence (e.g. process understanding, historical
observations, paleo-climate analogues and GCM projections) to define the physical limits of
plausible worst-case scenarios beyond the upper uncertainty range of GCM projections (Wade et
al., 2015). Similarly, the UNprecedented Simulation of Extremes with ENsembles (UNSEEN)
approach aims to characterize low-likelihood extreme events using retrospective forecasts or large
ensemble climate model data to search for events which are beyond the observed record
(Thompson et al., 2017; Kelder et al., 2020). Borgomeo et al., (2015) and Brunner and Tallaksen,
(2019) are also examples of this strategy where the sample size is increased through direct
stochastic simulation of synthetic river flows in order to robustly assess the probability of severe

droughts at UK catchments.

Testing hydrological systems against a wider range of plausible outcomes echoes the
motivations of the robust decision-making (RDM) framework and has previously been applied for
the Thames basin to identify acceptable mixes of management options to severe drought
(Matrosov et al., 2015; Huskova et al., 2016). Alongside the exploration of low-likelihood, high
impact events with information from climate model projections, studies have also explored
consequences of “what-if” experiments that are in many ways are conceptually similar to the
storyline approach as introduced in Section 1.6. For example, an early application of “what-if”
experiments in the UK was Whitehead et al. (2006) where a water quality model was used to test
different adaptation strategies (e.g. land use change, reduced fertilization) against water quality
outcomes for the River Kennett in southern UK. Similarly, Harrigan et al. (2014) used hydrological
models to assess multiple hypotheses to attribute past river flow trends to different plausible
climatological and anthropogenic drivers of change. Dessai and Darch (2014) showed that the
adoption of such sensitivity-led frameworks is indicative of the increasing influence of RDM

principles in practice, and that overcoming challenges such as computational resources and the
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“predict-then-manage” philosophy in the water resources industry could enable a fuller adoption

of RDM principles.

2.6 Chapter summary

This chapter presented a review which has identified 122 papers investigating the
hydrological impacts of climate change in the UK from the 1990s to 2021. Four modelling
approaches are identified from the reviewed papers. A GCM-driven, “top-down” approach is the
most widely adopted approach to date, but alternatives have emerged as the limitations of top-
down approaches become more widely recognized. GCM-driven studies are often characterized
by an aim to quantify the relative contribution of different sources of uncertainty using multiple
methods to apply climate change scenarios, showing that circulation-related uncertainty between
different GCMs is the dominant source of uncertainty. However, they incur the cascade of
uncertainty which results in a large amount of information that may not be conducive to decision-
making. Probabilistic approaches provide an alternative way to treat climate-model uncertainty
through advances in perturbed physics ensembles. However, they are still “top-down” with
outstanding challenges related to their practical use in water resources planning. The scenario-
neutral approach echoes the eatrliest stylised approach with a “bottom-up” focus on system
sensitivity and more explicit consideration of how results can be informative from a decision-
making perspective. Both approaches have contributed to the fundamental understanding of how

different types of hydrological systems respond to a wide range of climatic changes.

Synthesis of studies employing each approach showed that the magnitude and sign of
change in different hydrological variables remain uncertain between different regions of the UK.
High-level summaries of projected change in river flows do not significantly differ between the
approaches although direct comparisons between studies following different approaches are
difficult and limited due to their methodological differences and consequently different choices
made along the impact modelling chain (e.g. catchments, emission scenarios and hydrological
models). Major limitations across the different approaches included issues related to wide
uncertainty ranges, limited consideration of high-impact outcomes and practical challenges in their

use in water resources planning.
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DATA AND METHODS

3.1 Introduction

This chapter presents the various data sources used in this thesis, approaches to analyse
meteorological drivers of drought, the framework for hydrological modelling and hydrological
drought analyses. Section 3.2 introduces the observational data used to drive and calibrate
catchment hydrological models. Section 3.3 presents various sources of model data that are used
to perturb and drive hydrological models and to explore the meteorological drivers of hydrological
droughts in present and future climate. Section 3.4 introduces the catchment hydrological models
that are employed to simulate river flows for catchments across Great Britain and the model
calibration strategy employed. Section 3.5 describes the methods to extract hydrological drought

events from simulated river flows and the selected hydrological drought metrics.

3.2 Observed data

3.2.1 Catchment selection and river flows

In this thesis, the catchments selected for investigation include catchments in the NRFA’s
Low Flow Benchmark Network (LFBN) as they comprise of catchments that are suitable for the
low flow analysis given their near-natural conditions (Harrigan et al., 2018). To focus on Great
Britain (GB), the 100 catchments within the LFBN that are in England, Scotland, and Wales and

which overlap with catchments selected in previous drought studies by Smith et al., (2019) and
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Barker etal., (2019) are selected. In addition to the catchments within the LFBN, an additional set
of 16 catchments within the East Anglian region are chosen in collaboration with Anglian Water.
The chosen catchments are representative of key abstraction catchments and catchments linked
to key reservoirs such as the Ardleigh Reservoir (e.g. River Colne at Eatls Colne — ID 37042) and
the Gratham Reservoir (e.g. Bedford Ouse at Offord — ID 33026). Figure 3.1 shows the

catchments selected in the LFBN and the additional catchments in the Anglian region.

Daily observed river flow (m3s—1) and catchment properties listed in Table 3.1 are
extracted via the mrfa R package (Vitolo et al., 2016) from the UKCEH National River Flow
Archive (NRFA) for each selected catchment. As seen from Figure 3.1, the catchments selected
are representative of the broad range of climate and catchment characteristics across the UK.
Catchments in southern England underlain by permeable aquifers have a higher baseflow index
(BFI) and receives lower standardised annual average rainfall (SAAR) compared to catchments in
Scotland and western GB. Variation in BFI across the UK is associated with catchment
characteristics (predominantly the presence of permeable and productive aquifers) with relatively
higher water abstraction also playing a role at groundwater-dominated catchments (Bloomfield et

al., 2021).

Table 3.1 Description of selected catchment properties

Catchment properties Description

Catchment area (km?) Total area of the catchment (km?)

DPSBAR (m/km) — Mean drainage path slope (DPSBAR) is an index for catchment
catchment steepness steepness calculated as the mean inter-nodal slopes within a

catchment. Higher values indicate steeper terrain and lower values
flatter terrain.

PROPWET (%) Proportion of time soils within a catchment are designated as being
wet (i.e. higher values indicate wetter). PROPWET varies from <20%
to >80% across the UK.

Proportion of Land use information derived from the Land Cover Map 2000 and the
hotticultural/arable land (%)  NRFA ILand Cover Classes 2000
BFI Baseflow Index (BFI) is a measure of the proportion of river flow that

derives from groundwater and subsurface storage. Higher values
indicate more permeable catchments with high groundwater
contribution to river flow, particularly during dry periods.

SAAR 1961-1990 (mm) Standardized Annual Average Rainfall (SAAR) over 1961-1990 30-
year period
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a) LFBN BFlI b) LFBN SAAR c) ANG BFlI

d) ANG SAAR

SAAR

Figure 3.1 Selected catchments in the Low Flow Benchmark Network (LFBN) coloured by a) baseflow
index (BFI) and b) SAAR (1961-1990) and additional catchments in the East Anglia (ANG) region coloured
by ¢) BFI and d) SAAR (mm). Shading indicates regions of permeable aquifers from the hydrogeology map
of the British Geological Survey.

3.2.2 Precipitation and temperature

Observed daily precipitation is taken from the CEH-GEAR dataset (Tanguy et al. 2021).
CEH-GEAR provides 1km daily and monthly gridded observed precipitation across the UK
derived from the UK rain gauge network and interpolated following the natural neighbour
approach. Observed daily mean temperature is extracted from the CEH CHESS dataset (CHESS-
met) at 1km resolution across the UK from 1961 to 2017 (Robinson et al. 2020). As the CEH
CHESS dataset do not provide temperature data beyond 2017, analyses of the 2022 drought in
this thesis (Chapter 5) and climate extremes in 2022 (Chapter 6) also make use of the HadUK-
Grid dataset which provides up to date daily maximum and minimum temperature at the same
resolution (lkm) (Hollis et al, 2019). Observed daily and monthly estimates of potential
evapotranspiration (PET) are available in Tanguy et al., (2018) which was produced as part of the
UKCEH Historic Droughts programme. Tanguy et al. (2018) compared a number of temperature-

based equations and calibration approaches to estimate PET and compared their results with the
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physically-based Penman-Monteith equation on a national scale. The study found that the
McGuiness-Bordne equation (original equation in Eq.1 - Mcguinness and Bordne 1972) performed
the best when specifically calibrated nationally across UK catchments against PET estimates using

the Penman-Monteith equation.

PE [mmday™1] = %SO(Ts—J:) 3.1

where A refers to the latent heat of vaporisation (M] Kg™), T refers to temperature (°C)
and S, refers to extratertestiral radiation (M] m™day™). In this thesis, PET is calculated from
observed daily mean temperature from the CEH CHESS dataset (Chapters 4 and 6) and the
HadUK-Grid dataset (Chapter 5) using the McGuinness—Bordne equation with parameters tuned
specifically for the UK as set out in Tanguy et al. (2018). Given the need to ensure relevance with
existing practice in climate change assessment and drought planning within water companies, a
temperature-based method to estimate PET is chosen as such methods are relatively simple to
apply and regularly used by water companies. The choice of PET estimation method can affect
simulated river flows when used to drive hydrological models (Prudhomme and Williamson, 2013)
although some studies have suggested that PET-related uncertainty is less than GCM-related
uncertainty, in particular in relation to the wide range of projected change in precipitation across

climate models (e.g. Kay and Davies, 2008; Thompson et al., 2014).
3.3 Model data

This thesis makes use of various sources of model datasets to understand hydrological
droughts in both present and future climate. This includes climate model simulations (UKCP18
and EC-Earth large ensemble) and seasonal hindcasts from a weather forecasting system (ECMWT
SEAS5). Figure 3.2 presents a schematic showing the sources of modelled meteorological data
contributing to various parts of this thesis and key methods for data processing prior to the
application of model simulations in hydrological modelling. The following section presents the

data sources and processing methodology in detail.
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Data Time
processing Data period
Delta UKCP18
method projections Present-day
Circulation — °
analogues EC-Earth 1.5°C
Bias adjustment: SMILE 2°C
PTR (precip.) L 3°C
Mean adjust. (temp.) SEAS5
Bias adjustment: hindcast 4°C
oM (orecion / indcasts
Mean adjust. (temp.)
Analysis Chance of unprecedented
extremes (Chapter 6)

| |
Retrospective event J Real-time event
storylines (Chapter 6) storylines (Chapter 5)

Figure 3.2 Schematic showing the various model data sources used in this thesis, the data processing
undertaken for precipitation and temperature and the time periods in both present and future climate each
data source considered. PTR refers to power transformation and QM refers to quantile mapping.

3.3.1 Atmospheric reanalysis

An atmospheric reanalysis system uses data assimilation to combine available historical
observations of climate variables and past weather forecasts that is then used to drive a weather
forecasting model to produce a spatially and temporally coherent gridded dataset of estimated
atmospheric variables in near real time at the global scale (Hersbach et al. 2020). Although
reanalysis provides data at the global scale without any gaps, there is a degree of uncertainty
associated with the estimated variables, particularly in areas with poor coverage and quality of
observations. A series of meteorological indices describing past atmospheric circulation patterns
are calculated from the ERA5 reanalysis dataset and used throughout this thesis as proxy
observations. The ERA5 reanalysis, produced by ECMWTF, has a horizontal resolution of 31km
and provides atmospheric variables from 1940 and in near real time (within 5 days) (Hersbach et
al., 2020). In Chapter 5, monthly mean sea level pressure (MSLP) anomalies from ERA5 for the
European/North Atlantic region is used to calculate the North Atlantic Oscillation (NAO) index
and the East Atlantic (EA) index. The NAO and EA indices are represented by the first two
leading modes calculated through empirical orthogonal functions (EOF) analysis respectively. The

NAO is the leading mode of variability in the North Atlantic and describes the difference in
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pressure between the Azores and Iceland. The Nino3.4 index is calculated from average sea surface
temperature anomalies in the region (5°S-5°N, 120-170°W) to represent the phases of the El-Nino
Southern Oscillation (ENSO). In addition to the NAO, EA and ENSO, polar vortex strength is
calculated based on average wind speed (U10) at 60°N and the North Atlantic sea surface
temperature (SST) tripole index is calculated by SST anomaly averaged over ta northern box (40°-
55°N, 60°-40°W) minus SST anomaly averaged over a southern box (25°-35°N, 80°-60°W).

3.3.2 UKCP18 climate projections

The UK Climate Projections 2018 (UKCP18) 12-member HadRM3 perturbed parameter
ensemble (PPE) regional climate projections at 12 km resolution following the high emissions
RCP8.5 scenario is used in Chapter 5. UKCP18 is the latest generation of national climate change
projections for the UK. The 12-member PPE was created by exploring the plausible ranges of the
climate model parameter space and driven by the boundary conditions of the global projections
(Lowe et al., 2018). The regional projections are provided as spatially coherent projections which
is important, given the spatial characteristics of drought events. The UKCP18 projections also
provide a suite of other datasets in various other strands with each spanning a different range in
the overall uncertainty in projected changes and with data provided at different resolutions (Lowe
et al., 2018; Arnell et al., 2021). For example, the probabilistic projections consist of in total 3,000
plausible samples and samples the broadest range of plausible outcomes at different emissions

pathways but the projections are not spatially coherent.

Figure 3.3 shows that the UKCP18 regional projections point towards, in general, wetter
winters and drier summers with increasing temperature. This climate-change-induced change in
the seasonality of precipitation is particularly noticeable at 3 and 4 °C warming, with general
agreement among the 12 ensemble members over the sign of change. Projections also point to
increased seasonality in temperature, with the greatest change in temperature in the summer,
reaching 6 °C higher relative to 1981-2010 in the summer in a 4 °C warmer world. The UKCP18
global and regional projections project increases in average temperature at the warmer end of the
probabilistic strand and are generally on the warmer and drier range of the CMIP5 projections
under the RCP8.5 emissions scenario (Arnell et al., 2021; Arnell and Freeman, 2022). It should be
noted that the RCP8.5 emissions scenario can be considered as a “worst-case” scenario and should

not be interpreted as a “business-as-usual” scenario (Hausfather and Peters, 2020). However, its
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use is justified for risk assessment purposes as it provides the strongest climate change signal and

often has the most information available (e.g. spatially coherent projections).
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Figure 3.3 Average monthly projected change in a) temperature (°C) and b) precipitation (%) (relative to
1981-2010) across the 12 ensemble members of the UKCP18 regional projections at each global warming

level. The shading is the spread across the 12 ensemble members and the solid line is the ensemble mean.

Delta change method

The literature review in Chapter 2 showed that various approaches have been taken in the
literature to apply climate change scenarios in hydrological models. In Chapter 4, a time-sampling
approach (James et al., 2017) is used to select the 10-year time period starting from the year that
each UKCP18 ensemble member reaches conditions equivalent to four global warming levels (1.5,
2, 3, and 4°C) relative to 1981-2010. The delta change method is used perturb the observed time
series with climate change factors. Monthly change factors for precipitation (%) and temperature
(°C) are generated by comparing projections for a baseline petriod (1981-2010) to projections of
the designated 10-year future periods for each river basin region and applied either additively (for
temperature) or multiplicatively (for precipitation) to the baseline temperature and precipitation
for each catchment. The delta change method is widely and consistently employed in studies
projecting the impacts of climate change across UK catchments (Arnell, 2003; Kay et al., 2020;
Wilby and Harris, 20006). In its standard form, this method retains the historical variability in the
observations, and changes in dry/wet spell lengths are not considered. Vatiations in the delta

change approach have been proposed to calculate percentile- or quantile-based change factors to
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represent different magnitudes of relative changes in wet and dry days and short-duration rainfall

intensity (see Anandhi et al., 2011 for overview of various varients of the delta method).

Alternative statistical downscaling techniques correct for different biases, but all
techniques share the assumption that the biases corrected for and the bias correction technique
itself remain valid for future time periods. It is also challenging to validate the plausibility of
analogue events found in bias corrected data due to uncertainty over the realism of climate model
simulations for persistent circulation extremes (important for multi-year droughts; Ault et al., 2014;
Moon et al., 2018) and how atmospheric circulation patterns will change under climate change
(Shepherd, 2014). In Chapter 4, the delta method is used to place historical events in a future
climate. Retaining the observed drought sequence, the meteorological conditions driving the
observed drought remain consistent and plausible. This is an assumption that sacrifices the ability
to generalise over all droughts, but focuses on the specificity of individual drought events. A
comparison between projections of future change in drought characteristics across Great Britain
using the delta method and the direct use of bias-adjusted climate model data is further explored

in Chapter 6 (with methods described in Section 3.3.3).

Circulation analogues

The circulation analogue approach, first introduced in Yiou et al., (2007), aims to search
within historical observations or climate model simulations to find days with similar circulation
patterns to an historical event. In Chapter 5, the circulation analogues approach is applied by using
both the global and regional strands of the UKCP18 projections in conjunction. The circulation
analogue approach can be an alternative approach to the delta change method to understand the
possible impacts of climate change on individual drought events. A past drought event is selected
and for any given day in the selected event, the day in the UKCP18 global projections with the
most similar MSLP anomalies pattern in the Euro-Atlantic domain to that observed day is
identified as the circulation analogue. This selection process is carried out within a 30-day time
window centred on each day of the selected event. The ERAS5 reanalysis dataset is used to calculate
observed MSLP anomalies, relative to 1965-2015, and simulated MSLP anomalies are calculated
for each ensemble member in the UKCP18 global projections for the baseline (1980-2020) and
future (2050-2080) periods. As an example for the first day of summer 1976 (June 1st 1976), days
in the UKCP18 projections within a 30-day time window centred on June 1st 1976 are selected,

and Euclidean distance is calculated between the SLP anomalies of the selected days and the
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observed SLP anomalies of June 1st 1976. The day with the closest Euclidean distance in the
UKCP18 projections to the observed SLP anomaly of the day is subsequently identified and the
mean precipitation over eastern England associated with that day is obtained from the
corresponding 12km regional projections. This procedure is repeated for every day of the selected
event, separately for the baseline and future periods and for each of the 12 ensemble members of

the UKCP18 projections.

3.3.3 EC-Earth large ensemble

To mitigate the challenge of short observational records and to better understand the
influence of natural climate variability, studies have increasingly made use of large ensemble
simulations (Bevacqua et al., 2023; Kelder et al., 2022; Thompson et al., 2017). For example,
Thompson et al. (2017) introduced the UNprecedented Simulation of Extremes using ENsembles
(UNSEEN) technique to explore unprecedented events beyond what has been observed in the
historical record using initialised large ensemble simulations. Single model initial condition large
ensembles — SMILEs — have emerged as a particular source of data to expand the sample size.
SMILEsS are climate model simulations generated from perturbations made to the initial conditions
of each ensemble member (Maher et al., 2021). Chapter 6 of this thesis uses the EC-Earth time-
slice SMILE based on the EC-Earth GCM v2.3 (van der Wiel et al., 2019) to estimate the chance
of unprecedented hydrological extremes. The large ensemble used was run for present-day
(equivalent to the climate with observed global mean surface temperature for the period 2011-
2015) and pre-industrial plus 2°C and 3°C global warming conditions. Figure 3.4 illustrates the
set-up of the large ensemble taken from van der Wiel et al. (2019). The large ensemble is based on
transient projections following the RCP8.5 emissions pathway with 16 ensemble members. For
each ensemble member, 25 new realizations are created through stochastic parameterizations of
the initial conditions and run for 5 years. In total, they make up 2000 years of climate data for each
global warming level (i.e. 16 ensemble members x 25 realizations x 5 years = 2000 years). The
spatial resolution of the large ensemble is 1.1° x 1.1°. As with previous regional studies which
employed this large ensemble data (e.g. van der Wiel et al. 2019; van der Wiel et al. 2020; Bonekamp
et al. 2020; Goulart et al. 2021), the data is re-gridded to 0.5° x 0.5° via bilinear interpolation.
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Figure 3.4 Design of the EC-Earth large ensemble (Source: van der Wiel et al. 2019). Panel a) shows global
mean surface temperature in the EC-Earth transient simulations (yellow shading indicates different
ensemble members). Grey shadings show the 5-year time slices at present day (PD) and 2°C warming. Panel
b) shows simulated temperature for the first 21 days of a 5-yer time slice with different initial conditions
illustrated by the 6 example ensemble members.

The same large ensemble has been widely used for climate impact modelling with the
application of both global and regional hydrological models (Kelder et al., 2022a; van der Wiel et
al,, 2019; van Kempen et al., 2021) and crop yield models (Goulart et al., 2021; van der Wiel et al.,
2020; Vogel et al., 2021). Compared to existing SMILEs, the time-slice simulations have the
advantage of a stationary climate and are more representative of present-day conditions of the
recent past rather than transient simulations over a baseline period which may include a forced
trend from anthropogenic climate change over time. In this study, all ensemble members are
pooled to form a continuous 2000-year time series of temperature and precipitation as has been
done in previous studies using the same large ensemble (van Kempen et al. 2021; Kelder et al.
2022a). This introduces 399 (out of 1999) spurious December to January transitions and the
implication of this choice is discussed accordingly. Additionally, SMILEs also enable the

exploration of the physical meteorological drivers of climate extremes. In Chapter 6, geopotential
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height anomalies at 500 hPa (Z500) are also extracted from the EC-Earth SMILE to explore
differences in the meteorological drivers of dry seasons in the present-day and future simulations.
7,500 is a commonly used variable to describe deviations in atmospheric circulation and is defined
as the height in the atmosphere before reaching an air pressure of 500hPa. High pressure,

anticyclonic conditions are associated with positive Z500 anomalies.

Bias adjustment

In addition to the delta method described in section 3.3.2, a second method to apply
climate projections is by bias adjusting the model simulations so they can be directly used as input
to hydrological models. In Chapter 6, bias adjustment is performed for each catchment in the
LFBN and Anglian Water region. Modelled precipitation is adjusted to match monthly observed
means using multiplicative correction factors for precipitation and additive factors for temperature.
Initial tests found that the modelled GB-averaged mean monthly precipitation has a lower standard
deviation compared to the observations. Initial tests found that the modelled GB-averaged mean
monthly precipitation has a lower standard deviation compared to the observations. A power
transformation is thus applied at each catchment in the method set out in Leander and Buishand

(2007) which aims to adjust the variance statistics of precipitation data (Eq. 3.2).

P* = aP? 3.2

where P* refers to adjusted daily precipitation. Parameter 4 is determined by matching monthly
mean coefficient of variation (CV) of the modelled precipitation with the CV of the observed
precipitation. Parameter @ subsequently scales the modelled precipitation so that it matches
monthly mean observed precipitation. The simulated data is also corrected for excessive “drizzle”,
a well-known problem for GCMs, by setting precipitation below a threshold to zero. The threshold
is determined for each catchment by matching the number of monthly precipitation days in the
modelled data and observations. The threshold is then applied to the 2°C and 3°C simulations of

the EC-Earth SMILE.

Modified delta method

As described previously, the delta change method scales or shifts the observed time series

by change factors representative of projected climate change in the 2°C and 3°C large ensemble.
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The basic delta method retains the temporal variability of the observations and a single set of
change factors aggregated across the large ensemble may not reflect the full range of plausible
changes arising from climate variability, e.g. changes in persistence. Hence, in addition to the
standard delta change method, a modified delta change method based on the resampling
methodology in Ledbetter et al., (2012) is also applied in Chapter 6 to give an indication of the
possible range of change. For each original ensemble member of the EC-Earth large ensemble
simulations, a resampling procedure randomly selects with replacement a block of monthly
precipitation in the future period to form a new 30-year time series. Given that temperature values
exhibit higher dependence between months, only one change factor set for temperature is created.
This method of resampling is appropriate given that UK precipitation exhibits low month-to-
month autocorrelation and can be considered independent for each month (as shown in Ledbetter
et al. 2011). The modified delta method is repeated 30 times to create 30 change factor sets for
each ensemble member for each catchment (30 change factor sets x 16 ensemble members = 480

change factor sets per catchment).

Projected change

Figure 3.5 shows the projected change in precipitation from the large ensemble obtained
from the delta method and directly from the bias-adjusted precipitation across the 16 ensemble
members. Projected changes in precipitation over the selected catchments in the EC-Earth large
ensemble show drier summers and wetter winters with increasing temperature rise. The expanded
set of change factors in the modified delta method incorporates a greater degree of climate
variability and therefore shows a greater range of changes compared to a single set of change
factors per ensemble member. Variations in the estimated rainfall changes for the latter two

estimates mainly correspond to the spread across the selected catchments.
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Figure 3.5 Projected change in precipitation across all LEFBN and ANG catchments for 2°C warming
(orange) and 3°C warming (putple) using a) a single set of change factors per ensemble member for each
catchment, b) 30 sets of change factors per ensemble member from resampled precipitation for each
catchment, and c) bias-corrected precipitation across ensemble members.

3.3.4 SEASS5 seasonal hindcasts

To further explore the utility of large ensemble datasets, the ECMWEF SEAS5 hindcast
dataset (1982-2021) is used to provide a large sample of plausible winters (Dec, Jan, Feb - DJF) to
be investigated in Chapters 5 and 6. The winter season is chosen as the focus as it is the season
where groundwater aquifers and reservoirs are usually recharged in the UK. In total, there are 2850
winters in the hindcast dataset across 25 ensemble members and three lead times (Sep, Oct and
Nov) (comprising of 38 complete winters between 1983 and 2020 x 25 ensemble members x 3
lead times). SEAS5 ensemble members are generated by perturbations made to their initial
atmospheric and oceanic conditions (Johnson et al., 2019). Similar to the use of the EC-Earth large
ensemble as detailed in Section 3.3.3, the use of SEAS5 hindcasts follow recent studies advocating
for the use of initialised large ensemble simulations consisting of multi-thousand years of
simulations to explore a larger range of plausible outcomes. For example, the use of seasonal
hindcasts to improve risk estimates of extreme events was previously demonstrated by van den
Brink et al. (2004) which used 1500-years of hindcast simulations from a previous generation of
the ECMWF seasonal prediction system to improve estimates of storm surge levels in the
Netherlands. Figure 3.6 shows observed total winter rainfall for the East Anglia region over the
1983-2016 period from the CEH-GEAR dataset and the spread of modelled rainfall from the
hindcasts across all ensemble members and lead times over the same period. The observational
data points fall within the spread of modelled rainfall for roughly one-half of the years and fall
within the maximum and minimum in all years. Standardising the observed rainfall against the

modelled rainfall distribution shows that for 22 out of the 38 years, the observed value is within
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one standard deviation of the modelled rainfall of that year, showing that the SEAS5 hindcasts are
reliable and useful for the East Anglia region over the selected period. Following the procedure
employed by Anglian Water for operational drought forecasting, the hindcast winter rainfall was
bias-adjusted for each catchment using quantile mapping (initiated via the qmap R package —
Gudmudsson 2016) and scaled to match monthly mean observed catchment-averaged rainfall. The
NAOI, EAIL SST tripole index and the Nino 3.4 index are calculated for each winter in the SEAS5

hindcasts following the same procedure as outlined for the ERA5 reanalysis.
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Figure 3.6 (Left) Observed (CEH-GEAR) (red dots) and simulated (box) mean winter (DJF) rainfall over
1983-2016 from the SEAS5 hindcasts across 25 ensemble members and three lead times over the Anglian
region. The whiskers of the boxplots extend to the maximum and minimum modelled value. (Right)
Distribution of observed winter rainfall for each year over the 1983-2016 period standardised against the
distribution of simulated rainfall of the same year.

3.3.5 Model fidelity tests

Model simulations should be evaluated and deemed credible compared to the observations
before they can be used. The model fidelity test set out in Thompson et al. (2017) is employed in
this thesis to check whether the model data can be considered as alternative realizations of the real
world by comparing the statistical moments of the model data and the observations. 10,000
subsamples of monthly precipitation the same length as the observations are created through
bootstrapping and the mean, standard deviation, skewness and kurtosis of each subsample are
calculated. The resulting distribution of statistical moments from all subsamples is then compared

to the observed statistical moments. The model data is deemed to be statistically indistinguishable
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from the observations if the observed statistic falls within 95% (i.e. 2.5-97.5th percentiles) of the
model distribution. The model fidelity test is applied for all the considered catchments for both
the EC-Earth large ensemble simulations and the SEAS5 seasonal hindcasts. Only the catchments

where the fidelity test is passed are considered appropriate for use in further analyses.

EC-Earth large ensemble

Figure 3.7 shows the model fidelity test applied for the EC-Earth large ensemble at an
example catchment in SE England and the 95 catchments that have passed the fidelity test and
retained for subsequent analysis in Chapter 6. As the bias adjustment procedure corrects for mean
and standard deviation, the fidelity test is applied to skewness and kurtosis. Catchments that did
not pass the fidelity test include ones in central Wales, northwest England and northwest Scotland.
These catchments fail after the standard deviation remains outside the 95% of model distribution
after the subsequent adjustment of the mean. Failed catchments are mostly characterized by
comparatively more complex orography at higher elevations which is less well represented in the

relatively low-resolution climate models.
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Figure 3.7 a) The distribution of statistical moments of monthly mean precipitation (mm) from
bootstrapped samples of EC-Earth SMILE for an example catchment in SE England before (green) and
after (yellow) bias adjustment compared to the observed value (1965-2015) (black line). The dotted lines
indicate the 5% and 95% percentiles. b) Fidelity result for all selected catchments across GB.
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SEASS5 seasonal hindcasts

The credibility of the SEAS5 hindcasts following the model fidelity test in Thompson et
al. (2017) is presented in Figure 3.8a. Winter rainfall for the SEAS5 winters over the Anglian Water
region is deemed statistically indistinguishable from the observations as the observed mean winter
rainfall lies within 95% of the distribution of the mean-adjusted winter rainfall from the
subsamples. Additional tests on ensemble member stability and independence are conducted
following Kelder et al. (2020, 2022). Stability refers to the potential for ensemble members to drift
towards their (biased) climatology from their observation-based initial conditions, and can be
assessed by comparing the distribution of simulated variables across lead times (Figure 3.9b).
Independence refers to whether individual ensemble members for each lead time are independent
of each other and can be assessed by calculating the Spearman rank correlation of modelled rainfall
for every distinct pair of ensemble members (Figure 3.9¢). The tests show no evidence of model

drift and that the ensemble members are independent of each other across the different lead times.
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Figure 3.8 Example of the model fidelity test for one catchment (ID: 32006) using the SEAS5 seasonal
hindcasts. a) The statistical moments of observed DJF rainfall and of 10,000 subsamples of the modelled
rainfall in SEAS5. Hindcast winters are scaled to match the mean observed rainfall. b) Test for model

stability and ¢) ensemble member independence across three lead times.
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3.4 Hydrological modelling and model calibration

3.4.1 Hydrological models

In this thesis, the GR4] and GR6] hydrological models are used to simulate the river flow
for the baseline and storylines at each catchment. GR4] and GR6J are daily lumped, bucket-type
hydrological models with four and six model parameters available for calibration respectively
(Perrin et al., 2003; Pushpalatha et al., 2011). Both models take catchment-averaged daily
precipitation and PET as the primary input. The GR4J hydrological model has previously been
used extensively in the UKCEH Historic Droughts project to reconstruct past UK droughts with
newly digitised pre-1961 meteorological records (Smith et al. 2019; Barker et al. 2019). Both GR
models have also been applied in the eFLLaG ensemble at catchments across the UK to investigate
the impacts of climate change on hydrological droughts using the latest UKCP18 projections
(Hannaford et al., 2022; Parry et al, 2023). Additionally, both models are widely used for
streamflow forecasting, such as within the UK Hydrological Outlook (Harrigan et al., 2018;
Prudhomme et al., 2017) and used in practice by water companies for both forecasting and long-

term water resources planning under climate change (e.g. Anglian Water Drought Plan 2022).

Figure 3.9 shows a schematic of the structure of the GR4] and GR6J models respectively,
which is briefly described in this section. Catchment-averaged daily precipitation and PET are
separated into net rainfall and net PET (i.e. net rainfall is P-E if P>E and net PET is E-P if P<E).
The production store (maximum capacity determined by parameter X1) gains water from net
rainfall and loses water from evaporation and percolation to the routing store. Percolated water is
split into fixed proportions of which 90% is routed via a unit hydrograph (UH1) into a non-linear
routing store (maximum capacity determined by parameter X3) while 10% is routed by a single
unit hydrograph (UH2). UH1 and UH2 converts rainfall to streamflow and is characterised by the
time taken from initial rainfall to subsequent streamflow peak (time lag determined by parameter
X4). UH1 has a time base determined by X4 while UH2 has a time base that is 2 times the value
of X4. A groundwater and inter-catchment exchange determining losses or gains (coefficient
determined by parameter X2) that is applied to water routed through both UH1 and UH2. Inter-
catchment groundwater exchange refers to the possibility that precipitation at one catchment

results in streamflow response in the adjacent catchment via subsurface groundwater flow (e.g.

63



A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 3: Data and methods

Oldham et al., 2023). The GR6] model has two additional parameters designed to capture river

flow recession (i.e. drainage from aquifers) and has been shown to improve simulation of low

flows. This means that GR6] could be more appropriate in simulating flows in slower responding

catchments underlain by permeable aquifers, such as catchments in the East Anglia region and

across southeast England. In GR6J, the groundwater exchange component in GR4J is modified

to include the direction of groundwater exchange (gains or loss) within the year (determined by

parameter X5). GR06]J also includes an additional exponential routing store that is more efficient in

simulating long streamflow recession (storage coefficient determined by parameter X6). Table 3.2

shows the parameters available for calibration of the GR4] and GR6] models and their plausible

ranges as used in previous studies for UK catchments.
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Figure 3.9 Model structure of the a) GR4] (Perrin et al. 2003) and b) GR6J (Pushpalatha et al. 2011)
catchment hydrological models. The available parameters for model calibration are indicated by X1-6.
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Table 3.2 Parameters available for calibration of the GR4J and GRG6] hydrological models. Range refers
to the plausible ranges of these parameters which are varied according to the hydrological modelling
strategy outlined in the next section (Section 4.3.2)

Parameter Name Lower range  Upper range

X1 Maximum capacity of the production store (mm)  0.0001 3000

X2 Groundwater exchange coefficient (mm) -20 20

X3 Maximum capacity of the non-linear routing store  0.0001 2000
(mm)

X4 Time base of the unit hydrograph (days) 0.5 15

Additional parameters for GROJ

X5 Direction of groundwater exchange 0 1
(dimensionless)

X6 Exponential storage coefficient (mm) 0.1 100

Aquimod

Aquimod is used to simulate groundwater levels at selected boreholes in the East Anglia
region in Chapter 5. Aquimod is a lumped, bucket-type model developed by the British Geological
Survey to simulate groundwater levels at selected boreholes (Mackay et al., 2014). Aquimod is
increasingly used in research and industry, including by Anglian Water operationally for their
drought forecasts and long-term water resources planning. In brief, Aquimod is modular in
structure and provides simplified representations of water movement through the unsaturated
zone that is partitioned into groundwater recharge and groundwater flow in the saturated zone. In
Chapter 5, Aquimod is driven by catchment-averaged precipitation and PET averaged across the
closest 40km MORECS grid to the borehole location (Hough and Jones 1997) in the same way as
employed operationally by Anglian Water. A Monte Carlo parameter sampling approach is used
to generate a random set of parameters and model performance is assessed using NSE by
comparing simulated and observed groundwater levels at individual boreholes (Mackay et al. 2014).
The model was previously calibrated for 10 selected boreholes (Bunting et al., 2020) (Table 3.3)

and the top parameter set from that study is used.
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Table 3.3 Details of the selected groundwater boreholes within the Anglian Water region. The
Environment Agency code, borehole name, latitude, longitude and the Nash-Sutcliffe Efficiency (NSE)
score for the top performing parameter set are provided. NSE is calculated over the period when
observational records area available and based on Bunting et al. (2020).

Environment  Observation borehole  Latitude  Longitude MORECS NSE

Agency code grid

TL65/050 Dullingham 52.21 0.36 140 0.78
1/610 Grange de Lings 53.29 -0.53 108 0.76
5/108 Horkstow Rd Barton 53.67 -0.45 101 0.59
2/544 Leasingham 53.02 -0.43 118 0.71
TG13/765A Old Hall Thurgarten 52.89 1.23 120 0.51
2/566 Stow to Oakholt 53.21 -0.43 109 0.80
TL76/110 Tank Hall 52.26 0.54 140 0.77
TF 81/010 Washpit Farm 52.74 0.69 130 0.78

3.4.2 Calibration strategy

Calibration of the GR4] and GR6J hydrological models follows the multi-objective
calibration strategy introduced in Smith et al. (2019). The same calibration strategy is employed for
both the GR4] and GR6] models in this thesis for each catchment. Both models are used to
simulate river flow over a baseline period (1965-2015) and parameters are calibrated against
observed river flows for each catchment. The calibration strategy uses Latin Hypercube Sampling
(LHS) to identify suitable parameter sets based on a number of model performance metrics
designed to measure model performance for high, mean and low flows (Table 3.4). As shown in
Smith et al. (2019), high flows, timing of flows and the overall water balance are all important

components to consider for flow response during dry years.
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Table 3.4 The six evaluation metrics used to select the top parameter set for GR6J at each catchment
based on Smith et al. (2019).

Metric Focus Range
Nash-Sutcliffe efficiency (NSE) High flows - to 1 (perfect)
Nash-Sutcliffe efficiency on logarithmic Low flows - to 1 (perfect)
river flows (logNSE)

Absolute percent bias (PBIAS) Overall water balance 0 (perfect) to
Mean absolute percent error (MAPE) Opverall water balance 0 (perfect) to
Q95 (low flows) absolute percent error Low flows 0 (perfect) to
(Q95.rr)

APE in mean annual minimum (30-day Low flows 0 (perfect) to

moving average) (MAM30)

GR4]J simulations (Chapter 4)

GR4]J simulations in Chapter 4 relies on the parameter sets calculated in Smith et al. (2019),
In Smith et al. (2019), the authors generated 500,000 parameters using LHS and derived the top
500 parameter sets (LHS500) to reconstruct historic river flows and showed that they were able to
simulate and reproduce characteristics (timing and magnitude) of key historic droughts. In Chapter
4, the top 500 parameter sets (LHS500) from Smith et al. (2019) are re-ranked based on a
differential split-sample experiment. For each catchment, the 10 driest years are selected based on
mean annual precipitation (1965-2015). Model performance for each of the driest years is
calculated using daily observed and simulated river flow for four of the metrics in Table 3.4, namely
NSE, logNSE, MAPE, and PBIAS. The metrics selected are unweighted as the high flows, timing
of low flows, flow variability, and overall water balance should be considered equally important
for river flows during the driest years to ensure that the full range of flow response during dry
years is considered, including the potential for wet interludes or wet antecedent conditions before
dry years. The parameter sets are then ranked from best to worst for each metric and given a score
(1 to 500, where a higher score implies worse performance). Finally, the LHS500 is re-ranked based
on the total score to obtain the sum of scores for each parameter set for each metric. Retaining
the new ranking, the performance metrics are re-calculated for each catchment, first for the 10
wettest years and again for all years. The split-sample differential test aimed to investigate how
parameter rankings change under different conditions. As seen from Figure 3.10a, model
performance is comparable between the new (dry rank) and the original rank (LHS500). NSE and
logNSE values show high values across most catchments (Figure 3.10c and d). Notable outliers
with relatively poorer performance are fast-responding catchments in northern Scotland, identified

in Smith et al. (2019) as catchments with flashy river regimes that are difficult to capture with
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possible snowmelt processes not incorporated in GR4J. The split-sample experiment indicated
that optimising the LHS500 parameter ranking based on dry conditions does not result in
significant differences, although, for some catchments, the top parameter set in the dry rank results
in a marginally better performance during the driest years. The top-ranked parameter set in the
original LHS500 ranking remained unchanged in the dry rank for 17 out of the 100 catchments.
For most catchments (54 out of 100), the top parameter set in the new dry rank is within the top
10 of the original LHS500 rankings. For the remaining catchments, the top parameter set in the
new dry rank are all found in the top 100 of the original LHS500 rankings (Fig. 3.10e). The top-

ranked parameter set from the dry rank is used for GR4J simulations in Chapter 4.

GR6J simulations (Chapters 4, 5 and 6)

GRO]J is used in sections of Chapter 4 and for Chapters 5 and 6. In Chapters 4 and 5, GR0]
models are driven by ECMWT seasonal hindcasts as described in Section 3.3.4. In Chapter 0,
GROJ catchment models are driven by the EC-Earth large ensemble climate model data as
described in Section 3.3.3. GR6J model simulations are carried out for all LFBN catchments as for
the GR4J but also including the additional catchments in the East Anglia region. For GR6] model
calibration, 10,000 parameter sets for the six model parameters of GR6J are generated using LHS
within the parameter limits outlined in Table 3.2. The 10,000 parameter sets are ranked for each
of the evaluation metrics in Table 3.4 from best to worst and a total score based on the sum of the
ranks for each metric is assigned for each parameter set. Similar to GR4]J, the metrics selected are
unweighted to ensure that the performance for a full range of flow response is captured. For each
catchment, the parameter set with the lowest total score (i.e. top performing) is then used to
simulate river flows in the respective chapters. Figure 3.11 shows the performance of the top GR0]J

parameter set across the selected catchments for the six evaluation metrics.
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Figure 3.10 Differential split-sample test based on the top 500 GR4] parameter sets for the LFBN
catchments in Smith et al. (2019). Panels a) and b) shows model performance of the top-ranked parameter
set across the selected catchments between parameter sets ranked based on the 10 driest years (dry rank)
and the original LHS500 rank (original rank). Compatison is made for the top-ranked parameter set in
either the dry rank or the original rank when the model performance metrics are calculated for the 10 driest
years, 10 wettest years, and all years. Panels ¢) and d) shows distribution of NSE and logNSE values across
the selected catchments. Panel d) shows a comparison of the top ranked parameter set in the dry rank
compared to LHS500.
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Figure 3.11 Model performance for the top GRGJ parameter set across all LFBN and ANG catchments
for the six model performance metrics.

3.5 Hydrological drought analysis

3.5.1 Standardised drought indices

Standardised indices such as the standardised precipitation index (SPI) and standardised
streamflow index (SSI) are widely used indices to extract events and examine meteorological and
hydrological drought characteristics (Vincente-Serrano et al., 2012). The SSI is calculated by
accumulating monthly river flows across a user-defined n number of months and fitting a
probability distribution function to the accumulated monthly flow for each calendar month and
standardised by transformation to a standard normal distribution. Comparing different probability
distribution functions, Svensson et al. (2017) concluded that the Tweedie distribution is most
suitable for a wide variety of UK catchments and the same procedure to calculate SSI is used in
this thesis. SSI fitted using the Tweedie distribution has previously been used for hydrological
drought analysis in Barker et al. (2016, 2019) and Arnell et al. (2021). The usefulness of employing
standardised drought indices for the UK was demonstrated in Barker et al. (2016). The authors
showed how standardised precipitation and streamflow indices can shed light on the propagation
from meteorological to hydrological droughts in a wide variety of UK catchments. For example,

in the south and east of England where river catchments are groundwater-dominated and
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underlain by major permeable aquifers, cross-correlation analysis showed that SSI accumulated
over 1 month is most strongly correlated with SPI accumulated over multiple months (up to SPI
accumulated over 19 months for catchments with slow response times). Standardised drought
indices are increasingly used in research and industry in the UK. Water companies may employ
SSI to identify thresholds during drought onset before management interventions are required.
The identification of catchment response time using standardised indices also allow water
resources planners to determine when accumulated precipitation deficit over a critical period are
reflected in streamflow response. For example, an accumulated deficits of up to 18-months
(including two winters) are deemed the critical period for several reservoir systems within East

Anglia (Anglian Water Drought Plan 2022).

Figure 3.12 shows a schematic from Barker et al. (2019) illustrating the methodology used
in this thesis to extract various drought characteristics from a time series of the SSI for individual
catchments (Chapter 4 and 5). Drought events are defined as periods of consecutive negative SSI
with at least one month reaching severe drought (SSI < -1.5). Drought duration, maximum
intensity and mean deficit are calculated for each of the extracted drought events. Table 3.5 shows
the derivation method for each drought characteristic. Sub-seasonal droughts with a duration of
less than 3-months are removed as they are unlikely to incur significant water resources impact.

Chapters 4 and 5 employs the SSI to derive drought characteristics from simulated river flows.

3 Mean deficit = accumulated deficit/duration

Not drought events
(min SSI > -1.5)

(Event threshold = -1.5)

Accuinulated deficit

-3+

Time

Figure 3.12 Schematic from Barker et al. (2019) showing the approach taken to extract drought events and
their characteristics using the standardised stream index (SSI).
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Table 3.5 Drought characteristics calculated from events extracted using monthly SSI time series. The
same characteristics are calculated for SSI accumulated over various accumulation periods.

Drought characteristic Method

Drought duration Total number of months across all periods of identified drought
conditions within event time frame

Mean deficit Sum of all SSI/SPI values within periods of drought conditions
(accumulated deficit) divided by drought duration

Max. intensity Minimum SSI/SPI value across all identified periods of drought
conditions within the event time frame

3.5.2 Variable threshold method

A second method to extract hydrological drought events is used in this thesis to identify
drought events in Chapter 6. The variable threshold method outlined in Van Loon (2015) is
selected given its ease of use and quick application to a large sample of simulated river flow time
series (schematic of approach shown in Figure 3.13). This is considered advantageous to
calculating SSI given the computational demand associated with fitting Tweedie distributions to
simulated streamflow derived from the EC-Earth large ensemble in Chapter 6. The variable
threshold level method can be applied to different variables of interest, such as precipitation,
groundwater level and streamflow to consider different types of droughts. Hydrological drought
events are defined as the total period of time when the river flow falls below a user-defined
threshold. The threshold can be selected by the user to extract drought events that are most likely
to incur high impacts relevant to their sector (for example, water resources managers may select
specific thresholds representative of their abstraction licenses). More commonly, the threshold is
taken as the percentiles of the flow duration curve in the absence of detailed data on specific
drought impacts. In Chapter 6, the 70th percentile of the flow duration curve (Q70) for each
month is chosen as the threshold and any period below the monthly varying Q70 is defined as a

drought.
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Figure 3.13 Schematic from van Loon (2015) showing the application of the variable threshold method to extract
drought events and their characteristics from simulated river flows and groundwater level. Drought duration
represents the total time below the threshold and deficit volume and maximum intensity is calculated in relation to
the threshold. Events that are close together in time are pooled to form a singular event.

The variable threshold method is widely used and has previously been used to extract
droughts at GB catchments from simulated river flows across many studies (e.g. Fleig et al., 2011;
Parry et al., 2023; Rudd et al., 2019; Tanguy et al., 2023). The variable threshold method is capable
of extracting periods of low river flows in all seasons and can identify multi-year droughts which
are particularly prevalent in southern England (due to the major role played by groundwater
storage). For each event, maximum intensity (max. % deviation from threshold), mean deficit
(mean % deviation from threshold divided by drought duration) and total duration are calculated.
Short events separated by one month are pooled and droughts shorter than one month are
removed. The pooling procedure is important to allow for potential wetter interludes within longer
prolonged droughts and removes short, sub-seasonal droughts which are unlikely to incur

significant water resources impacts.
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3.5.3 Historic droughts and river flow reconstructions

Reconstructed standardised streamflow index from 1891 to 2015 is used to place the
results of this thesis within a wider historical context in both Chapters 4 and 6. In the UKCEH
Historic Droughts project, pre-1961 river flows were reconstructed by driving the GR4J
hydrological models at 303 catchments across the UK using newly digitised temperature and
precipitation data. Based on simulated river flows from the top performing parameter set for 108
catchments in the LFBN in Smith et al. (2019), historic SSI was reconstructed and the
characteristics of notable historic drought episodes were extracted (Barker et al. 2019). Historic
drought reconstructions allowed for an improved understanding of drought variability and a re-
evaluation of the worst-historic droughts, highlighting droughts more severe than post-1961
events which could serve as additional stress tests for water resources systems. SSI reconstructions
from the LFBN catchments from the 1920-21 drought are used in Chapter 4 to compare against
simulated river flows of different alternative counterfactual storylines of the 1975-76 drought.
River flow reconstructions of various post-1891 droughts (including the 1890-1910 “Long
Drought” and the 1920-21 droughts) are used in Chapter 6 to compare with simulated droughts

from the large ensemble climate model for both present and future climate.

3.6 Chapter summary

This chapter has presented the data and methods used in this thesis. Observed
precipitation and temperature data is used to drive GR4] and GR6J hydrological models at selected
catchments across Great Britain and are calibrated against observed river flows. Various sources
of model data are also used to analyse the meteorological drivers of climate extremes and drive
hydrological models to simulate river flows in present and future climate. This included the
UKCP18 projections (Chapter 4), SEAS5 seasonal hindcasts (Chapters 4 and 5) and the EC-Earth
large ensemble climate model (Chapter 6). Model data were applied in hydrological models in
various ways, either through the delta method, a circulation analogue approach or the direct use
of bias-adjusted model data following a series of model fidelity tests. Hydrological drought events
are extracted either directly using simulated daily river flows via a variable threshold approach or
by converting simulated monthly mean river flows into the monthly standardised streamflow index

(SSI) by fitting the Tweedie distribution. Drought characteristics, such as duration, maximum

74



A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 3: Data and methods

intensity and mean deficit, are calculated to provide further context to understanding the unfolding

of hydrological droughts and to infer possible water resources and other environmental impacts.
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RETROSPECTIVE EVENT STORYLINES

Section 4.3 of this chapter (Storylines of the 2010-12 drought) is published as a paper in the journal

Hydrology and Earth System Sciences, with the following reference:

Chan, W.C.H., Shepherd, T.G., Facer-Childs, K., Darch, G., Arnell, N.W., 2022. Storylines of UK
drought based on the 2010-2012 event. Hydrology and Earth System Sciences 26, 1755-1777.
https://doi.org/10.5194 /hess-26-1755-2022.

4.1 Introduction

The literature review in Chapter 2 identified approaches to understand the hydrological
impacts of climate change in the UK and showed that they have developed from an initially simple
stylised approach focused on system sensitivity but have been dominated, since the mid-1990s, by
global climate model (GCM)-driven approaches using a variety of techniques to apply climate
change scenarios. Existing research gaps relate to the lack of consideration of plausible high-impact
outcomes beyond GCM projections; particularly those related to the sequencing and clustering of
meteorological variables which may not be adequately considered. The review also highlighted the
limitations of existing approaches and showed that the methodological differences between the
approaches present a challenge to fully understanding the hydrological impacts of climate change.

As introduced in Chapter 1, storylines are an emerging approach to navigate the cascade of
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uncertainty which can be used to complement existing practices in hydrological climate change
assessment to increase risk awareness of plausible worst cases and explore a wider range of
plausible outcomes. Event storylines, in particular, seek to understand the processes and drivers
leading up to an event and consider multiple counterfactuals of the event. Section 1.2.3 in Chapter
1 described the event storyline approach and presented recent examples of drought storylines in
the literature. This chapter aims to identify opportunities to create event storylines of UK drought,
basing analyses on selected past droughts. In particular, this chapter explores the application of
downward counterfactual thinking to create event storylines of UK drought. Downward
counterfactual thinking explores ways in which observed events could have turned out worse and
can identify the combination of conditions that could exceed critical thresholds or result in
unprecedented events not seen in the observations (i.e. black swans) (De Bruijn et al., 2016; Woo,
2019; Lin et al., 2020; Woo, 2021). Downward counterfactuals can be motivated by stakeholders’
concerns about system vulnerability by specifying plausible changes to an event that could elevate
its impacts (Albano et al., 2021). To systematically create downward counterfactuals, Woo (2019)
and Lin et al. (2020) proposed a framework consisting of several steps. These steps involve
identifying a past historical event, defining acceptable changes to the event's parameters, and
determining an "end-of-search" criteria. The end-of-search criteria signify the point at which the
consequences of the counterfactual events created can be compared to the historic event. The
authors also suggested a range of parameters that can be altered for any given event to create
plausible downward counterfactuals. Key parameters proposed by Lin et al. (2020) are summarised
in Table 4.1 with amendments in relation to creating downward counterfactuals specifically for

hydro-meteorological events which is the focus of this thesis.

Following some of the criteria set out to search for downward counterfactuals in Lin et al.
(2020), Table 4.2 presents a selection of notable past UK drought events and examples of potential
event storylines that can be created to explore downward counterfactuals and plausible worst cases
to inform both current and future risk. Different methods and data may be used to quantify the
event storylines of UK droughts, forming multiple lines of evidence to strengthen understanding

of the drivers and hydrological impacts of droughts.
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Table 4.1 Key parameters to create downward counterfactuals adapted from Lin et al. (2020) with reference
to example downward counterfactuals of hydro-meteorological events.

Parameter Explanation and example

Change in space Shift in geographical space of the hazard (such as change in the location of
impact)

Change in time Shift in timing of hazard (such as change in seasonal sequences of

precipitation deficits)

Change in intensity Enhanced intensity of hazard (such as greater precipitation deficits from
similar atmospheric circulation patterns) resulting in larger impacts

Cascading consequences  Secondary events triggered directly or indirectly from initial hazard (such as
change in water quality succeeding a drought leading to water supply
interruptions or intense floods after a drought - WSP 2020)

Coinciding consequences  Multiple hazards coincide at the same time which can lead to larger impacts
than if hazards occurred individually (such as impact on water supply from
hot and dry conditions)

Environmental change Widespread changes in the overall environment (such as global warming)

Table 4.2 Selected past UK droughts and example event storylines to explore downward counterfactuals
and plausible worst cases under both present and future climate.

Drought Key characteristics Example event storylines

1890-1910 Sequences of dry winters 1. What if wet interludes such as 1903 were drier?

“Long with particular dry 2. What if the annual precipitation totals were distributed more

drought” winters in 1898, 1902, evenly throughout the year?

1905 and 1909 3. Could the hydrological volatility observed be an analogue of
future climate?

1921-22 Dry autumn-winter 1. What if the drought occurred in a warmer climate — how
followed by dry spring- severe could the drought be with future drier summers?
summer over southern 2. How might future compound dry spring-summer or
England exacerbated by autumn-winter sequences unfold and how would it compare
hot and dry summer with the 1921-22 drought?

1975-76 Dry winter 1975-76 1. The less severe 1973 drought was terminated in 1974. What
followed by dry spring- was the plausibility of the 1973 drought petsisting into the
summer and abrupt 1975-76 drought?
termination in autumn 2. What are the meteorological conditions required for the jet

stream to persist in a northerly position beyond autumn?

2003 Short single-season 1. Winter 2002/03 was charactetised by heavy rainfall. What if
drought characterised by the preconditions to summer 2003 were drier?

the hot and dry summer 2. How much more severe would a 2003-like summer be in a
warmer climate?

2010-12 Multi-year event with 1. What if the drought was preceded or succeeded by a third
two dry winters and dry winter?
abrupt drought 2. What if the northetly jet stream and dry conditions persisted
termination in spring beyond spring 2012?

2022-23 Driest spring-summer 1. What were the meteorological conditions required for
sequence since 1976 continued drought development or drought termination?
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Using two notable droughts as a case study, this chapter demonstrates various ways in
which counterfactual event storylines can provide information on both current and future risk and
highlight conditions leading to different types of high-impact drought events. Section 4.2
investigates downward counterfactuals of the relatively short-lived but extreme 1975-76 drought
from simple perturbations made to the observed event and its possible unfolding in a warmer
climate. Section 4.3 presents an exploration of downward counterfactuals for the relatively more
protracted, multi-year 2010-12 drought, including the case of three consecutive dry winters and

the occurrence of the event in a warmer world using the UKCP18 projections.

4.1.1 Aims and objectives

The objective of this chapter is to demonstrate the creation of event storylines to explore the
hydrological impacts of plausible worst cases and climate change. The 1975-76 and the 2010-12
droughts are selected as the basis to create counterfactual event storylines. The 1975-76 drought
is selected as it is widely seen as a “benchmark” drought used by multiple water companies across
the UK to stress test their water resources systems, specifically to a dry spring-summer sequence.
The 2010-12 drought is selected as it is the most recent spatially extensive multi-year drought event

spanning two consecutive dry winters.

4.2 Storylines of the 1975-76 event

The 1975-76 drought was a relatively short-lived but intense drought that affected large parts
of the UK and placed significant stress on water resource systems at the time (Rodda and Marsh
2011). The drought remains a 'benchmark' drought that water companies use to stress-test some
of their water resource systems, particularly systems that are sensitive to single-season precipitation
deficits (i.e. typically smaller reservoirs). Drought conditions began in spring 1975 with large
precipitation deficits in the 16 months prior to August 1976, including the dry winter of 1975-76.
The maximum intensity of the drought was reached in the hot and dry summer of 1976. High
evaporative losses during the summer of 1976 significantly influenced drought severity and led to
strong soil moisture deficits. Slow-responding, groundwater-dominated catchments in eastern
England were comparatively less affected during the drought compared to other catchments across

the UK, as river flows and groundwater levels were well stocked from above-average precipitation
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over winter 1974/75 (Durant, 2015; Lister et al., 2018). It should be noted that although intense,
the maximum intensity of the 1920-21 drought was more severe at several of the selected
catchments (as shown by Barker et al.,, 2019), and the impacts of the 1976 drought on water
resources from a demand restriction perspective were less severe than the more protracted 1989-

93 drought with longer periods of accumulated precipitation and river flow deficits (Anglian Water

Drought Plan 2022).

Table 4.3 presents the three sets of storylines created for catchments within the Anglian Water
region (catchments described in Chapter 3: Section 3.2.1). These storylines serve as demonstrations
of how relatively simple perturbations to an observed event can be used to explore downward
counterfactuals of hydrological drought events. The river flows for each storyline are simulated
using the calibrated GR6J hydrological models for each catchment (model described in Chapter 3:
Section 3.4.1). Drought characteristics of the storylines are derived from calculating the
standardised streamflow index (as described in Chapter 3: Section 3.5.1) and compared to the

baseline simulation of the observed 1975-76 drought.

Table 4.3 Storylines considered for the 1975-76 drought and research questions for each storyline.

Storyline Research questions  Method Section
Extension in What if autumn 1975  Autumn 1975 rainfall Section 4.2.1
geographic space in East Anglia deficit in East Anglia
matched the rainfall region reduced to match
deficit in neighboring  rainfall deficit observed in
East Midlands? East Midlands
Enhanced intensity What if winter 1975-  Sample for winters with Section 4.2.2
76 was drier than similar circulation patterns
observed given similar  observed in winter 1975-76
circulation patterns? in the SEASS hindcasts
Climate change What might happen if ~ Circulation analogues Section 4.2.3
similar circulation approach applied using the

patterns to the 1975-  12-member UKCP18
76 drought occurina  regional climate projections

warmer world?

4.2.1 Expansion in geographic space

The first storyline relates to a geographical shift in the precipitation deficit observed in

autumn 1975. Figure 4.1 shows the meteorological conditions over the Euro-Atlantic region
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during autumn 1975 (SON). September 1975 was particularly wet for eastern England, which
received 176% of the long-term average (LTA) precipitation due to cyclonic conditions and the
meandering of the jet stream, bringing rain-bearing systems to southern England (Figure 4.1a).
Reservoir levels at some reservoirs rose or declined at a slower pace due to the wetter conditions
(Marsh and Rodda 2011). Perry (1976) hypothesized that anomalously warm sea surface
temperatures south of Greenland could have been a driver of high September precipitation.
Research has found that warmer than average SSTs in that region can influence the North Atlantic
Oscillation, the leading mode of variability that explains the variability in UK rainfall and favour
NAO phases associated with increased precipitation (Rodwell et al., 1999). In comparison, the
East Midlands region received moderate precipitation (98% of the LTA September). October and
November 1975 were dry across the UK, but the precipitation deficit in eastern England was not
as severe as in the East Midlands region. Throughout the season, the greatest deficit was observed
in the East Midlands region (Figure 4.2a), amounting to 63% of the LT A autumn precipitation. In
contrast, eastern England experienced relatively wetter conditions throughout the season, with
91% of the LTA autumn precipitation. This storyline considers what if the same level of
precipitation deficit observed in autumn 1975 in the East Midlands region was also observed in
the eastern England region. The storylines were created for each catchment by reducing autumn
1975 precipitation over eastern England to match the precipitation anomalies observed in the East

Midlands for each month.

1975 Sep 1975 Oct

(=]
o
Std. anomaly

o
o
Std. anomaly

Figure 4.1 Mean sea level pressure (SLP) anomalies (relative to 1965-2015) from the ERAS5 dataset for
autumn (SON) 1975. The mean SLP anomalies across the whole season is shown in panel d).
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Figure 4.2 Downward counterfactuals of the 1975-76 drought given a geographic shift in precipitation
deficit during autumn 1975 for the East England region to match the precipitation deficit observed in the
East Midlands. Panel a) shows observed precipitation anomalies (%0) during autumn 1975. Panel b) shows
the change in max. intensity of the 1975-76 counterfactual storylines calculated from SSI-6 relative to the
baseline observed event in catchments within eastern England. Panel ¢) shows SSI-6 over the drought
period for the observed baseline (black) and simulated storyline (red) for four example catchments. The
four example catchments are highlighted with black borders in the map in panel b.
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Figure 4.2b shows that the maximum intensity of the drought across all selected
catchments could have been worse given a change in autumn 1975 conditions. Table 4.4 shows
the 12-month accumulated flow (Oct 1975 to Sep 1976) of the baseline and counterfactual
storyline for each catchment. A more severe precipitation deficit in autumn 1975 would lead to a
reduction in river flows ranging from 14% to up to 58% in 12-month accumulated flows. The
evolution of SSI-6 shows the importance of autumn conditions in the observed event in
prolonging drought inception (Figure 4.2c). Compared to catchments in other parts of the UK,
there was a lag in drought inception for southeast and eastern England due to a combination of
higher river flows and groundwater levels before spring 1975 and the slow-responding nature of
groundwater-dominated catchments (Parry et al., 2012). Although the exceptionally high observed
precipitation in autumn 1976 would still have been enough to terminate the drought, the
downward counterfactual shows that groundwater-dominated catchments could have been placed
under further water resources stress as they are more susceptible to prolonged precipitation

deficiencies.

Reconstructed SSI-6 since 1891 from Barker et al. (2019) are available from some of the
selected catchments. For these catchments, the 1920-21 drought holds the highest rank in terms
of maximum intensity, while the 1975-76 drought is regarded as the worst in terms of mean deficit.
As seen from Table 4.5, it is evident that, for some catchments, the downward counterfactual
storyline's estimated maximum intensity surpasses that of the 1920-21 drought. (e.g. Lud at Louth,
Bedford Ouse at Offord) This suggests that by making a simple adjustment to the autumn 1975
precipitation, which could plausibly have arisen from natural climate variability, it would have been
possible for the 1975-76 drought to surpass the 1920-21 drought and become the most severe

drought since 1891, considering both maximum intensity and mean deficit.
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Table 4.4 12-month accumulated flow (Oct 1975 — Sep 1976) and deficit relative to the long-term average
for the baseline 1975-76 drought and the counterfactual storyline for each catchment

ID Name Observed Counterfactual Obsetrved  Counterfactual
accumulated  accumulated % of LTA % of LTA
flow (mm) flow (mm)
37024 Colne at Earles Colne 76.0 56.0 48.2 35.6
31007 Welland at Barrowden  37.1 26.1 22.1 15.6
Bedford Ouse at
2
33026 Offord 20.0 8.3 11.6 4.8
37005 Colne at Lexden 50.6 27.9 35.1 19.3
h
31010 C .ater at Fosters
Bridge 91.2 74.0 37.3 30.3
33035 Ely Ouse at Denver
Complex 45,5 23.9 33.0 17.4
32006  Nene at Upton Total 71.3 53.4 31.3 23.4
32010 Nene at Wansford 73.0 62.2 34.8 29.7
34014 Wensum at Swanton
Motley Total 117.3 94.0 53.4 42.8
Wensum at Costessey
34004 Mill 116.1 92.5 54.6 43.5
33019 Thet at Melford Bridge 110.0 79.4 59.5 43.0
Wissey at Northwold
33006 Total 126.4 95.8 57.9 439
34011 Wensum at Fakenham  61.3 43,5 40.5 28.8
Stringside at
33029 . .
Whitebridge 54.3 32.9 33.3 20.2
33007 Nar at Marham 89.3 60.5 42.6 28.9
29003 Lud at Louth 66.4 43.9 25.8 17.1

Table 4.5 Max. intensity calculated from SSI-6 of the 1921-22 drought and the counterfactual storyline of
the 1975-76 drought and relative change at catchments where reconstructed SSI-6 of the 1921-22 drought
from Barker et al. (2019) is available.

Catchment Catchment name 1921-22  Storyline 1975-76  Change (%)
ID drought  drought
29003 Lud at Louth -2.54 -2.76 8.7
31010 Chater at Fosters Bridge -3.09 -2.61 18.7
32006 Nene at Upton Total -2.67 -3.00 12.2
33026 Bedford Ouse at Offord -2.90 -3.37 16.2
33029 Stringside at Whitebridge -2.73 -2.90 5.6
34011 Wensum at Fakenham -3.09 -2.54 -17.6
34014 Wensum at Swanton Morley -3.15 -2.62 -16.6
Total
37005 Colne at Lexden -3.45 -2.72 -21.4
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4.2.2 Enhanced intensity

The winter half-year 1975-76 (October to March) experienced less than 50% of long-term
average precipitation and was characterized by strong La Nifa conditions (Folland et al., 2015).
Insufficient replenishment of river flows and groundwater levels occurred during the winter season,
leading to the intensification of drought conditions following the hot and dry summer of 1976
(which received only 57% of the long-term average winter precipitation over East England). A
plausible downward counterfactual would be what if winter 1975-76 was even drier than observed.
This hypothetical scenario could arise due to natural climate variability, whereby similar
atmospheric circulation patterns to those observed during the winter could plausibly result in even
drier conditions. However, quantifying this scenario is challenging due to the limited length of
observations. This section utilizes a large sample of plausible winters in the SEAS5 seasonal
hindcast dataset (as described in Chapter 4; Section 4.3.3). This dataset is used to identify plausible
winters where atmospheric circulation patterns resemble those observed during the winter of
1975-76 but exhibit even greater precipitation deficits. This approach follows previous work which
uses seasonal hindcasts or large ensemble climate model simulations to expand the observational
record and search for unprecedented climate extremes that may arise from internal climate

variability (Brunner and Slater, 2022; Kelder et al., 2020; Thompson et al., 2017).

Based on the NAO index and EA index calculated from the ERA5 reanalysis dataset, the
observed winter 1975-76 exhibited NAO+/EA- atmospheric circulation patterns (Figure 4.3a).
Out of the 2850 plausible winters in the SEAS5 hindcasts, 238 La Nifia winters showed similar
atmospheric circulation patterns to winter 1975-76. The composite mean meteorological
conditions during winters in the hindcast dataset with NAO+/EA- atmospheric circulation
patterns show conditions similar to those observed during the winter of 1975-76 although the high
pressure was more pronounced in the observed 1975-76 winter (Figure 4.3b). The associated
surface response show precipitation deficit across the UK and warmer than average temperatures
(Figure 4.3c-d). Winters which had lower precipitation anomalies over the east England region
compared to winter 1975-76 show similar SLP anomalies as seen in the observed winter but with
the high pressure further shifted eastwards centred over the British Isles rather than to the west
(Figure 4.3e). This eastward shift would result in a diversion of the jet stream, potentially bringing
even drier and warmer conditions across the UK, with western Scotland experiencing the highest

temperature anomalies.
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Figure 4.3 Composite mean a) precipitation, b) temperature and c) sea level pressure anomalies (relative
to 1965-2015) for all winters in the SEAS5 hindcasts with NAO+/EA- atmospheric circulation patterns.
Panel d) shows ERA5 SLP anomalies for the observed 1975-76 winter. Panel e) shows SLP anomalies
associated with winters in the hindcasts which have lower precipitation anomalies over the Anglian Water
region relative to the observed 1975-76 winter.

Counterfactual storylines are created by running hydrological model simulations using the
precipitation and temperature of the NAO+/EA- winters in the hindcast dataset in place of the
observed winter 1975-76. Figure 4.4 illustrates SSI-6 at four example catchments with contrasting
BFI values, comparing the observed 1975-76 drought with the simulated storyline in which the
winter of 1975-76 is replaced by all winters in the hindcast dataset that share similar NAO+/EA-
atmospheric circulation patterns. Across all catchments, there exist winters in the hindcast dataset
with comparable atmospheric circulation patterns that could have resulted in even drier conditions
and thus more severe drought episodes. The response of river flows to the counterfactual storyline
underscores the significance of winter precipitation for catchments in this region, particularly in
slow-responding groundwater-dominated catchments. Although autumn precipitation in 1976

would still be enough to terminate the drought, the slow response nature of groundwater-
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dominated catchments could have meant a lagged response to a drier winter 1975-76 and a delay
in drought termination. For example, the river flows at Wensum at Costessey Mill (BFI: 0.76) and
Nar at Marham (BFI: 0.9) both show long persistence times with river flow response to alternative

winter conditions lasting into late 1976 and early 1977.

ID: 31007 (Welland at Barrowden) ID: 32010 (Nene at Wansford)

SSI-6

ID: 34004 (Wensum at Costessey Mill) ID: 33007 (Nar at Marham)

SSI-6

4
1975 1976 1977 1975 1976 1977

Figure 4.4 Simulated storylines of the 1975-76 drought (red) compared to the baseline simulation of the
observed 1975-76 drought (black) at four example catchments. In each storyline simulation, winter 1975-
76 is replaced with winters in the SEAS5 hindcast dataset with similar atmospheric circulation patterns.

Previous studies have attempted to quantify the return period of the 1975-76 drought
using extreme value analysis (Burke et al, 2010; Rodda and Marsh, 2011). Storyline analyses
enhance these probabilistic estimates by providing a contextual understanding of the winter 1975-
76 precipitation deficits, thereby quantifying the range of potential impacts that could have
transpired. Figure 4.5 shows the distribution of three drought characteristics of the counterfactual
storyline compared to characteristics calculated from the observed event for each catchment. The
results show the likelihood of more severe drought conditions with winter 1975-76 being drier
even with similar atmospheric circulation patterns than observed. There is a higher chance of
exceeding the observed drought characteristics at groundwater-dominated catchments with higher
BFI. This is exemplified by several catchments with high BFI, where more than half of the hindcast
winters featuring similar atmospheric circulation patterns could have resulted in more severe

drought conditions than observed. On the other hand, catchments that exhibit relatively faster
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response times are less affected by an even drier winter in 1975-76, which makes surpassing the

record of the observed drought less likely.

As with the quantification presented in Table 4.5 in the previous section, Table 4.6
compares the maximum intensity of the counterfactual storyline with the top-ranked drought
(1920-22 drought) at catchments where reconstructions of post-1891 SSI-6 are available. For some
catchments such as Lud at Louth (ID: 29003), there is a high chance of the counterfactual storyline
exceeding the 1921-22 drought by up to 36% to become the top-ranked drought in terms of
maximum intensity since 1891. Although a drier 1975-76 is estimated to lead to a worsening of the
drought and a delay in drought termination for catchments such as the Wensum (ID: 34011 and
34014), results show that this is not enough to lead to the exceedance of the maximum intensity

record set during the 1921-22 drought.

Accum. deficit Mean deficit Max. intensity

400 -60 0 50 100 100 -60 0 50 100 100 -50 0 50 100
Relative to 1975-76 drought (%)

Figure 4.5 Distribution of drought characteristics calculated from SSI-6 relative to the baseline 1975-76
drought. Each line represents a catchment in the Anglian Water region and is coloured by baseflow index
(BEI). Positive values on the x-axis mean worse than the 1975-76 drought.
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Table 4.6 Likelihood of exceeding the max. intensity calculated from SSI-6 of the 1921-22 drought at
catchments where reconstructed SSI-6 of the 1921-22 drought from Barker et al. (2019) is available.
Percentage change in max. intensity relative to the 1921-22 drought is also presented (5 to 95% range).

ID Catchment name % of winters within SEAS5  Change in max. intensity
ensemble exceeding max. relative to 1921-22 (%)
intensity of 1921-22 [5 — 95% range]
29003 Lud at Louth 53.8 1.2-36.5
31010 Chater at Fosters 306.6 1.1-34.6
Bridge

320006 Nene at Upton Total 14.7 0.8 -255

33026 Bedford Ouse at 8.8 0.2-14.1
Offord

33029 Stringside at 14.3 03-7.06
Whitebridge

34011 Wensum at Fakenham 0 0

34014 Wensum at Swanton 0 0
Mortley Total

37005 Colne at Lexden 0 0

4.2.3 Climate change

As described in Chapter 1, water companies regularly use climate model projections to
inform their understanding of how drought events may change in a future climate. However, given
the challenges associated with traditional climate change attribution, it remains difficult to
understand the impacts of climate change should historical events occur again in a warmer climate.
This section uses the circulation analogue approach (as described in Section 3.3.2) to condition on
the observed circulation patterns of 1975-76 and create storylines of how the event could unfold
with future climate change. Circulation analogues were generated by searching for days with similar
circulation patterns to each day of the observed 1976 drought (December 1975 to August 1976)
for the 12 ensemble members of the UKCP18 regional projections at a baseline (1980-2020) and
future (2050-2080) periods. To account for biases in precipitation and temperature, the modelled
data is adjusted to match the mean observed precipitation and temperature over the eastern
England region. Taking summer 1976 as an example, in the baseline period, the precipitation
variability from day to day of the circulation analogues differ between ensemble members (Figure
4.6a). Although the ensemble mean total precipitation is similar to the observed, estimated
precipitation from the circulation analogues is in general higher than observed. The ensemble mean
temperature anomalies from the circulation analogues generally capture the observed temperature

variability but underestimate the peak temperatures in late June 1976 (Figure 4.6b). Days with
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similar circulation patterns to JJA 1976 in the future period are associated with drier and warmer
conditions compared to the baseline. This is evident in lower cumulative precipitation across the
summer for the future analogues (Figures 4.6c and d). The mean summer precipitation in the
future analogues is estimated to decline across all ensemble members with some decreasing by

over 70% (Figure 4.6¢).

Figure 4.7a and b shows projected change in mean precipitation and temperature for the
future analogues relative to the baseline analogue for all seasons of the 1975-76 drought. Future
analogues are associated with a wide range of precipitation and temperature responses,
representing the uncertainty range sampled by the perturbed parameter ensemble. All members
agree on a reduction in summer precipitation as seen in Figure 4.6 with more uncertainty for winter
and spring. Unsurprisingly, all ensemble members project an increase in temperature in the future
analogues with the largest increase in temperature for summer. Variation in response is due to
epistemic uncertainty over the response of atmospheric circulation to climate change, such as jet
stream latitude across the ensemble members as shown by Harvey et al., (2023). The results imply
that should similar circulation patterns to the 1975-76 drought occur in a warmer climate, the event
seen in summer 1976 would likely be even drier (precipitation reduce by up to >-75%) and hotter
(temperature increase by up to >5°C). While mote ensemble members project for winter 1975-76
to become wetter, some ensemble members show a reduction in precipitation (up to -25%). Figure
4.7c shows simulated river flows at four example stations with observed precipitation and
temperature perturbed by the monthly changes in precipitation and temperature between the
future and baseline analogues. Compared to the observed event, the maximum intensity of the
drought is projected to lessen for most ensemble members across the selected catchments with a
warmer climate. As many of the selected catchments depend on groundwater recharge in winter,
the fact that more ensemble members are projecting an increase in precipitation for winter 1975-
76 results in overall wetter conditions across the drought period. Despite this, most ensemble
members show that the 1975-76 drought in a warmer world would still reach the severe drought
threshold of SSI <-1.5. For some catchments (e.g. Wensum at Fakenham), ensemble members
which projected moderate change in winter precipitation and a reduction in spring precipitation

could increase in maximum intensity.
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Figure 4.6 Circulation analogues of summer 1976 in the baseline (1981-2020) and future (2050-2080)
period across the 12 ensemble members of the UKCP18 regional projections. Panels a) and b) compares
cumulative precipitation and temperature anomalies associated with the baseline circulation analogues and
observed precipitation and temperature for each day of summer 1976. Panels ¢) and d) shows cumulative

precipitation and temperature anomalies of the baseline and future circulation analogues over summer and

panel €) shows the change in mean precipitation in the future analogues compared to the baseline analogues

across each ensemble member.
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Figure 4.7 Change in precipitation (a) and temperature (b) in the future analogues relative to the baseline
analogues for each of the 12 regional projections (dots) and the ensemble mean (line). Panel ¢) shows
simulated river flows across four example catchments with the observed meteorological input perturbed by
the monthly changes in precipitation (%) and temperature (°C) in panels a) and b).

The circulation analogues show that, in a warmer world, the re-occurrence of similar
circulation patterns to the 1975-76 drought may lead to less severe river flow response for most
ensemble members. However, these results do not imply a reduction in drought severity in the
future or that a future drought as severe as the 1975-76 drought is less likely. Sampling for hazard
analogues based on similar or worse meteorological extremes (such as similar precipitation deficits)
can further inform the future risk. For example, Baker et al., (2021) used climate model simulations

to show that the joint probability of a hot summer preceded by a dry winter-spring sequence like
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1976 and a hot and dry summer similar to summer 1976 has increased since the 1970s. van der
Wiel et al. (2022) also demonstrated an approach to sample for analogues similar in precipitation
deficit as the 2018 drought by searching within a large ensemble. The robustness of the results
depends on the quality of the circulation analogues. The average Euclidean distance between the
observed SLP anomalies and the baseline and future analogues does not differ significantly (Figure
4.A.1, Appendix). This analysis does not consider the possibility that circulation patterns observed

in 1975-76 may occur less frequently in the future.

4.2.4 Synthesis and summary of the 1975-76 event storylines

Section 4.2 has presented storylines of the 1975-76 drought to explore downward
counterfactuals in various ways from simple perturbations made to the observed event. Key results

from Section 4.2 are presented below:

e A more severe precipitation deficit in autumn 1975 could have led to a significant reduction
in river flows across the selected catchments. If autumn 1975 in eastern England were as
dry as the Midlands, catchments across the region would have been further stressed due
to their susceptibility to prolonged precipitation deficits. This storyline showed that the
1975-76 drought could have surpassed the 1920-21 drought at slow-responding
catchments by >15% to become the most severe drought since 1891 in terms of both

maximum intensity and mean deficit.

e The dry winter 1975-76 led to insufficient replenishment of river flows. A storyline
considering even drier conditions, using a large number of plausible winters with similar
atmospheric circulation patterns to winter 1975-76 showed that more severe drought
conditions could have occurred. The response of river flows to this storyline is particularly
significant for groundwater-dominated catchments (up to 36% more intense than 1920-
21), highlighting their vulnerability to low winter recharge. Flow response at fast-
responding catchments was less likely to be affected as they were more impacted by the
extreme spring-summer sequence.

e A circulation analogues approach showed that similar circulation patterns to the 1975-76
drought could lead to less severe drought conditions in a warmer world compared to the
observed event. There is uncertainty across different ensemble members of the UKCP18

projections for the different seasons but members agree that similar circulation patterns to
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summer 1976 would result in a reduction in summer precipitation in a warmer world. It
may remain possible for an event as severe or worse than the 1975-76 drought to occur
due to other circulation patterns in the future. Sampling for events as severe or worse than

1975-76 in model simulations can determine their likelithood.

4.3 Storylines of the 2010-12 event

Storylines for the 1975-76 drought showed that relatively simple shifts in an event’s
characteristics can be valuable to understand worst cases and the magnitude of plausible impacts.
This section explores counterfactuals for the longer, 2010-12 multi-year drought on a national
scale. This section uses river flow simulations at LFBN catchments in Great Britain (as described
in Chapter 4: Section 4.2.1). The 2010-2012 drought is ranked among the top 10 most significant
multi-year droughts in the English lowlands for the past 100 years (Folland et al., 2015). The
precipitation during winters 2009/2010, 2010/2011, and 2011/2012 were all below average. The
exceptionally cold and dry winter of 2009/2010 was the precursor to the drought, with below-
average precipitation across western UK. However, for the worst affected catchments in southern
England, winter 2009/10 was wetter than average. The drought was characterised by persistent
blocked weather patterns and a northward shift of the jet stream in 2010 and across 2011, leading
to a significant NW/SE precipitation gradient (Kendon et al., 2013). The drought was notable for
its dramatic termination due to anomalously wet conditions over spring 2012, leading to a drought
termination rate that was almost 4 times quicker than other droughts in the observed record (Parry

etal,, 2016, 2013).

Storylines of the 2010-12 drought explore a combination of plausible changes to the observed
event (such as changes in both time and intensity). Drought characteristics of the storylines are
derived from calculating the standardised streamflow index (as described in Chapter 3: Section
3.5.1) In particular, storylines of the 2010-12 drought are created with a “bottom-up” focus
motivated by concern within the water resources sector about the consequences for water supply
arising from three or more consecutive dry winters. Table 4.7 shows the various storylines

considered in this case study and example research questions that each storyline aims to address.
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Table 4.7 Storylines of the 2010-12 drought and a description of research questions for each storyline

Storyline Research questions Method Section
Precondition severity
Drier preconditions How sensitive is the 3- and 6-months prior to Section 4.3.3
(DP) drought to progressively 2010-12 drought altered by
drier preconditions? estimated return periods
(10, 20, 50 and 100-years)
Temporal sequence
Seasonal What were the seasonal ~ Winter and autumn within ~ Section 4.3.2
contributions (SC) contributions to the event replaced with daily
development and climatological precipitation
termination of the and temperature (1965-
drought? 2015)
Dry year before (DB) ~ What if the 2010-12 Replace 2009 with a dry Section 4.3.4
drought was preceded year (2010) before the
or succeeded by another 2010-2012 drought
Dry year after (DA) dry year with dry winter ~ Replace 2012 with a dry Section 4.3.4
conditions (i.e. a third year (2010) after the 2010-
dry winter situation)? 2012 drought
Climate change
UKCP18 regional What would happen if ~ UKCP18 projections Section 4.3.5

projections (GW)

the 2010-12 drought
occurred in a warmer

world?

applied to all months at 4

warming levels

4.3.1 Anatomy of the drought event

Agglomerative hierarchical clustering based on the SSI-6 time series between January 2010
and March 2012 is used to group catchments with similar drought responses using the TSc/ust R
package (Montero and Vilar, 2014) (Figure 4.8). Similar SSI hydrographs accumulated over 6
months (SSI-6) are grouped using Ward's minimum variance method to minimise total within-
cluster variance (Ward, 1963). Cluster numbers between 2—10 are tested; five clusters are chosen
as an appropriate number as this provides a clear distinction between hydrogeological units across
southern England. The diversity of hydrological response to droughts in groundwater-dominated
catchments in southern England has been shown by Merchant and Bloomfield, (2018), and
differences in hydrological drought response among catchments in this region should be
considered. The use of five clusters also divides northern catchments into east and west Scotland

and distinguishes catchments in east Scotland where the influence of snowmelt processes may be
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more prevalent (also catchments with relatively poorer model performance). SSI-6 was selected to
delineate clusters because it allows for a greater separation of catchments based on a larger
variation in short-term drought response. SSI calculated with longer accumulation periods leads
to a grouping of the hydrological response where only two clusters can be qualitatively identified.

Subsequent storyline analyses employ SSI-6, SSI-12, and SSI-24 to consider catchment memory.
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Figure 4.8 Hierarchical clustering of SSI-6 during the 2010-2012 drought event. (a) Spatial variation in the
five identified clusters. (b) SSI-6 between January 2010 and December 2012 for the catchments in each
cluster (with the number of catchments indicated in parentheses).

Initial streamflow response was uniform in response to precipitation deficit in early 2010
for all clusters with moderate to severe drought conditions (SSI < —1.5). Severe drought conditions
developed for catchments in Clusters 4 and 5 (southern and southeastern England) because of a
second consecutive dry winter. Most catchments in Cluster 4 are underlain by chalk aquifers and
are slow-responding catchments with significant groundwater storage. Catchments in Cluster 3
(southwestern England) saw severe drought conditions develop over late 2010 and 2011, but the
impacts did not persist as long and were not as severe as in Clusters 4 and 5. Although mean SSI-

6 was not particularly severe, the SSI-6 time series for Clusters 1 and 2 show mild to severe
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conditions in the initial response to precipitation deficit over winter 2009/2010, after which

streamflow recovered and did not return to drought conditions.

4.3.2 Storylines of seasonal contributions

To investigate the relative importance of individual seasons in drought development,
storylines of seasonal contributions were created by prescribing daily climatological average
precipitation and temperature for winter 2010/2011 and 2011/2012 and for autumn 2010 and
2011, while retaining observed values for the rest of the time series. The difference between the
storylines and the baseline is indicative of the individual contribution of winter/autumn. Storylines
of seasonal contributions reveal the relative importance of individual seasons in the development
of the 2010-2012 drought (Fig. 4.9). The storylines confirm the importance of dry winters in the
development of multi-year droughts. Drier than average winters 2010/2011 and 2011/2012 wete
a major determinant of the severe drought conditions observed across all clusters apart from
Cluster 1. Baseline drought conditions across 2011, particularly for catchments in southern
England (Clusters 4 and 5), can be attributed to the abnormally cold and dry winter in 2010/2011.
The drier-than-average winter of 2011/2012 prolonged drought termination for all clusters, apart
from Cluster 1. For Cluster 1, winter 2011/2012 was wetter than average, and the replacement of
winter 2011/2012 with climatology would have meant that catchments could have experienced

short-term minor drought conditions before recovery due to the wet conditions in 2012.

4.3.3 Storylines of precondition severity

Storylines of precondition severity assess the sensitivity of the 2010-2012 event to
progressively drier preconditions. The preconditions are altered based on an estimation of the
return periods of precipitation for 3 and 6 months preceding the observed event. Specified return
periods (10, 20, 50 and 100-year) are estimated from annual average 3-month (October—December)
and 6-month (July-December) precipitation for each of the LFBN catchments for 1900-2015 and
titted with the generalised extreme value (GEV) distribution. Observed precipitation for the 3 and
6 months before the 2010-2012 drought is then reduced or increased to match the estimated
precipitation at each return period. The temporal variability is thereby unchanged from the

observed precipitation of the specified 3- or 6-month period. The influence of the perturbed
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preconditions is characterised by the precondition persistence time. This is defined as the number
of days needed for river flow at each catchment to return to values close to the baseline simulation
(<1 %) calculated from the start of the perturbation until the influence of the perturbation is no
longer detected. The precondition persistence time is not indicative of the time taken for
catchments to entirely recover from drought to non-drought conditions but is instead indicative
of how long the influence of precondition perturbations lasts for each catchment. This is
consistent with indices used in Staudinger and Seibert (2014) and Stoelzle et al. (2020) to assess

hydrological response following initial condition perturbations.

Cluster 1 mean Cluster 2 mean

2010 2011 2012 2013 2010 2011 2012 2013

Cluster 3 mean Cluster 4 mean

2010 2011 2012 2013 2010 2011 2012 2013

Cluster 5 mean

== Winter climatology
m= Autumn climatology
mm Baseline

2010 2011 2012 2013

Figure 4.9 Cluster mean SSI-6 for the storylines of seasonal contributions with winter 2010/2011 (red)
and with autumn 2010 and 2011 (blue) replaced by daily climatological values.

The creation of this storyline accounts for the possibility of perturbations affecting the
correlation structures between potential evapotranspiration (PET) and precipitation, both of
which are inputs for subsequent hydrological modelling. Perturbing the precipitation before the

observed drought independently of PET is plausible, as observed precipitation and PET for the
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period 1965-2015 exhibit no correlation, except for a weak negative correlation in spring and early
summer (Figure 4.A.2). The perturbations applied to monthly precipitation do not introduce
outliers to the observed relationship between precipitation and PET (Figure 4.10). The creation of
similar storylines in locations other than the UK may have to consider potential changes to the
correlation structures if a strong correlation between different variables of interest is found. The
precondition perturbations also do not violate existing autocorrelation structures as
autocorrelation among successive monthly UK precipitation values decays rapidly after the first
few months (also noted during the development of stochastic weather generators; (Chun et al.,

2013; Kilsby et al., 2007; Ledbetter et al., 2012; Serinaldi and Kilsby, 2012).
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Figure 4.10 October to December (top) and July to December (bottom) monthly precipitation and PET
(1965-2015) at an example catchment in southern England (grey circles). The black circle indicates the
observed value in 2009, and the coloured circles indicate the value after precipitation 3 and 6 months prior

to the 2010-2012 drought is reduced at four return periods.

99



A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 4: Retrospective event storylines

Prescribing drier preconditions at varying severity for the 3 and 6 months prior to the
2010-2012 drought reveals the influence of preconditions on the baseline event (Figure 4.11).
Drier preconditions led to 12-month precipitation before the drought varying between 65 % and
107 % (48 % and 90 %) relative to the long-term average for the 3-month (6-month) precipitation
precondition reduction, with a significantly greater deficit for catchments in Clusters 4 and 5
(Figure 4.A.3). The 12-month precipitation deficit of the storylines of precondition severity is
comparable to the range considered in the H++ climate change scenarios for low rainfall and
droughts (Wade et al., 2015). Unsurprisingly, both drought characteristics worsen in most cases
for all clusters, with an increase in precondition severity. The exception is Cluster 2, where changes
in precondition precipitation with 10- and 20-year return periods lead to a reduction in drought
intensity and deficit, meaning that the dryness observed in the 3- and 6-month precipitation before
the 2010-2012 event had a return period of more than 20 years. The difference between the two
precondition lengths is notable, especially at longer return periods, where a 6-month precondition
length results in much greater change. Maximum intensity for the catchments in Cluster 5 is less
sensitive to the influence of drier preconditions at shorter return periods, indicating that the
conditions that developed ptior to 2010 (i.e. winter 2009/2010) were already dry enough for the
development of severe drought conditions, and only preconditions with longer return periods

would result in significant differences to the eventual drought characteristics.

The spatial variation in the precondition persistence time shows that catchments in
southern England generally show the longest persistence time, coinciding with regions of major
aquifers (Figure 4.12). There is a positive relationship between persistence time and both the BFI
and the proportion of arable/horticultural land. These catchments have high groundwater storage,
which contributes to surface streamflow during drought and are associated with more
agricultural/horticultural activities compared to impermeable catchments. Catchments with longer
persistence times also tend to be larger in size, less steep, receive lower annual average precipitation,
and exhibit dry soil moisture for a larger proportion of the time. This confirms that permeable
lowland catchments are more vulnerable to long drought propagation, with a lag (and lengthening)
between meteorological and hydrological droughts. Catchment sensitivity to drier preconditions

reflects a combination of spatial characteristics of the drought and catchment properties and

particularly the influence of hydrogeology.
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Figure 4.11 Change in mean drought deficit (%), max drought intensity (%), and persistence time (days)
from the storylines of precondition severity at different return levels calculated from SSI-6.
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Figure 4.12 (a) Relationship between the persistence time (d) of the 6-month precondition storyline (100-
year return period) with selected catchment characteristics. (b) Spatial variation in persistence time for the

selected catchments.

4.3.4 Storylines of three dry winters

Although climate projections indicate average changes in a future period — for example,
drier summers and wetter winters — these changes do not necessarily occur concurrently and may
not be true for all years. Consecutive dry seasons are possible, and the hydrological response to
long dry sequences merits further investigation. Successive dry winters are shown to have caused
significant reduction in river flows and reservoir storage in both observations and river flow
reconstructions (Barker et al., 2019; Spraggs et al., 2015; Watts et al., 2012). Quantifying historical
transition probabilities of consecutive dry half-years in England and Wales, (Wilby et al., 2015)
found that the longest consecutive dry half-years spanned 4 years (including four dry winters) and

that even longer dry sequences are possible.

Drought orders were used by water companies to supplement reservoir stocks, and

temporary hosepipe and water use bans affecting over 20 million customers were ordered, in early
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2012, in anticipation of continued drought stress across another dry winter, before its abrupt
termination (Kendon et al., 2013). Storylines were created using historical climate analogues to
explore a “third dry winter” situation. The “dry year before” storyline replaces the year preceding
the drought (i.e. 2009), whereas the “dry year after” storyline replaces the year succeeding the
drought (i.e. from March 2012 to 2013) to explore the consequences if the drought was not
terminated by anomalously wet conditions in spring 2012. 2010 was selected as the year to be
repeated, as it was notable for its cold and dry conditions. These storylines are inspired by the
Hydrological Outlook UK historical climate approach (after Day, 1985), where projections of river
flows are produced by driving hydrological models with ensemble meteorological sequences
sampled from the historical record combined with up-to-date observations (Prudhomme et al.,

2017).

The storylines of three dry winters illustrate how much worse the 2010-2012 drought
could have been, given another dry year with dry winter conditions (Figure 4.13). The drought
defined by SSI-6 is estimated to worsen for the dry year before the storyline for all clusters, except
for the mean drought deficit for Cluster 4. This anomaly for Cluster 4 can be explained by an
increase in drought duration that is greater than the increase in accumulated deficit and maximum
intensity. For this storyline, changes in drought characteristics are the greatest for Clusters 1 and
3, with a larger increase with longer accumulation periods. This indicates that the addition of a dry
year prior to the observed event increases the risk of abrupt and intense drought conditions in
these catchments. Changes in drought conditions are significant enough that they are noticeable
at longer accumulation periods, despite the relatively fast precondition persistence times for
catchments in these clusters. Conversely, the change in drought conditions for catchments in
Clusters 4 and 5 is notable only at longer accumulation periods. The larger change for SSI-24 is
particularly important for Clusters 4 and 5, as long accumulation periods are often used to assess

drought impacts at these slow-responding catchments with significant catchment storage.
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Figure 4.13 Mean change in the (a) max drought intensity (%), (b) mean drought deficit (%),
and (c) duration (months) relative to the baseline for each cluster for the repetition of a dry year (2010)
cither before (left) and after (right) the 2010-2012 drought.

Compared to the dry year before storyline, the dry year after the storyline has a greater
effect in the worst affected catchments in southern England. Without the dramatic drought
termination in 2012, drought duration would have increased significantly for catchments in all
clusters. The max intensity and mean deficit are estimated to increase for all clusters, with larger
increases for Clusters 4 and 5 at all accumulation periods. This suggests that there is still
considerable scope for worse drought conditions to develop if dry conditions persisted, as had
been expected. The change in maximum intensity is greatest for SSI-12 for all clusters, except
Cluster 5, while the magnitude of change in mean deficit increases with the accumulation period
and is greatest (smallest) for SSI-24 for Clusters 3-5 (Clusters 1-2). This indicates the importance

of assessing drought conditions at multiple accumulation periods and highlights the importance of
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catchment and water resource memory. For Clusters 1-2, SSI-6 and SSI-12 are useful for capturing
changes in drought conditions from the storylines, but, for Clusters 3—5, SSI-12 or longer are

needed to fully assess the drought response.

Individual catchment responses to an additional dry winter can be grouped by categories
based on catchment response time (Fig. 4.14). First are the relatively fast-responding catchments
(e.g. 81002 — Cluster 1; 7001 — Cluster 2) that recover from both the dry year before and dry year
after storylines relatively quickly, with drought conditions more vulnerable to a dry year before
storyline. Second are slow-responding catchments (e.g. 38026 and 42 008 — Cluster 4), where the
streamflow response from the dry year before storyline persists across 2010 but not significantly
beyond 2011. Third are slow-responding catchments (e.g. 43 014 and 39 019 — Cluster 5), where
the streamflow response to the dry year before the storyline persists across 2010 and beyond into
2011. The dry year after storyline also shows that continued dry conditions over 2013 could have
particularly challenging for the slow-responding catchments in southern and eastern England.
However, the meteorological conditions over 2013 would still have been wet enough to allow most

of the affected catchments to recover and exit drought conditions.

4.3.5 Climate change

The UKCP18 12-member HadRM3 perturbed parameter ensemble (PPE) regional climate
projections at 12 km resolution was used to place the 2010-2012 event in a future climate following
the delta method at different global warming levels. Projected change in precipitation across the
12 UKCP18 regional projections ensemble members is shown in Chapter 3: Section 3.3.2). River
flow across the 2010—2012 drought is projected to decrease for most catchments (Figure 4.15). In
fast-responding catchments (Clusters 1 and 2), winter river flows increase due to the projected
increase in winter precipitation. In these catchments, the buffer effects of wetter winters
compensate for increased evaporative demand from increased temperature. Mean river flows
across the drought event for catchments in southern England and Wales are projected to decline
substantially, with larger declines at higher warming levels. River flow is projected to decrease in
all seasons, for even a 1.5 °C rise in temperature, with increasingly drier conditions at high warming
levels, particularly for slow-responding catchments (Clusters 4 and 5). In these catchments, river

flow is also projected to decrease progressively over the event timescale.
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Figure 4.14 Baseline (black) and simulated SSI-6 for a repetition of a dry year before (red) or after (blue)
the 2010-2012 drought for nine example catchments spanning the five hydrograph clusters. The shaded
region indicates the duration of the baseline 2010-2012 drought event (January 2010 to March 2012). See
Fig. S11 for the locations of the nine example catchments. See Figures. 4.A.4 and 4.A.5 for the SSI-12 and
SSI-24.3.5 storylines of climate change.
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Figure 4.15 Projected change in river flows across 2010-2012 at four warming levels. Nine example
catchments spanning the five hydrograph clusters are presented here. The solid line represents the baseline
simulation, and the shaded region represents the uncertainty range of the 12 UKCP18 regional projections.
Shaded regions on the map indicate the location of major aquifers.

Given the observed drought sequence, the conditions of the 2010-2012 drought are
projected to worsen with global warming (Fig. 4.16). The change in drought characteristics for the
initial temperature rise (1.5 and 2 'C) is greater for Clusters 3—5 compared to Clusters 1 and 2.
Beyond 2°C, drought characteristics are projected to worsen by a similar magnitude for all clusters
and at longer accumulation periods, except Cluster 1. For SSI-12 and SSI-24, the magnitude of
change in drought characteristics is larger compared to shorter accumulation periods for all clusters,
except Cluster 1. Although drought characteristics are projected to increase with the temperature
rise for Cluster 1, the increase in drought duration at 4°C is smaller compared to lower warming
levels, indicating more severe drought conditions despite a smaller increase in drought duration.
At longer accumulation periods, the projected change for Cluster 1 also does not follow the
progressive increase with the warming levels seen in SSI-6. This reflects the fast response times

and limited catchment memory for the catchments in Cluster 1, where drought conditions are
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better captured using short accumulation periods. The anomalous behaviour from Cluster 1 could
be attributed to wetter winters for northwest Scotland, especially at high warming levels, which

provide wet interludes and mitigate drought conditions.
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Figure 4.16 Mean change across the 12 UKCP18 regional projections in (a) max drought intensity
(%), (b) mean drought deficit (%), and (c) drought duration (months) for the 20102012 drought across
four warming levels for each cluster and SSI accumulation period. The error bar indicates the spread across
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the 12 regional projections.

4.3.6 Comparison with past droughts

To place the storylines of the 2010-12 drought in historical context, they are compared with
the relatively short-lived 1975-1976 drought and the more protracted 1989-1993 drought. Four
storylines are selected to compare with past droughts, namely (1) dry year before, (2) dry year
before, (3) driest preconditions, and (4) 2°C warming. Figure 4.17 shows the percentage change in
max intensity and mean deficit of the four storylines relative to the two past droughts. First,
compared to the 1975-1976 event, drought conditions assessed using SSI-6 are generally less
severe across all storylines, except for Cluster 1. In Cluster 1, drought conditions match the 1975—

1976 drought for the dry year before and driest precondition storylines. However, when
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considering longer timescales with SSI-24, the drought conditions of all four selected storylines
exceed those of the 1975-1976 drought for Clusters 3—-5. Notably, the 2°C warming storyline (and
warming levels beyond that) results in the largest increase out of the selected storylines. For
Clusters 1 and 2, drought conditions calculated using SSI-12 and 24 are less severe than both the
1975-1976 drought and SSI-6. The only exception is the dry year before storyline for Cluster 1,
where drought conditions exceed that of the 1975-1976 drought for SSI-24 even though

catchments in this cluster are fast responding.
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Figure 4.17 Percentage difference in max intensity (a, ¢) and mean deficit (b, d) calculated from SSI-6, SSI-
12, and SSI-24 of the selected storylines of the 2010-12 drought relative to the 1976-1976 drought (top)
and the 1989-1993 drought (bottom).
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Second, conditions across the four selected storylines are estimated to be more severe than
the 1989-1993 drought, apart from Cluster 4. Catchments in Cluster 4 were the most affected
during the observed 1989-1993 drought, and only storylines with the more extreme changes could
have matched or exceeded observed conditions (i.e. driest preconditions and 2°C and beyond).
Out of the four storylines, a 2°C warming is estimated to result in the largest deviation from the
1989-1993 drought for Clusters 3—5. The 2°C warming storyline is less severe for Clusters 1 and
2, where, respectively, the dry year before and the driest preconditions instead result in greater
deviations from the 1989-1993 drought. For all selected storylines, the magnitude of change
relative to the 1989-1993 drought increases with accumulation period and is greatest for SSI-24

for Clusters 3 and 5, indicating the importance of catchment memory.

In summary, all four storylines are all capable of leading to more severe drought conditions
compared with the two past droughts for all clusters. Conditions across the storylines are estimated
to match the 1975-1976 drought, with comparatively more severe conditions for southern
catchments at longer accumulation periods. Conditions are estimated to match or exceed the
1989-1993 drought for all clusters. Drier preconditions and a third consecutive dry winter, in
particular, would have matched 1988-93 conditions for catchments in Cluster 4, which was the
most affected in the observed event. Drought conditions decrease (increase) in severity with longer
SSI accumulation periods for Clusters 1-2 (Clusters 3—5). The 2010-12 drought in a 2°C warmer
climate is estimated to exceed conditions in both the 1975-76 and the 1988-93 drought for all

clusters, especially when considering longer accumulation periods.

4.3.7 Synthesis and summary of the 2010-12 event storylines

Counterfactual storylines of the multi-year 2010-12 drought were created to explore the
impacts on drought characteristics given discrete changes in the events’ drivers and characteristics.

Key results from each storyline are summarised below:

e Storylines of seasonal contributions showed that the drought was driven by drier than
average winters in 2010/11 and 2011/12 which worsened drought conditions. Autumn
conditions were a determinant of the timing of drought inception, while winter conditions

were important in determining the drought’s eventual length
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4.4

Drier preconditions before the 2010-12 drought could lead to a worsening of drought
conditions except for catchments in eastern Scotland. Catchment sensitivity to drier
preconditions was influenced by a combination of drought characteristics, catchment
properties, and hydrogeology with the greatest influence for lowland catchments with
longer response times underlain by permeable aquifers.

Impacts of the dry year before and dry year after storylines vary spatially. The dry year
before storyline is particularly severe for northern catchments and slow-responding
catchments. The dry year after storyline is particularly severe for slow-responding
catchments with high catchment storage, highlighting the remaining vulnerability to a
“three dry winter” situation.

The UKCP18 projections applied using the delta method show that the 2010-12 drought
is projected to be more severe with temperature rise across the selected catchments. The
magnitude of change in drought characteristics is greater at longer river flow accumulation

periods.

Chapter summary

This chapter created retrospective event storylines for two contrasting drought events, namely

the relatively short but intense 1975-76 drought and the longer, multi-year 2010-12 drought. Event

storylines created based on past observed events can be used to explore downward counterfactuals

and the impacts of climate change, thus informing plausible worst cases in both current and future

climate. Key results from the storylines developed for the 1975-76 and the 2010-12 drought are

given below:

Precipitation in autumn 1975 was drier in East Midlands compared to East Anglia.
Catchments in East Anglia could have been further stressed if the region was as dry as East
Midlands across autumn 1975. Additionally, the drought was characterised by a dry 1975-
76 winter and analysis of a large sample of winters showed that the prevailing atmospheric
circulation patterns could plausibly have resulted in even drier conditions with greater
impacts for groundwater-dominated catchments crucial for water supply. Given similar
circulation patterns, climate change is projected to lead to a worsening of summer drought

conditions with more uncertain changes in other seasons. In all cases, it is plausible for the
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1975-76 drought to surpass the 1920-21 drought as the worst-ranked drought in terms of
maximum intensity for some catchments in the region given each of the storylines.

e The multi-year 2010-12 drought was driven by two consecutive dry winters. The
occurrence of three consecutive dry winters is a particular concern within the water
resources industry. The plausible occurrence of a third dry consecutive winter instead of
the rapid termination as observed would lead to particularly severe conditions for
catchments across southern England. Conversely, plausible drier preconditions before the
drought would be particularly impactful for catchments in Scotland. In all cases, the
storylines are estimated to exceed the drought characteristics of the 1975-76 drought and

the benchmark prolonged 1988/93 drought.

In conclusion, both sets of storylines complement existing studies by devoting greater
emphasis to the pathways and impacts of plausible events and placing traditional top-down climate
projections in a wider decision-relevant framework. These storylines enable a better understanding
of the plausible drivers and unfoldings of downward counterfactuals or near-misses to improve
risk awareness. Storylines based on observed events are familiar to stakeholders and increase
realism among decision-makers. Storylines created in this chapter can be used in water resources

planning to stress test UK catchments against unrealised droughts.
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4.5 Appendix
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Figure 4.A.2 Observed relationship between PET and precipitation for each month (1965-2015) averaged
across the LFBN catchments. The correlation coefficient value is shown for each month.
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Figure 4.A.4 Baseline (black) and simulated SSI-12 for cither a repetition of a dry year before (red) or after
(blue) the 2010-12 drought for nine example catchments spanning five hydrograph clusters. The shaded
region indicates the duration of the baseline 2010-12 drought (Jan 2010 to Mar 2012).
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REAL TIME EVENT STORYLINES

A version of this chapter has been published at the journal Natural Hazards and Earth Systen: Sciences,

with the following reference:

Chan, W. C. H., Shepherd, T. G., Facer-Childs, K., Darch, G., and Arnell, N. W.: Added value of
seasonal hindcasts to create UK hydrological drought storylines, Natural Hazards and Earth
System Sciences, https://doi.org/10.5194/nhess-24-1065-2024, 2024.

5.1 Introduction

The previous chapter demonstrated different techniques to create retrospective event
storylines exploring downward counterfactuals and the impacts of climate change. The two case
studies of the 1975-76 and 2010-12 droughts showed the value of case study analyses based on
past observed events to assess the current and future risk of plausible worst cases. This chapter
extends the storyline approach to consider the use of event storylines as a complementary tool to
traditional weather forecasts to aid water resources planning during an ongoing event. As described
in Chapter 1, water companies are required to outline demand and supply management actions in
their water resources management plans and to prepare for the application of drought permits and
drought orders during an event. The main advantage of a storyline approach is a high degree of
conditionality (e.g. atmospheric circulation patterns, management measures etc.) which can

provide information with sufficient specificity rather than generalising across dissimilar events.
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Storylines can thus complement existing practices when planning for an ongoing event by adding

a dynamical perspective based on our knowledge of the meteorological drivers of precipitation.

The approach taken to plan for ongoing events differs between water companies but
existing approaches can be separated into three strands. First, weather forecasts are used for
operational drought forecasting. For example, the ECMWTF SEAS5 forecasts provide seasonal (up
to 215 days) forecasts which can be used as input to hydrological models. Dynamical climate
simulations from the GIoSEA5 global seasonal predictions using the Met Office HadGEM3
coupled model are also used directly in the UK Hydrological Outlook, the national operational
seasonal forecasting service for the UK. Previous studies have highlighted that probabilistic
forecasts have limited skill in the forecasting of meteorological droughts on a sub-seasonal and
seasonal timescale as precipitation is challenging to predict at long lead times (Richardson et al.,
2020). Second, trajectories of river flows can be created through catchment hydrological model
simulations assuming that rainfall over the next month reaches a specific percentage of long term
average (LTA) rainfall (e.g. 60%, 80% or 100% of LTA). This approach is taken by the

Environment Agency in their monthly water situation reports (e.g. Environment Agency, 2022b).

Third, forecasts can be provided using information from historical climate. For example,
the UK Hydrological Outlook issue forecasts by assuming the repetition of individual notable
historical years (such as benchmark events like 1975-76 or La Nina drought years like 2011) or by
repeating all available years in an Ensemble Streamflow Prediction (ESP) approach (Prudhomme
et al., 2017; Harrigan et al., 2018). Operational forecasts are also issued using statistical methods
based on past streamflow observations, such as persistence forecasts based on flow anomaly in
the most recent month and historical analogue forecasts using the most similar historical river flow
sequences based on the assumption that the latest streamflow anomaly remains unchanged for the
forecast lead time (1-3 months) (Svensson, 2016). ESP was first developed in the U.S. and is now
a widely used approach worldwide for operational river flow prediction (Twedt et al., 1977; Day,
1985). ESP and the repetition of selected historical years are representative of a storyline approach
which aims to describe and quantify pathways and developments of past or future events
conditioned on changes to the event’s drivers. However, these approaches are subject to some
drawbacks. The relatively simple assumption of rainfall as a percentage of long term average do
not consider physical plausibility and cannot be traced to climate drivers while the ESP approach

is hampered by the limited length of observations, constraining the range of outcomes.
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All three strands produce forecasts and outlooks at different scales and employ different
datasets to drive hydrological and statistical models. Each methodological approach achieves
different levels of predictability for different parts of the UK. For example, as shown by Svensson
et al. (2015), persistence forecasts are most skilful for catchments in the south and east due to the
slow-responding nature of groundwater-dominated catchments. Forecasts driven by dynamical
climate or seasonal forecasting models may achieve greater skill in winter, particularly for
catchments in the north and west, due to greater predictability of winter circulation patterns such
as the North Atlantic Oscillation (NAO) (e.g. Dunstone et al, 2016; Svensson et al.,, 2015).
Harrigan et al. (2018) examined the skill of ESP for catchments across the UK and found that the
approach provided skilful forecasts over lowland England with a strong association between BFI

and forecast skill with higher seasonal to annual skill if forecasts are initiated in winter and autumn.

Forecasts of atmospheric circulation characteristics (or weather regimes) are often considered
more reliable than forecasts of winter precipitation. For example, skilful forecasts of interannual
variability in winter NAO initialised in November have been demonstrated by Scaife et al., (2014)
on a seasonal timescale using the GloSea5 forecasting system. The authors highlight the influence
on the NAO via the stratosphere, North Atlantic SST anomalies prior to winter, Arctic sea ice
extent and ENSO state (i.e. tropical SSTs) as main sources of predictability. For example, the
timing of a sudden stratospheric warming or a strong polar vortex event may provide an indication
of winter NAO phase and magnitude (Scaife et al., 2016; Monnin et al., 2022). For regions where
there is a strong relationship between NAO phase and precipitation, the predictability of the winter
NAO can enable skilful seasonal prediction of river flows (Bierkens and Beek, 2009). Moore et al.
(1989) have suggested that improved prediction of river flows can be achieved where additional
information can be used to inform whether precipitation from a particular year is more likely and
thus given greater weight. The improved knowledge of the drivers of winter precipitation can be
incorporated via a modified ESP approach. As demonstrated in Stringer et al. (2020) and Donegan
et al. (2021), NAO-conditioned hydrological outlooks can be created where instead of assuming
the repetition of all years, only historical years which match hindcast prediction of the NAO are
used. Moulds et al.,, (2023) recently showed that skilful predictions of mean winter high flows
several years ahead can be achieved by driving a statistical model with sub-samples of climate
model hindcast predictions from members representative of inter-annual NAO variability. Other
studies have used winter circulation characteristics (NAO, North Atlantic SST's) to predict river

flows of the subsequent summer and beyond (e.g. Wilby, 2001; Wedgbrow et al., 2002; Wilby et
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al., 2004; Wedgbrow et al., 2005; Svensson and Prudhomme, 2005). Summarising the relationship
between North Atlantic circulation indices and winter precipitation and temperature in different
regions of the UK, Hall and Hanna (2018) noted that seasonal forecasts of EA and other
circulation indices should be prioritised to further increase seasonal predictability of winter
precipitation given the importance of winter precipitation to river flows, aquifers and groundwater
in southern and central England. For example, Dawkins et al. (2022) recently described the
construction of a stochastic weather generator to simulate synthetic, spatially coherent daily
precipitation over East Anglia that includes the EA pattern as a predictor of monthly winter
precipitation given its role as a stronger driver of precipitation variability in this region compared

to the NAO.

5.1.1 Aims and objectives

This chapter aims to demonstrate the use of seasonal hindcasts from the ECMWEF SEAS5
dataset to aid water resources planning during ongoing events. This provides an opportunity to
complement existing ESP methods in two ways. First, there is a larger sample of plausible winter
weather sequences in seasonal hindcasts which can be used to better consider plausible outcomes.
Second, the use of seasonal hindcasts takes advantage of the predictability of atmospheric
circulation patterns from dynamical simulations. The use of seasonal hindcasts thus aims to
combine the advantages of both strands 1 and 2 of the UK Hydrological Outlook. The specific

aims of this chapter are to:

- Investigate the drivers of winter rainfall for the region of eastern England supplied by
Anglian Water using a large sample of plausible winters from the ECMWF seasonal
forecasting system SEAS5;

- Use knowledge of winter rainfall drivers (e.g. atmospheric circulation patterns) to group
SEAS5 hindcast winters into conditional storylines representing plausible winter rainfall
trajectories based on various combinations of atmospheric circulation patterns;

- Create drought storylines of river flows and groundwater levels for the 2022 drought
representative of what the drought could have looked like if winter 2022 /23 resembled the
hindcast winters within each winter circulation storyline. Calculate the mean deficit and

maximum intensity of each drought storyline using simulated river flows.
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It should be noted that this chapter is not attempting to verify or assess the skill of SEAS5 in
forecasting rainfall and droughts. Instead, the use of seasonal hindcasts aims to explore the utility
of the storyline approach as a complementary tool to traditional forecasting methods to assist

water resources planning.

5.2 SEASS5 hindcasts

The main limitation of the ESP approach is that long observational records are often not
available and thus the repetition of historical years may miss plausible high-impact outcomes or
are not representative of plausible meteorological conditions that could arise. Given the fact that
historical observations only represent one out of many plausible alternative realisations, there is a
growing use of large ensemble simulations or seasonal hindcasts to explore a larger sample of
plausible events to mitigate this challenge (Kelder et al., 2020; Brunner and Slater, 2022).
Operational drought forecasting is often done within water companies using calibrated
hydrological models of key catchments and some companies already make use of seasonal
forecasts. The level of resources required to extend existing methodologies to include a large
sample of seasonal hindcasts is minimal and could provide greater context with more robust

evidence to inform the short to medium-term hydrological situation.

The SEAS5 hindcast dataset (1982-2021) is used to provide a large sample of plausible winters
(Dec, Jan, Feb - DJF) (2850 winters are available, comprising 38 complete winters between 1983-
2020 x 25 ensemble members x 3 lead times). Details of the SEAS5 dataset and fidelity of the
hindcast winters are outlined in the methods chapter (SEAS5 described in Chapter 3; Section 3.3.4
and fidelity test described in Section 3.3.5). Statistical tests on range, stability and independence
confirms the reliability of the SEAS5 forecasts for the aims of this study. A number of
meteorological indices described in Chapter 3: Section 3.3.1 is calculated from both the SEAS5
hindcasts and the ERA5 reanalysis. Figure 5.1(a)-(c) shows the relationship between precipitation
anomalies over the East Anglia region for both observed and hindcast winters with the average
winter Nino3.4, NAO and EA index. There is no clear relationship between ENSO phase and
rainfall anomalies. There is a weak negative relationship between the NAO index and rainfall
anomalies and a positive relationship between the EA index and rainfall anomalies. For each year
between 1982 and 2020, there are 75 simulated winters in the hindcasts across ensemble members

and lead times. There is considerable variability in the NAO and EA phases across the hindcast
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winters each year which often spans the four possible combinations of NAO and EA (hence the
high variability in rainfall anomalies). Conversely, there is little variability in ENSO phase across
the hindcast winters for each year as ENSO is comparatively slowly evolving and hence more
predictable several months ahead. For example, winters 2015/16, 1997/98 and 1982/83 all
exhibited particularly strong El Nifio conditions and the hindcasts issued prior to each of those
winters all had a similarly high Nifio.4 index value (as shown by the vertical cluster of points in
Figure 5.1a). Figure 5.1d shows the rainfall anomalies associated with combination of NAO and
EA phases. Table 5.1 shows the conditional probabilities of below average precipitation in the
East Anglia region based on various combinations of NAO and EA given La Nifa conditions.
NAO+/EA- are most likely associated with drier than average conditions and NAO-/EA+
winters with wetter than average conditions although there are also outliers with notable dry
winters in both the observations and the hindcast. The relationships between rainfall and
meteorological indices for the hindcast winters are consistent with past work showing the influence
of opposing phases of the NAO and EA on observed UK rainfall (e.g. West et al. 2021, 2022;
Parry et al. 2012). The interaction between both modes of variability has resulted in distinct spatial
patterns observed in past severe hydrological droughts across Europe (Hannaford et al., 2011;
Parry et al., 2012). The multi-annual variability in EA and NAO phases also contributes to
variability in groundwater levels across England notably at ~7 years (NAO) and 16-32 years (EA)
(Rust et al., 2019).

Table 5.1 Conditional probabilities of below average precipitation in the East Anglian region for different
combinations of EA and NAO state given La Nifia conditions in the hindcast winters. The NAO and EA
indices are represented by the first two leading modes calculated through empirical orthogonal functions
(EOF) analysis using monthly mean sea level pressure (MSLP) anomalies from ERA5 of the Europe/Notth
Atlantic region. The Nino3.4 index is calculated from average sea surface temperature anomalies (ERAS5)
in the region (5°S-5°N, 120-170°W) to represent the phases of the EI-Nino Southern Oscillation (ENSO).

EA+ Neutral EA-
NAO+ 0.38 0.72 0.91
Neutral 0.27 0.60 0.78
NAO- 0.22 0.45 0.60
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Figure 5.1 Relationship of a) Nifio 3.4, b) NAO, and c) EA index with standardised precipitation anomalies
in the Anglian Water region for the SEAS5 winters (grey) and observed winters (black). Panel d) shows the
NAO index and EA index for each SEAS5 winter together with the precipitation anomalies over the
Anglian Water (AW) region associated with each winter (colours). The cluster of strong El Nifio hindcast
winters in panel a) relates to hindcast winters issued prior to winters 2015/16, 1997/98 and 1982/83 (black
dots in panel a), which were three of the strongest El Nifio winters in the observations. Selected dry winters
in the observations are shown in panel d) by the black dots and the year labels.

5.2.1 Circulation storylines

K-means clustering of all the calculated indices (NAO, EA, SST tripole, polar vortex
strength) was used to create clusters of winters with similar circulation characteristics. Figure 5.2
shows four clusters defined for La Nifia winters in the hindcast. Winter clusters were created
separately for La Nifia and El Nifio winters. The clusters show little difference between El Nifio

and La Nifa for clusters 1 and 3 but La Nifa winters are in general drier than El Nifio winters for
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clusters 2 and 4 (Figure 5.3). This is consistent with previous findings on the influence of ENSO
on UK rainfall, as reviewed in Chapter 1. Clusters 2 and 4 are associated with NAO+ conditions
and a strong polar vortex (Figure 5.2). Cluster 1 is associated with colder than average temperatures
over Hast Anglia while Cluster 4 is associated with warmer than average temperatures. The
temperature signal for Clusters 2 and 3 are less clear with normal temperature anomalies over East
Anglia. Four clusters were chosen as they primarily reflect the four possible combinations of
opposing phases of the NAO and EA as discussed in Section 5.2, including where opposing phases
of the EA pattern may reverse the precipitation and temperature signal given a particular NAO
phase. For example, both Clusters 2 and 4 are characterised by NAO+ conditions but exhibit
different precipitation and temperature response given the effects of the EA phase (dry and mild
for Cluster 2 and wet and warm for Cluster 4). The clusters also consider the range of circulation
response and climate anomalies such as changes in polar vortex strength. Using the same SEAS5
hindcasts, Kolstad et al. (2022) showed the wide range of winter surface temperature responses

that can arise from a given vortex state due to confounding factors such as NAO and ENSO.

Clusters 1 and 2 (3 and 4) are generally associated with drier (wetter) than average
precipitation over the Anglian Water region although drier than average winters can occur for all
clusters Figure 5.4 shows composite mean SLP anomalies for each cluster and four examples of
dry observed winters exhibiting the same NAO and EA characteristics as each cluster across the
NAO/EA phase space. As described in Wollings et al. (2010), NAO+/EA+ (NAO-/EA-)
conditions are associated with the strongest (slowest) zonal wind speeds. The observed dry winters
0f 2011/12 and 1975-76 closely resemble the composite mean SLP anomalies of clusters 1 and 2,
respectively. For clusters 3 and 4, the composite mean shows low pressure over the British Isles,
which results in generally wetter winters as seen in Figure 5.2, meaning that the dry winters in the
observations with these conditions are less similar to the composite mean. Observed winter
1984/85 resembiles cluster 3 but with an extension of the high pressure eastwards with the pressure
centre over Scandinavia leading to drier than average conditions in eastern England. Similarly,
winter 1972/73 resembles the composite mean for cluster 4 but with a northward extension of the
high pressure over southern UK, leading to drier, settled weather conditions over East Anglia. It
should be noted that circulation patterns for individual years are not expected to fully resemble
the composite mean patterns given the large range of variability but should exhibit similar features

to the cluster with the same NAO/EA phase combination .
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Figure 5.2 Winter clusters defined from hindcast winters with La Nifia conditions using k-means clustering
and the precipitation anomalies and meteorological indices associated with each cluster.
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Figure 5.3 Standardised precipitation anomalies associated with La Nifia (red) and El Nifio (blue)
winters in each circulation storyline.
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Figure 5.4 Composite mean sea level pressure (SLP) anomalies for SEAS5 winters within each of the four
circulation storylines (left) and SLP anomalies (ERAS5) for selected observed dry winters associated with
similar NAO and EA pattern combinations for each cluster (right).

5.3 Case study — 2022 drought

5.3.1 2022 drought

The 2022 drought was declared in summer 2022 across England and Wales (Environment
Agency, 2022b). The drought was most notable for a dry spring-summer sequence (51% of LTA
March to August precipitation in East Anglia). The drought also followed an unusual pattern of
precipitation in winter 2021/22 with average precipitation in December 2021, settled and dry

conditions in January 2022 and wetter than average conditions in February 2022. Total winter
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precipitation was slightly below normal across East Anglia (97% LTA) with drier conditions
concentrated in the southeast of the region (e.g. southeast Suffolk). Exceptional soil moisture
deficits during the summer 2022 heatwave also exacerbated agricultural drought conditions. East
Anglia experienced slightly above average rainfall in autumn 2022 (117% of LTA) which saw
recovery of river flows at some catchments. However, above average precipitation was mostly
concentrated in western parts of the region with river flows in the northeast remaining below
normal entering winter 2022/23 (Environment Agency, 2022a). Figure 5.5 shows SPI-12 over
Norfolk from 2021 to November 2022, showing the inception of drought conditions across winter
2021/22 and prolonged precipitation deficit across 2022. Figure 5.6a shows the regression slope
of cumulative precipitation anomalies over East Anglia from May to August for each year in the
HadUK-Grid precipitation dataset and Figure 5.6b highlights the temporal evolution of cumulative
precipitation anomalies for 1921, 1976 and 2022. The regression slope for spring-summer 2022 is
notable as the third steepest decline in cumulative precipitation anomalies after 1976 and 1921.
Exceptional soil moisture deficits during the summer 2022 heatwave also exacerbated drought
conditions when mean temperatures reached 18.26°C and maximum temperature reached 24.25°C

for East Anglia (warmest since 1884).

SPI-12 (Norfolk)

2021 2022

Figure 5.5 Standardised precipitation index (SPI) accumulated over 12 months for the Norfolk region of
East Anglia from January 2021 to November 2022 (Data from the UK Water Resources Portal — Barker et
al., 2022)
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Figure 5.6 a) Regression slope of cumulative precipitation anomalies over March to August for years 1901-
2022 (HadUK-Grid dataset) over East Anglia with the red dot highlighting the 2022 value. b) Cumulative
precipitation anomalies (mm) over East Anglia for 1921, 1976 and 2022. The grey shading represents the
10-90th percentile calculated from observed precipitation over the historical 1965-2015 period.

5.3.2 Storylines of the 2022 drought

As opposed to retrospective storylines created based on past droughts as demonstrated in
Chapter 4, this section details the conditioned drought storylines created in real time during the
2022 event. Specifically, storylines in this chapter were created in autumn 2022 without prior
knowledge of winter 2022/23 to represent plausible pathways of the 2022 drought assuming winter
2022/23 resembled each of the four winter circulation storylines as described in Section 5.3. It
should be noted that the storylines should not be considered as predictions, but instead are

plausible pathways which can be used to understand the range of uncertainty and to explore
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plausible worst cases to assist water resources planning. Additionally Given the variety of
approaches used for water resources planning during an event, storylines combine the advantages
of ESP and dynamical simulations to condition storylines based on circulation patterns and
knowledge of the drivers of winter precipitation in the East Anglia region. The GR6] hydrological
model and Aquimod groundwater level model were used to simulate river flows at 16 river
catchments and groundwater levels at 10 boreholes within the Anglian Water region as described
in Chapter 4 (Section 4.2.1). Simulations were run for the baseline period up until November 2022
using GR6J and Aquimod after which hindcast precipitation and PET data for each winter (DJF)
in the four winter clusters were appended in place of winter 2022/23. Focus is given to La Nifia
winters given that La Nifia conditions were observed over 2022. precipitation. Spring (MAM),
summer (JJA) and autumn (SON) 2023 were assumed to have 100% long-term average (LTA)

precipitation by selecting the closest years matching 100% LTA precipitation in the observations.

River flows

Figure 5.7 shows simulated tiver flow response over winter 2022/23 for each circulation
storyline. All catchments were estimated to experience below normal river flows when entering
spring 2023 given winters in clusters 1 and 2 with particularly severe flow deficits in groundwater-
dominated catchments in the northeast of the region. Despite the wetter weather for winters in
clusters 3 and 4, the groundwater-dominated catchments in the northeast were still estimated to
experience below normal to low flows by spring 2023. This is likely due to the combined effect of
insufficient winter precipitation to overcome dry conditions and the slow response nature of
groundwater-dominated catchments. Each storyline was contrasted with the unclustered
distribution of simulated flows across all 2850 winters, analogous to the traditional ESP approach
(unclustered map in Figure 5.7). Using all 2850 winters highlights the confidence of below normal
flows in the northeast but does not consider the dynamical drivers of winter precipitation that
could lead to a different likelihood of possible flow response as shown in the conditional subsets
of each storyline. Results from cluster 1 show that it was likely for flows to remain below normal
by spring 2023 with the potential to reach severe drought conditions over 2023, particularly for
groundwater-dominated catchments, even with spring to autumn 2023 receiving 100% LTA

precipitation.
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Figure 5.7 Distribution of river flows for each circulation storyline represented in percentile terms
(petcentile value in parenthesis in the legend) relative to 1965-2015. Each storyline assumes winter 2022/23
follows hindcast winters in one of the La Nifia winter clusters. Individual plots show the distribution of
hindcast winters for each percentile category as indicated by the colour key. Grey shading shows major
aquifers in eastern England from the hydrogeology map of the British Geological Survey. The unclustered
map shows the distribution across all 2850 hindcast winters (i.e. spanning both El Nifio and La Nifia
winters).

Figure 5.8 compares drought evolution (characterised by the standardised streamflow
index accumulated over 3 months — SSI-3) during 1975-76 and 2021-22 with storyline estimates
of SSI-3 for 2023 for four example catchments. Similar to 2022, 1976 was characterised by a dry
spring-summer sequence (50% LTA rainfall in East Anglia). The decline to drought conditions in
2022 was generally later in the year and less severe with river flows generally recovering later in the
autumn compared to 1975-76. Simulated river flows from the driest (cluster 2) and wettest (cluster
3) storylines show the continued vulnerability of catchments in the Anglian Water region in 2023.
For groundwater-dominated catchments such as the Nar at Marham (33007) and Ely Ouse at
Denver Complex (33035), drought intensity could plausibly match that seen in summer 1976 by

summer 2023 given a dry winter in cluster 2 (mostly associated with NAO+/EA-). For these
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catchments, drought conditions could plausibly decline to similar drought intensity as seen in

summer 2022 even with a wet winter in cluster 3 (mostly associated with NAO-/EA+).
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Figure 5.8 Standardised streamflow index accumulated at 3-months (SSI-3) over 2021-2022 and beyond
following the driest and wettest circulation storyline at four example catchments compared with SSI-3 over
1975-1975. Spring to autumn 2023 is assumed to have 100% LTA precipitation.

To understand the importance of winter precipitation and the effect of a second
consecutive dry summer, an additional sensitivity test assumed summer (JJA) 2023 to follow 60%
LTA seasonal precipitation. Figure 5.9 shows the influence of a second consecutive dry summer
in 2023 on the development of severe drought conditions (SSI-3 < -1.5). An accumulation of three
months is used here to provide an indication of the shorter-term seasonal effects. Slow responding
catchments are more influenced by the effect of a dry winter in clusters 1 and 2 with a
comparatively higher likelihood of reaching severe conditions. A dry summer with 60% LTA
rainfall (similar to summer 2018) results in a higher likelihood for severe drought conditions to
develop, especially following a dry winter characterised by circulation patterns in clusters 1 and 2.
Given the higher likelihood of a wetter than average winter in clusters 3 and 4, fewer catchments
reach severe drought conditions if summer 2023 receives 100% LTA rainfall. For groundwater-

dominated catchments, it is likely that severe drought conditions will be reached even with 100%
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LTA rainfall in summer 2023 across all four storylines, even for clusters 3 and 4 with wetter than
average winters. This is reflected previously in Figure 5.7, showing that river flows were estimated

to be unlikely to recover to normal levels for all four storylines.

Cluster 1 Cluster 2 Cluster 3 Cluster 4

37024 1
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Figure 5.9 Likelihood of reaching SSI-3 below -1.5 from winter 2022/23 to autumn 2023 for each
circulation storyline. In the LTA100 experiment, spring to autumn 2023 is assumed to have precipitation
at 100% long-term seasonal average whereas the LTAG0 experiment assumes summer 2023 to receive 60%
LTA precipitation with 100% LTA precipitation for the other seasons. Catchments are ordered by
increasing baseflow index (BFI) from the top.

Groundwater levels

Figure 5.10 shows storylines of groundwater levels given each cluster. Given drier winters
in clusters 1 and 2, groundwater levels were estimated to be normal to below normal across all
boreholes by spring 2023. Wetter conditions over winter associated with circulation patterns in
clusters 3 and 4 were estimated to lead to groundwater level recovery to above normal levels,
particularly for boreholes in Lincolnshire (the more northerly catchments on the map) as
groundwater levels at these relatively faster responding boreholes were already recovering after
sufficient rainfall in autumn 2022. Figure 5.11 shows the standardised groundwater index (SGI)
accumulated over 12 months for four example boreholes with different responses to the
circulation storylines. Similar to the pattern for some slow-responding river catchments , some

boreholes in East Anglia (such as Washpit Farm and Old Hall Thurgaton) were still estimated to
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have a high likelithood of remaining at below normal levels by spring 2023 even with the wetter

conditions from winters in clusters 3 and 4.
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Figure 5.10 Storylines of groundwater levels for each borehole in different categories (percentiles relative

4

to 1965-2015) by spring 2023 for each storyline. Individual plots show the distribution of hindcast winters
for each percentile category as indicated by the colour key in Figure 3. Grey shading shows major aquifers
in eastern England from the hydrogeology map of the British Geological Survey

5.3.3 Drought termination

It is often of interest to water resources managers to understand the conditions required
for drought recovery. Drought termination refers to the return of river flows or groundwater levels
from drought to normal conditions (Parry et al., 2016a, b). Each circulation storyline thus provides
an indication of the mechanisms and magnitude of precipitation over winter 2022/23 that would
be required for both abrupt and gradual drought terminations. Parry et al. (2018) previously
demonstrated two approaches to create storylines of groundwater drought termination during the
2018/19 UK drought. The first approach assumes a linear rate of change in the latest groundwater
level anomaly until conditions return to normal while the second approach assumes the repetition
of drought terminations obsetrved in past events. The circulation storylines created in this chapter
add a dynamical perspective to the previous approaches to shed light on drought termination

characteristics.
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Figure 5.11 Examples of four boreholes and simulated groundwater response (SGI-12) to each winter
circulation storyline over winter 2022/23 and beyond. Red (blue) colours represent negative (positive) SGI

values.

The physical processes involved in drought recovery and termination have received
relatively little attention in the UK until recently. Parry et al. (2016a, b) created an inventory of
drought terminations from past UK events. The studies show that precipitation alone is not the
only driver and termination can be a long-lasting process influenced by the physical driving
characteristics of the drought (such as the temporal and seasonal distribution of precipitation) and
physical catchment characteristics. The framework presented by Parry et al. (2016a, b) determines
drought termination rate and drought termination duration from monthly river flows. In brief, the
start of the drought termination period is defined as the period when the minimum monthly river
flow anomaly within a drought event is reached (i.e. drought magnitude) and ends when the flow
anomaly is positive for a user-defined number of consecutive time steps (i.e. termination
magnitude). The drought termination rate (DTR) can be calculated by the difference between the
drought magnitude and the termination magnitude divided by the total duration (months) of the

drought termination period (DTD).
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Drought termination characteristics at four catchments and boreholes for each storyline
are shown in Figures 5.12 and 5.13 respectively. Given the higher likelihood of wet conditions,
drought termination is estimated to be more likely if winter 2022/23 resembled hindcast winters
in clusters 3 (EA+/NAO-) and 4 (EA+/NAO++) compared to clusters 1 and 2. Clusters 3 and 4
also include a larger number of winters that could have resulted in a rapid DTR. Conversely, given
the slow response nature of groundwater-dominated catchments and insufficient precipitation, it
is less likely for drought terminations to occur if winter 2022/23 resembles winters in Cluster 2.
DTR is generally faster for river flows compared to groundwater levels. Unsurprisingly, a faster
DTR is more likely to be caused by higher total winter precipitation. A fast DTR is associated with
a short DTD as catchments rapidly exit drought conditions after reaching maximum drought
magnitude whereas a slow DTR is often associated with a long DTD either because the catchment
takes longer to recover from a significant drought magnitude or if moderate drought conditions

continue after reaching maximum drought magnitude before termination.

The relationship between DTR and DTD is clearer for groundwater compared to river
flows. There are anomalous cases for river flows where the event is terminated with a moderate
DTR over a short DTD. For example, at the Bedford Ouse of Offord, there are winters in Cluster
3 that could have resulted in both slow and fast DTR over the same DTD at 2 months. Similarly,
there are outcomes where the drought terminates at the same DTR but over different DTDs. One
hypothesis for this behaviour could be dependence on the temporal distribution of precipitation
within a given winter (i.e. prolonged precipitation across the whole winter versus anomalously high
precipitation in specific winter months) and a possible role for physical catchment characteristics.
For example, a slow DTR could occur over a short DTD if the drought magnitude is less severe,
allowing the drought to terminate quickly even with a moderate DTR or if a small termination
magnitude is reached shortly after maximum drought magnitude. The simulated drought
terminations shows that DTR for the 2022 event is more likely to be quicker in relatively faster
responding systems. As shown in Parry et al. (2016a) across past UK droughts, there is a negative
relationship between DTR and BFI, indicating that less responsive catchments are more likely to

have slower DTR.
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Figure 5.12 Drought termination characteristics of the 2022 hydrological drought at four example
catchments for each circulation storyline. DTD refers to drought termination duration (months) and DTR
refers to drought termination rate (%/month). The number of terminations within each DTD and DTR
category is shown for each tile. The colours refer to the total winter precipitation required for termination
within each tile. The likelihood of termination for each circulation storyline is shown on the top right of
each panel.
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Figure 5.13 Drought termination characteristics of the 2022 groundwater drought at four example
boreholes for each circulation storyline. DTD refers to drought termination duration (months) and DTR
refers to drought termination rate (%/month). The number of terminations within each DTD and DTR
category is shown for each tile. The colours refer to the total winter precipitation required for termination
within each tile. The likelihood of termination for each circulation storyline is shown on the top right of

each panel.

5.4 Winter 2022/23

This section provides a brief exploration of how the winter 2022/23 turned out and further
knowledge that could be gained from conditional storylines created for the 2022 drought. The
storylines were created in autumn 2022 before winter 2022/23 and without knowledge of how the
winter would transpire. The observed winter exhibited an NAO-/EA- pattern, resembling the
atmospheric circulation patterns for winters in cluster 1. Similar to the composite mean SLP
anomalies of cluster 1, winter 2022/23 saw high pressure conditions over the UK leading to drier

than average conditions with the high pressure centre shifted further westwards (Figure 5.14). The
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East Anglia region received 69% of LLTA winter precipitation with a notably dry February which
received only 15% of LTA precipitation. Following the extremely low precipitation in February
2023, Anglian Water noted the continued vulnerability of catchments in this region in 2023 may
result in a return of water use restrictions (Anglian Water, 2023). This was also reflected in a
statement from the National Drought Group which stated that England is “one hot, dry spell away
from drought returning this summer” following the dry February (National Drought Group, 2023).
Indeed, the results from cluster 1 show that it was likely for flows to remain below normal by
spring 2023 with the potential to reach severe drought conditions over 2023, particulatly for
groundwater-dominated catchments, assuming that spring to autumn 2023 receive 100% LTA
precipitation. The descent into further drought conditions was somewhat alleviated by a wetter
than average observed spring 2023 with 144% of LTA precipitation although Fast Anglia remain
under drought conditions as of June 2023. March 2023 was particularly wet with East Anglia
receiving over double the LTA March precipitation (214%). The observed summer 2023 was
wetter than average nationally, with a notably wet July. East Anglia received 95% of LTA rainfall
with patches of slightly below average rainfall in parts of Norfolk. Parts of East Anglia remained
in drought status over summer 2023 and official drought status was only lifted in October 2023

after river flows and ecological impacts recovered sufficiently.
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Figure 5.14 Composite mean sea level pressure (SLP) anomalies for winters in cluster 1 compared to mean
SLP anomalies from ERA5 over observed winter 2022/23 (relative to 1965-2015).

Although the circulation storylines did not include a likelihood of a particular storyline for
winter 2022/23, further subsets to the hindcast winters can be made to provide weights for
particular storylines that are considered more likely than others over time (e.g. based on prevailing
atmospheric circulation patterns). Given the large sample size of the hindcast winters, future work

could condition storylines based on their preconditions. For example, for the 2022 drought,
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storylines can be created by selecting only winters in the hindcasts with a wetter than average

preceding November (as was observed in November 2022).

5.5 Chapter summary

This chapter demonstrated the use of seasonal hindcasts to create drought storylines
conditioned on atmospheric circulation patterns. These storylines enabled a more detailed focus
on the drivers of winter precipitation in eastern England compared to existing approaches. The
circulation storylines were created from a large sample of hindcast winters and covered a range of
possible combinations of the various atmospheric circulation indices relevant to winter
precipitation in East Anglia. The resulting storylines spanned all possible combinations of NAO
and EA conditions and a wide range of surface precipitation and temperature response. Applying
the circulation storylines to the ongoing 2022 drought in November 2022 without prior knowledge
of winter 2022/23 highlighted the large-scale atmospheric circulation patterns that atre likely to
result in continued drought conditions in 2023 or drought recovery and termination. Assuming a
second consecutive dry summer in 2023, drought conditions were estimated to return across most
selected catchments, especially following a dry winter storyline which transpired in the observed

winter 2022/23.

Although this chapter focused on the winter season, a similar approach can be taken for other
seasons. This may be particularly useful for seasons where other forecasting approaches may be
less informative and when it may be useful to consider a wider range of outcomes to explore
plausible worst cases (e.g. during a prolonged dry weather period prior to drought onset). While
existing practice includes exploring the repetition of key individual years (such as the La Nifia year
of 2011), conditional storylines consider a wider range of outcomes, including the combined
effects of large-scale circulation patterns, such as the combination of NAO and EA patterns during
La Nifia years. Assuming that an upcoming season resembles certain atmospheric circulation
patterns through a storyline framing increases risk awareness. This can include enabling water
managers to plan for water resources provisions, and to explore plausible worst cases that are
possibly outside the range of historical years. Decision-makers can prioritise and re-direct
operational resources such as borehole maintenance in key areas where the large sample of
hindcast winters show continued drought conditions or areas where plausible worst cases within

each circulation storyline exceed certain thresholds (e.g. relative to past reference droughts).

139



A new approach to navigate uncertainty in climate-related hydrological drought risk
Chapter 6: Linking probabilistic estimates with storylines

LINKING PROBABILISTIC ESTIMATES

WITH STORYLINES

A version of this chapter has been published in the Jourmal of Hydrology, with the following reference:

Chan, W. C. H., Arnell, N. W., Darch, G., Facer-Childs, K., Shepherd, T. G., Tanguy, M., and van
der Wiel, K.: Current and future risk of unprecedented hydrological droughts in Great Britain,
Journal of Hydrology, 130074, https://doi.org/10.1016/j.jhydrol.2023.130074, 2023.

6.1 Introduction

The thesis so far has shown that event storylines are a valuable tool to explore current and
future risk of a particular event. Discrete storylines of past events can increase risk awareness and
assist in stress testing water resources systems against downward counterfactuals. Chapters 5 and
6 have shown that both retrospective and real-time event storylines can address some of the
identified research gaps in existing approaches to better understand the unfolding of hydrological
droughts in the UK. This chapter aims to address a number of further outstanding research gaps.
First, as introduced in Chapter 1, internal climate variability dominates for near-term projections,
and it is challenging to untangle the climate change signal from natural variability (i.e. signal-to-
noise ratio). Understanding the nature of severe hydrological droughts is hampered by short
observational records that are insufficient to robustly sample for plausible worst-case events that

could arise due to internal climate variability. Second, while previous chapters demonstrated that
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storylines need not have probabilities attached to them, there remains an opportunity to combine
probabilistic approaches with storylines to add value to existing risk-based estimates by increasing

process understanding of low-likelihood, high-impact events and decision-relevant outcomes.

6.1.1 Current and future risk

There is a need to better understand current risk and consider the full range of possible
outcomes that could arise from internal climate variability in the current climate. Adaptation
planning needs to prepare and guard against unprecedented or record-breaking events beyond
those that have occurred in historical observations ,as variability can be larger than the trend or
mask any emerging gradual trends towards more extreme events (Fischer et al., 2021; Satoh et al.,
2022; Thompson et al.,, 2023). Additionally, sectors with adaptation plans for the short- to
medium-term (such as water resources management plans or plans for sustainable abstractions)
need to plan for projected reductions in low flows before such trend may be statistically detectable
(Wilby, 2006; Wilby et al., 2011; Watts et al., 2015). For example, Brunner and Tallaksen (2019)
found widespread vulnerability of European catchments to multi-year hydrological droughts in the
current climate despite some catchments not having encountered such multi-year hydrological

droughts in the observations.

In addition to the possibility of unprecedented extremes in the current climate, internal climate
variability is also the dominant source of uncertainty in near-term climate projections (Hawkins
and Sutton 2009; 2011). Hulme et al. (1999) found that the impacts of climate change on low flows
would remain undetectable until at least the 2050s across large parts of Europe. Similarly, Wilby et
al. (2006; 2008) suggested that a statistically significant trend in seasonal river flows is not likely to
emerge within a typical planning timescale (e.g. looking ahead 25 years). Arnell (2003; 2011) found
that projected change in low flows may still be within the range of natural variability in the medium
term but the climate change signal relative to natural variability is greatest for increasing winter
flows (decreasing summer flows) in northern (southern) UK. It is also possible for projected
change within a short time slice to exhibit a trend opposite to that expected from anthropogenic
climate change due to natural internal variability (Deser et al., 2012b; Shepherd, 2014). Past studies
have shown that projected changes in drought characteristics are larger when accounting for the
effects of year-to-year variability in precipitation (e.g. Ledbetter et al., 2012; Kay and Jones, 2012;
Charlton and Arnell, 2014; Mankin et al., 2017), highlighting the need to consider a wide range of

droughts to stress test hydrological and water supply systems.
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6.1.2  Large ensemble climate impact modelling

Although uncertainty associated with internal climate variability is aleatoric and largely
irreducible, its effects can be better sampled using large ensemble simulations. Previous chapters
have demonstrated the advantages of using a large sample of plausible weather sequences by
pooling seasonal hindcast data. Studies have increasingly used SMILE simulations to understand
high-impact climate extremes (Bevacqua et al., 2023). van der Wiel et al. (2020) recommended
following a large ensemble climate impact modelling approach (Figure 6.1) to sample for high-
impact events to understand the non-linear and compound ways in which they can develop even
from moderate meteorological drivers. Each SMILE is based on a single climate model with the
same external forcings. Each ensemble member is run with different initial conditions to generate
multiple realisations of plausible weather sequences (Deser, 2020). Following initial condition
perturbations, simulations across ensemble members gradually diverge from each other
representing a range of plausible outcomes and trends due to internal climate variability (Deser et
al., 2012a). Some SMILEs, such as the EC-Earth time-slice large ensemble, represent stationary
climate conditions at different global warming levels (van der Wiel et al., 2019). Jain et al. (2023)
further highlighted the need to adequately sample for internal climate variability using SMILEs
when evaluating climate model simulations as it can lead to differences between simulated and
observed trends in the current climate where the presence of unprecedented extremes may
overwhelm the trend forced by anthropogenic warming. Pooling simulations from all ensemble
members results in thousands of years of plausible weather sequences, allowing for more robust
probabilistic estimates of the chance of climate extremes. Large ensembles are physically-based
and the simulated extreme events are spatially and internally consistent which allows for an
investigation of drivers of climate extremes and compound events (van der Wiel et al., 2019;

Mankin et al., 2020; Maher et al., 2021; Bevacqua et al., 2023).

Ensemble climate-impact modelling

Compute large Compute large
- . Select extreme . .
ensemble climate data | — | ensemble impacts | = imbact events — | Estimate risk
climate model impact model P

+-» | Investigate meteorology-impact relationship J

Figure 6.1 Flow chart of steps included in a large ensemble climate impact modelling approach. [taken
from van der Wiel et al. (2020)]
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One example of sampling for extreme events within SMILEs is the UNSEEN method by
Thompson et al. (2017) as introduced in Chapter 3 (Section 3.3.3) The study used initialised climate
model simulations from the Met Office Decadal Prediction System (DePreSys) to estimate the risk
of high winter UK rainfall in the present-day climate. More recent studies have used initialized
ensembles to explore different climate extremes such as high rainfall (Kelder et al., 2020; Kent et
al.,, 2022), crop yields (van der Wiel et al., 2020; Coughlan de Perez et al., 2023), heatwaves (Kay et
al., 2020), meteorological droughts (Kent et al., 2019; van der Wiel et al., 2021) and wildfires (Squire
et al., 2021). In hydrology, initialised large ensembles have also been used in conjunction with
hydrological models to understand hydrological extremes (van der Wiel et al., 2019; van Kempen

et al,, 2021; Kelder et al., 2022b; Brunner et al., 2021; Brunner and Slater, 2022).
6.1.3  Aims and objectives

This chapter employs SMILE simulations to estimate the chance of unprecedented events
beyond the worst observed event and link probabilistic estimates with storylines of hydrological

droughts in present and future climate. The specific aims of this chapter are to:

e Employ the EC-Earth time-slice SMILE data to account for the effects of internal climate
variability in probabilistic estimates of current and future chance of unprecedented low
rainfall, high temperatures and hydrological droughts

e Understand the characteristics of unprecedented hydrological droughts and compare
unprecedented droughts with past severe droughts

e Bridge probabilistic estimates with storylines sampled from the large ensemble resembling
specific conditions in present and future climate, including: 1) dry summer succeeding dry
spring, 2) dry winter succeeding dry autumn and 3) consecutive dry winters, and construct

stress tests for contrasting catchments.

6.2 Projected change

The set-up of the EC-Earth time slice large ensemble is outlined in Section 3.3.3. The bias-
adjusted large ensemble precipitation and temperature data is used to drive the GR6J hydrological
models at the Low Flow Benchmark Network (LFBN) and Anglian (ANG) catchments (see

Chapter 3; Section 3.2.1 for catchment selection and Section 3.3.3 for the bias correction procedure
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and the impacts of bias adjustment). The EC-Earth large ensemble is used to drive hydrological
models in two ways: 1) a modified delta change approach and 2) bias-adjustment of raw climate
model data. Projected change in precipitation from the EC-Earth SMILE is shown in Chapter 3
(Section 3.3.3). Hydrological drought events are extracted using the variable threshold method as
described in Chapter 3; Section 3.5.2. The 70th percentile of the flow duration curve (Q70) for
each month is used as the threshold and any period below the monthly varying Q70 is defined as
a drought. Hydrological drought characteristics are calculated from simulated river flows over the
baseline period (1965-2015) and simulated river flows driven by the large ensemble data. This
threshold is chosen to maximise the number of extracted droughts in both the observations and
the large ensemble. Although a higher threshold (e.g. Q90) may isolate the most extreme droughts,
Q70 includes both moderate and extreme droughts to enable a more complete comparison

between observed and simulated droughts.

6.2.1 Catchment clusters

Catchment clusters with similar drought dynamics are created following the same approach as in
previous studies (Fleig et al., 2011; Hannaford et al, 2011; Kingston et al., 2013). For each
catchment, a binary series of drought occurrences is created based on the drought events extracted.
Agglomerative hierarchical clustering, implemented using the TSclust R package (Montero and
Vilar, 2015), is used to group catchments into clusters using the Ward’s minimum variance method
(Ward, 1963) based on the binary drought occurrence series. Figure 6.2 shows the four clusters
defined for the selected catchments. Clusters separate east and west Scotland and distinguish
catchments in SE England. The clusters are able to separate the catchments based on a number of
physical catchment characteristics as listed in Chapter 3; Table 3.1 (e.g. slower responding
groundwater-dominated catchments in southern England - i.e. GB3 and some in GB4 with a high
BFI). The regional drought index (RDI) is calculated for each cluster by dividing the number of
catchments in drought at any time by the total number of catchments in the cluster. The index
thus varies between 0 (i.e. none of the catchments in the cluster are in drought) and 1 (i.e. all
catchments in the cluster are in drought) for each time step. Spatially extensive drought events are
defined as events affecting over 70% of the catchments in each cluster at the same time (i.e. RDI
> 0.7). For each of the spatially extensive events identified using RDI7, the max. intensity and
mean deficit of the event is taken as the mean of the characteristics in the affected catchments.
The bias-adjustment procedure applied to temperature and precipitation and the subsequent

model fidelity check following Thompson et al. (2017) (as described in Chapter 3: Section 3.3.3)
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and that the large ensemble data is deemed credible and statistically indistinguishable from the

observations. The impact of the bias adjustment on temperature and precipitation is shown in

Figure 6.3 for the four defined catchment clusters.
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Figure 6.2 2) Catchment clusters defined from spatially extensive droughts using the regional drought index
(RDIq7) over the baseline period (1965-2015). b) Distribution of four selected catchment characteristics
according to latitude (°), ¢) SAAR — Standardised annual average rainfall (mm), d) BFI — Baseflow index,
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Figure 6.3 Mean monthly total precipitation (top) and temperature (bottom) in the baseline period (1965-
2015) before and after the application of bias adjustment to the present-day large ensemble simulations.
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6.2.2 River flows

The use of the traditional and modified delta method to explore projected change in
precipitation is presented in Chapter 3 (Section 3.3.3). Figure 6.4 compares different estimates of
projected change in monthly river flows from using delta-adjusted precipitation, the modified delta
method and the direct use of bias-adjusted precipitation data to drive hydrological models. River
flows are projected to reduce in summer and early autumn across all catchment clusters but at
different magnitudes. There is a greater reduction in river flows during these months in relatively
slower-responding catchments in GB3 (including groundwater-dominated catchments with high
BFI) compared to fast-responding catchments in GB1. Catchments in GB3 are also more likely to
experience a decrease in river flows in both the late spring and autumn. The application of
additional change factors from resampled precipitation also results in a greater range of projected
changes in river flows compared to a single set of change factors per catchment and to using the
bias-adjusted precipitation directly. Monthly average river flows simulated with the bias-adjusted
precipitation show a greater increase over spring and winter months compared to the delta method.
The equivalent plot for catchments in GB2 and GB4 is presented in the Appendix (Figure 6.A.1)
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Figure 6.4 Projected change in monthly river flows across catchments in GB1 (top) and GB3 (bottom) for
2°C warming (orange) and 3°C warming (purple) using a single set of change factors per catchment (a and
d), 30 sets of change factors from resampled precipitation per catchment (b and €) and bias-adjusted
precipitation and temperature per catchment (c and f).
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6.2.3  Hydrological drought characteristics

Using simulated river flows driven by the bias-adjusted precipitation and temperature enables
the extraction of a much larger sample of drought events than is possible using observational
datasets. Drought characteristics are generally projected to worsen with climate change, with
differences in the magnitude of change between different catchments as shown by the selected
examples from across GB in Figure 6.5. For all three drought characteristics, projected change is
similar in both magnitude and direction between the delta method and the bias-adjusted climate
model data. The variability of drought characteristics extracted from droughts simulated using the
bias-adjusted data is larger compared to using the delta method which retains observed drought
periods. Although the sensitivity of droughts to climate change is broadly similar in the two
estimates, the delta method may underestimate risk of extreme droughts especially if the worst
historical record is a weak record that may be easily broken with a larger sample size and the effect
of internal climate variability. Consequently, the simulated drought events are much better sampled

using the bias-adjusted large ensemble data.

Compared to the UKCP18 projections, the EC-Earth large ensemble project a larger
increase in winter precipitation and a lesser decrease in summer precipitation with warming. The
UKCP18 projections also project drier autumns and springs over southeast England (Arnell et al.,
2021), which leads to a delay in the soil wetting date (Kay et al., 2022) and shortens the groundwater
recharge season. The eFLaG ensemble recently used the UKCP18 projections to drive
hydrological model simulations across the UK to investigate changes in hydrological drought
characteristics. Drought characteristics are generally less severe in the EC-Earth large ensemble
compared to the eFLaG ensemble where low, median and high flows were all projected to decline

for catchments in southern and eastern England (Hannaford et al., 2023; Parry et al., 2023).
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Figure 6.5 Projected mean drought deficit (top), max. drought intensity (middle), and drought duration
(bottom) for present-day (grey), 2°C (orange) and 3°C (purple) extracted from simulated river flow using
the delta method (solid colours) and the direct use of bias-adjusted temperature and precipitation (hatched).
The boxplots show the median and span the 25th and 75th percentile with dots representing outliers higher
than the 75th percentile. The numbers indicate selected catchment examples. The location of the selected

catchments is shown in the inset map.

6.3 Physical credibility

A common approach to assess the potential for dry periods to impact water supply is to

calculate precipitation or river flow deficit accumulated over a user-defined n-months period.
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Calculating the accumulation of precipitation and river flows across a user-defined period can
provide evidence for the physical credibility of the modelled data by assessing whether there are
notable outliers with unrealistic precipitation or river flow accumulations. Folland et al. (2015)
previously found, for lowland England, the driest 12-month period between 1910 to 2012 was
1975-76 which had 60% of average precipitation, and the driest 24-month period was 1990-92
with 73% of average precipitation. The driest observed 12-month period in terms of accumulated
river flows was September 1975-76 with 34% of the 1965-2015 average, while the driest 24-month
period was April 2010 to 2012 with 56% of the 1965-2015 average. Tables 6.1 and 6.2 present the
top 10 driest accumulated precipitation and river flows respectively, over a 12- and 24-month
period in the present-day large ensemble for catchments over lowland England (i.e. catchments in
GB3 and GB4). As would be expected, there are 12-month and 24-month periods with lower
precipitation and river flows compared to the driest observed event. Total precipitation as a
percentage of the long-term average and total deficit for both precipitation and river flows are
within the same order of magnitude as the driest event (i.e. grey shading) and there are no notable

outliers that can be immediately discounted and considered unrealistic.

Different hydrological systems are vulnerable to different drought durations. Precipitation
and river flow deficiency over a short period (~6 months) may be appropriate when assessing
impacts in fast-responding systems. Accumulated precipitation and flow deficit over a longer
period (>12 months) may be more appropriate for slower responding systems (such as a critical
period of deficit accumulated over 18-months including one dry winter and two dry summers for
several reservoir systems within East Anglia — Anglian Water Drought Plan 2022). Table 6.3 shows
the top 10 driest accumulated river flow deficiency over an 18-months period with an April start
showing a number of events in the present-day large ensemble which equals or exceeds the flow

deficit in the driest 18-months period in the observations (i.e. 1975-76).

The physical credibility of the simulated events in the large ensemble can be further
assessed by investigating their atmospheric drivers and spatio-temporal variability (Kelder et al.,
2022a, b). Comparison of the simulated droughts in the present-day large ensemble with observed
droughts gives confidence that the simulated events are plausible (Figure 6.6 for four example
catchments). Simulated droughts span the entire range of drought characteristics in observed
events. Unprecedented events, namely those with higher maximum intensity or greater deficit than

the worst observed event, can also be identified (red dots in Figure 6.6).
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Table 6.1 Top 10 a) 12- and b) 24-month periods with lowest accumulated bias-adjusted precipitation (mm)
for catchments in southern England (GB3 and GB4) in the present-day large ensemble. The 12- and 24-

month periods with the lowest accumulated observed precipitation (CEH-GEAR) over the baseline period

is also indicated with a specific year in grey shading.

a) 12-months

Rank Total precipitation % of 1965-2015 Deficit (mm) Start month
(mm) average
1 410.2 51.5 -386.5 11
2 432.2 54.3 -364.1 12
3 444.0 55.7 -353.2 9
4 452.0 56.8 -344.4 12
5 455.2 57.2 -340.9 10
6 462.4 58.0 -335.5 1
7 463.1 58.2 -333.0 10
8-1975 464.2 58.2 -333.1 9
9 465.0 58.4 -331.7 11
10 465.9 58.4 -331.4 9
b) 24-months
1 1033.6 65.0 -556.2 8
2 1089.9 68.5 -501.4 7
3 1096.9 69.0 -493.0 8
4 1100.6 69.3 -486.9 10
5 1104.7 09.5 -484.7 12
6 1109.4 09.8 -480.4 9
7 1115.1 70.1 -474.7 9
8 1126.2 70.7 -466.7 3
9 1126.3 70.7 -466.6 6
10 1126.6 70.8 -464.6 7
1990 1191.3 74.8 -401.6 3
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Table 6.2. Top 10 a) 12- and b) 24-month periods with lowest accumulated river flows (expressed in mm)
for catchments in southern England (GB3 and GB4) in the present-day large ensemble and the baseline
period (the latter indicated with a specific year in grey shading).

a) 12-months

Rank Total river flows % of 1965-2015 Deficit (mm) Start month
(mm) average
1 84.5 314 -184.7 12
2 87.0 32.3 -182.4 11
3 87.0 323 -182.6 10
4 88.6 32.8 -181.3 9
5 90.8 33.7 -178.6 11
6 90.9 33.6 -179.5 1
7 91.5 33.9 -178.3 9
8 -1975 92.3 34.2 -177.3 10
9 92.8 34.4 -177.2
10 93.7 34.7 -176.2 8
b) 24-months
1 226.4 42.1 -310.8 9
2 227.6 42.4 -309.8 8
3 227.6 42.4 -309.2 10
4 2352 43.8 -302.4
5 239.4 44.6 -297.0 11
6 239.7 44.6 -297.7
7 242.5 45.1 -295.2
8 242.9 45.2 -294.4 5
9 252.2 47.0 -284.2 12
10 252.8 47.1 -283.6 11
2010 302.2 56.2 -235.4 4

Table 6.3. Top 10 18-months period (April start) with lowest accumulated river flows for catchments in
southern England (GB3 and GB4) in the present-day large ensemble and the baseline period.

Rank Total river flows (mm) % of 1965-2015 average Deficit (mm)
1 138.6 39.8 -209.7
2 140.5 40.3 -207.8
3 146.4 42.0 -201.9
4 160.2 46.0 -188.1
5 162.1 46.5 -186.2
6 162.6 46.7 -185.7
7 164.3 472 -184.0
8 166.4 47.8 -181.9
9 168.7 48.4 -179.6
10 - 1975 168.8 48.4 -179.6
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Figure 6.6 Max. intensity and deficit of droughts extracted from the present-day large ensemble and in the
baseline observed period (1965-2015) at four example catchments in SE England. Notable severe droughts
in the observations are labelled. Red dots represent unprecedented events with either a greater deficit or
higher max. intensity than the worst observed event. The grey histogram represents the density of droughts
in the observed period and the black line is the density in the large ensemble.

The driest years in the large ensemble are characterized by blocking conditions and high
pressure across the British Isles and continental Europe as shown by geopotential height anomalies
at 500hPa (Z500) for the driest summers and winters (Figure 6.7). Understanding the atmospheric
circulation patterns driving precipitation deficits adds to the plausibility of simulated events within
the large ensemble. The atmospheric circulation during both the driest years in the large ensemble
and the driest observed years resembles patterns that are known to cause precipitation deficits
across the UK, including the dipole (high pressure centred over eastern Atlantic with positive
anomalies to the north and negative anomalies to the south) and Azores high (high pressure
centred over western Europe) responsible for European droughts as identified in Kingston et al.

(2015). The circulation patterns in the driest years of the large ensemble will not be the same as
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those observed in the driest years across the baseline period and are not meant to be comparable
but the individual circulation patterns for each of the modelled years are associated with the
synoptic conditions that would be expected to bring dry conditions to the UK. Due to the effects
of internal variability, the patterns in the large ensemble show alternative patterns that may not

have been observed before but could have been realised during droughts in the observed record.

a) Observations b) Present-day large ensemble
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Figure 6.7 Geopotential height anomalies at 500hPa (ERA5 Z500) anomalies relative to 1965-2015 from
the top 5 driest summers (JJA) and winters (DJF) in the observed baseline period (1965-2015) (a) and the
2500 anomalies of the top 5 driest summers and winters in the present-day large ensemble (b).

The temporal evolution of daily river flows during the driest years (12-months period from
October to September with lowest river flow totals) in the present-day large ensemble also seems
consistent with the hydrological behaviour in the driest year in the observations with similar flow
timing (Figure 6.8 for selected catchment examples). Relatively fast-responding catchments (e.g.
16003, 78004 and 250006) are characterized by a rapid decline in river flows over a short period of
time, whereas slower responding catchments (e.g. 39019, 34004, 41027) see a gradual decline in
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river flows lasting over the entirety of the 12-month period and beyond. The driest hydrological
years in the baseline period are all part of well-known drought episodes (Barker et al., 2019). The
top 20 driest hydrological years in the present-day large ensemble include hydrological years which
are close to or drier than the observed driest. These events seem consistent with the observations

with similar flow timing, which adds to the physical credibility of the simulated events.
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Figure 6.8 Comparison of simulated river flows during the driest 12-months (Oct-Sep) (grey box) in the
observations (black line) and the top 20 driest in the present-day large ensemble (grey shading) at nine
catchments spanning the clusters (map).

6.4 Chance of unprecedented extremes

6.4.1 Low precipitation and high temperature

Estimates of the chance of unprecedented low precipitation, high temperature and
hydrological droughts are quantified by comparing simulated events in the present-day, 2°C and
3°C large ensemble with the observations. For precipitation, simulated mean precipitation totals
for summer (JJA) and winter (DJF) are ranked and the chance of any given month with total

precipitation lower than the lowest observed mean summer or winter precipitation in any given
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year is calculated. The uncertainty of the estimates is calculated by creating subsamples of the
model months 10,000 times and taking the 2.5% and 97.5% percentiles. The same procedure is
repeated for the modelled temperature data to calculate the chance of exceeding the highest
observed mean summer and winter temperatures (1965-2015 CEH-CHESS and 2015-2021
HadUK-Grid). Unprecedented hydrological droughts represent the possibility of a drought with

greater intensity or deficit than the worst observed drought.

Figure 6.9 shows the estimates for the chance of extremely low precipitation and high
temperature in any summer and winter month in a given year for present-day, 2°C and 3°C
warming averaged across two contrasting regions - GB1 (western Scotland) and GB4 (southeast
England) (see Table 6.4 for estimates for all catchment clusters and Fig.6.A2 for the equivalent for
GB2 and GB3). The warmest summer in the baseline period is 1995 for GB1 and 1976 for GB4
while the warmest winter is 1988-89 for GB1 and 2015-16 for GB4. There is little separating the
warmest summers in the observations. For example, averaged across GB1, summer 1995 is tied
with 1976 and 2021 at 13.9°C. There is also only a 0.1°C difference between summer 1976 and
2018 averaged over GB4. In the present-day, the estimates show that the chance of exceeding the
observed maximum is higher in the summer compared to the winter. There is a clear increase in
the chance of unprecedented high temperatures with warming. The warmest summer in the 3°C
large ensemble is estimated to be nearly 5°C warmer than the observed maximum, whereas in
winter this is >2.5%. Average temperature for summer 2022 has exceeded records over southeast
England (primarily including catchments in GB4). The mean temperature over southeast England
for summer 2022 in the HadUK-Grid dataset is 18.02°C (i.e. 0.2°C higher than 1976) (Met Office
2022). This is shown by the dashed line for GB4, indicating a 4% chance of exceedance in the
present day, which increases to 24.4% and 53.5% with 2°C and 3°C warming.
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Figure 6.9 Estimate of the chance of any given summer or winter month with unprecedented a) high mean

summer (JJA) and winter (DJF) temperature and b) low mean summer (JJA) and winter (DJF) precipitation,

for a single yeat, in GB1 and GB4 for the present-day (grey), 2°C (orange) and 3°C (blue) large ensemble.

Table 6.4 Chance (%) of any given summer or winter month in a single year with unprecedented (compared
to 1965-2022 observations) a) high mean summer (JJA) and winter (DJF) temperatures and b) low mean

summer (JJA) and winter (D]JF) precipitation across all catchment clusters for the present-day (PD), 2C and

3C large ensemble. Values are rounded up to the nearest whole number.

a) High temperature

GB1 GB2 GB3 GB4
Summer
PD (present-day) 9 8 6 6
2°C warming 36 35 31 30
3°C warming 66 64 60 58
Winter
PD (present-day) 1 2 3 2
2°C warming 6 12 14 9
3°C warming 26 37 37 31
b) Low rainfall
Summer
PD (present-day) 14 8 7 9
2°C warming 18 12 12 14
3°C warming 20 15 15 18
Winter
PD (present-day) 14 11 12 10
2°C warming 11 9 10 9
3°C warming 9 12 8 8
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The current and future chance of unprecedented dry summers and winters are more
complex compared to temperature extremes. Summer 1976 and winter 1984-85 were the driest for
GBI, and summer 1995 and winter 1991-92 for GB4. In the present day, catchments in GB1 are
more likely to encounter an exceptionally dry summer month compared to GB4 while both clusters
have a similar chance of an unprecedented dry winter. Like summer temperatures, the chance of
an unprecedented dry summer is also estimated to increase with warming. Dry summers are
estimated to be progressively drier with warming where events with a 1% probability of occurrence
are estimated to have months with monthly precipitation that is 60% lower than the lowest
observed mean summer precipitation for both regions. The chance of any given winter month
being drier than the observed driest winter is estimated to decline with future warming. This is
consistent with projections of wetter winters in general. Despite this, both the chance and
magnitude of the lowest probability events (<1% chance) are estimated to be similar across the
present-day, 2°C and 3°C large ensemble. Events with a 1% chance of occurrence include winter
months with less than half the lowest observed mean monthly seasonal precipitation totals for
both regions. This implies that the chance of moderately dry winters may decrease but the chance
of the driest winters with the highest return period may not decrease in likelihood compared to

the present day.

The increasing chance of unprecedented hot and dry summers with future warming is
consistent with multiple generations of climate projections estimating a reduction in summer low
flows and increased severity of summer droughts across the UK, including fast-responding
catchments (Blenkinsop and Fowler, 2007; Rudd et al., 2019; Kay et al., 2021; Parry et al., 2023).
Although winters are projected to become wetter in general in the EC-Earth large ensemble, the
chance and magnitude of the driest winter occurring in any given year remain similar across the
present-day, 2°C and 3°C large ensemble, indicating a continued risk of the most extreme dry

winter months.

6.4.2 Hydrological droughts

The chance of any given drought exceeding the mean drought deficit of six past severe
droughts is estimated to increase with future warming (Figure 6.10). The impacts of past drought
events in GB vary spatially as reflected by the fact that certain past events are notably hard records
to break for catchments in different clusters. The estimates indicate that past observed, and

reconstructed droughts could be regarded as benchmark worst cases for certain catchments in the
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present-day but the chance of exceeding them is estimated to increase with future warming. For
example, the 1975-76 drought is notably severe in terms of mean deficit for catchments in southern
England, mostly coinciding with catchments in GB3 and GB4. The chance of exceeding it in these
catchments for the present day is estimated to be particularly low with little change for GB4 even

with future warming, confirming the extremeness of the river flow response during this drought.
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Figure 6.10 Estimate of the chance of a given drought exceeding mean drought deficit of past drought
events for catchments across the catchment clusters for the present-day (grey), 2°C (orange) and 3°C (blue)
large ensemble. *Data for the 1891-1910 and 1920-22 droughts are based on river flow reconstructions
from Smith et al. (2019) using the GR4J model applied for the LFBN catchments.

The present-day chance of a given drought exceeding the characteristics of severe post-1891
droughts broadly reflects the spatial patterns of worst-case historic droughts found in Barker et al.
(2019). The 1975-76 drought was preceded by wetter than average conditions and flow response
for slow-responding catchments with higher BFI (included in GB3) was less impactful than
otherwise, hence the fact that the chance of exceedance is higher for catchments in GB3 compared
to GB4. River flow constructions from Smith et al. (2019) and Barker et al. (2019) showed that the
mean deficit of the 1891-1910 “long drought” was most severe for catchments in GB1 and this is
reflected by the relatively low chance of its exceedance for GB1 compared to the other clusters.

In the present day, the chance of any given drought exceeding all four post-1965 droughts is <10%
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across all catchments, except for GB1 and GB2 for the 2010-2012 drought which mostly affected
southern catchments in GB3 and GB4 (Kendon et al,, 2013). The change in chance of an
unprecedented drought is least clear for the slow-responding catchments in GB4. Although the
chance of exceedance varies between catchments, the results show that the set of post-1891
droughts are relatively hard records to break although it becomes more likely that a given drought

in a 2°C and 3°C warmer world will be more severe.

6.5 Storylines of specific drought conditions

This section aims to bridge the probabilistic estimates in Section 6.4 with storylines of
specific drought sequences. Sampling for specific conditions within the large ensemble enables an
investigation of plausible worst cases and the unfolding of future events with the same drivers (van
der Wiel et al, 2021, 2022). For example, sampling for specific conditions enable a closer
examination of the drivers of unprecedented events, such as events that may be exacerbated by
increased summer temperatures and the associated elevation of evaporative demand (also
suggested in Teuling et al., 2013; Brunner et al., 2021b and Reyniers et al., 2023). Although no
probabilities are attached to each storyline, the relative frequency of climate sequences can also be
informative to the construction of storylines. Storylines are constructed by following guidelines
outlined in Bevacqua et al. (2021) and van der Wiel et al. (2021) to sample within large ensemble
simulations to identify combinations of multiple drivers that can lead to extreme impacts. Given
uncertainties associated with the atmospheric circulation response to climate change and the
representation of drought persistence in climate models (Shepherd, 2014; Moon et al., 2018),
narrowing the focus by imposing specific conditions can provide a basis to understand worst cases,
which can arise from the combination of the various storylines considered. The following
storylines are considered: 1) dry springs (MAM) followed by dry summers (JJA), 2) dry autumns
(SON) followed by dry winters (DJF) and 3) consecutive dry winters. Hydrological droughts
arising from these conditions are preconditioned compound events where impacts may be
amplified from a combination of successive climate-driven conditions (Zscheischler et al., 2020;
van der Wiel et al.,, 2022) (Figure 6.11). Although the storylines do not explicitly sample for hot
and dry events, the uncertainty in the variability of future droughts is determined by changes in
precipitation trends as droughts will always coincide with hot extremes relative to the present day
as the climate continues to warm (Diffenbaugh et al., 2015; Manning et al., 2019; Bevacqua et al.,

2022).
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The dry spring-summer and dry autumn-winter storylines resemble conditions of past
severe droughts. For example, the 1975-76 drought was characterized by a dry spring-summer
period following a dry winter (Rodda and Marsh, 2011). Reviewing drought episodes in pre-
industrial southeast England, Pribyl (2020) noted that severe summer droughts are often also
coupled with warm and dry springs. On the other hand, the 1920-21 drought was characterized by
a dry autumn followed by a dry winter (van der Schrier et al., 2021). The 1920-21 drought was
notably severe in eastern England as explored in Chapter 5. Consecutive dry winters is a key driver
of severe hydrological droughts for slow-responding catchments in southern England (including
catchments in GB3 and some catchments in GB4) (e.g. 2010-12 drought). Storylines are selected
by searching for consecutive negative mean precipitation anomalies relative to a 1965-2015
climatology for each catchment for the respective target seasons (e.g. spring and summer) within

all years of the large ensemble and within years coinciding with hydrological drought events.
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Figure 6.11 Schematic showing the physical elements of preconditioned compound drought events arising

from a) dry spring followed by dry summer, b) dry autumn followed by dry winter and ¢) consecutive dry
winters with an intervening hot and dry summer. The formulation of these storylines follows the compound
event framework in Zscheischler et al. (2020) and case study examples in Bevacqua et al. (2021).
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6.5.1 Dry spring-summers and autumn-winters

The selected dry spring-summers and dry autumn-winters in the present-day, 2C and 3C large
ensembles are shown in Figure 6.12 for slow-responding catchments in southern England (i.e.
GB3). As a comparison, the equivalent figure for contrasting catchments in GB1 is shown in
Figure 6.A3. In the present-day, drought years (i.e. years coinciding with hydrological droughts)
with dry spring-summers are more likely to have above average temperature anomalies, particularly
in the summer months compared to all other years. Conversely, drought years with dry autumn-
winters show no temperature signal in autumn and slightly below average temperatures in winter
compared to all other years. The selected dry spring-summer and autumn-winter sequences are
shown by the orange boxplots in Figure 6.12a and b respectively. The bottom row of Figure 6.12
shows dry spring-summers and autumn-winters in the 2C and 3C large ensemble. Unsurprisingly,
the temperature anomalies across spring-summers and autumn-winters are projected to increase
in all cases with future warming, with summer temperatures estimated to increase by the greatest
magnitude. Summer months in future dry spring-summer sequences are estimated to become drier
with warming. Apart from drier summers, there is a lack of change in the precipitation anomalies

associated with dry springs and dry autumn-winter sequences in the 2C and 3C large ensemble.

The time series of cumulative precipitation, PET and precipitation minus PET (P-PET)
anomalies of the top 20 driest dry spring-summers and autumn-winters show how future events
with the same conditions could develop (Figure 6.13). The magnitude of change is greater for
cumulative P-PET anomalies compared to cumulative precipitation anomalies, indicating that the
projected increase in PET due to future summer warming is a significant contributor to future
spring-summer drying. This is also shown by lower latent heat flux anomalies and greater
cumulative precipitation minus actual evapotranspiration (P-AET) anomalies for future dry spring-
summers compared to the present day, which is more prominent for GB3 (Figure 6.A4). This
result provides further context to recent work by Baker et al. (2021) which showed that he
likelihood of an extreme hot summer succeeding an extreme dry winter-spring period and the
probability of an extreme hot-dry summer have increased since the 1970s. The storylines in this
study complement this result by showing that future dry spring-summers are estimated to generate
greater deficit. For future dry autumn-winter sequences, the projected increase in precipitation for
both autumn and winter is more apparent in GB1 with wetter conditions in both seasons. Given

the relatively faster-responding catchments in GB1 and GB2, dry spring-summers or dry autumn-
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winters often coincide with short seasonal droughts in the winter or summer half years. The mean

deficit of future droughts associated with the two storylines is estimated to worsen with future

warming (Figure 6.14). Conversely, for GB3 and GB4, droughts coinciding with dry autumn-

winters are more likely to have greater deficit compared to other droughts, reflecting the slow-

responding nature of these catchments and their dependence on winter recharge.
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Figure 6.12 Standardised precipitation and temperature anomalies from dry spring-summers (left) and dry
autumn-winters (right) averaged across catchments in GB3. The top panel compares temperature and
precipitation in all 2000 years of the large ensemble (green), in years with hydrological droughts (purple)
and in selected storyline years in the present-day large ensemble (orange). The bottom panels show the
equivalent anomalies for the two storylines in the present-day (PD, grey), 2°C (orange) and 3°C (blue) large
ensemble (standardised based on PD statistics).
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Figure 6.13 Time series of mean cumulative precipitation, PET and P-PET anomalies during the top 20
(i.e. ~1in 100 year events) driest a) dry spring-summers and b) dry autumn-winters for catchments in GB1
and GB3 in the present-day (black), 2°C (orange) and 3°C (putple) large ensembles. A 30-day running mean
is applied for all variables.
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Figure 6.14 Mean deficit of selected spatially extensive droughts (RDIQ70) which coincides with dry
spring-summers (top) and dry autumn-winters (bottom) in the present-day (PD), 2°C and 3°C large
ensemble for each catchment cluster. The grey distribution represents the characteristics of all droughts in
the present-day (PD) large ensemble.

Composite mean Z500 anomalies in present day and 3°C warming show how high pressure
circulation anomalies across the UK contribute to dry conditions during dry spring-summers and
autumn-winters (Figure 6.15). For present-day droughts in GB3 catchments, the centre of the high
pressure is situated further southwards compared to droughts in GB1 catchments. In the future,
dry conditions during years with dry spring-summers are characterized by a deepening of the high
pressure over the UK in spring with larger changes for events impacting GB1. However, drier
conditions in the summer months are characterized by weaker high-pressure conditions in the
future for both GB1 and GB3 with a greater weakening of the high pressure for droughts in GB3
catchments. For future dry autumn-winters, the high pressure is estimated to deepen and shift
eastwards in autumn for GB1 but weaken in the winter, consistent with general wetter winter
conditions especially prevalent in Scotland and the English uplands. This is contrasted by the
deepening of the high pressure during dry autumn-winters for GB3. It should be noted that
circulation patterns were not bias-adjusted and future changes in circulation also include possible

model bias.
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Figure 6.15 Composite mean Z500 anomalies relative to 1965-2015 (ERA5) during dry spring-summers
(top row) and dry autumn-winters (bottom row) for GB1 (left) and GB3 (right). Contours are Z500
anomalies in the present-day and the colours represent the change in anomalies between events in the 3°C

large ensemble minus the events in the present-day large ensemble.

The weakening of the high pressure with future warming during the summer months during
dry spring-summer sequences is consistent with van der Wiel et al. (2021) which extracted summer
drought analogues from the same large ensemble for the Rhine basin and showed weaker summer
high pressure anomalies during dry summers with future warming. This reflects the important
influence of atmospheric circulation such as through changes in the persistence of weather patterns
or changes in the latitude of the jet stream (e.g. Harvey et al. 2023). It may be possible that weaker
pressure anomalies could lead to similar or higher levels of precipitation deficits. This could also
reflect the role of land-atmosphere feedbacks with warming, such as heatwaves reinforcing
anticyclonic conditions (e.g. Schumacher et al.,, 2019). An increased influence of weather patterns
associated with drier, settled conditions was found in both summer and autumn in the future in
the UKCP18 projections (Cotterill et al., 2022; Pope et al., 2022). Although the EC-Earth large
ensemble project in general wetter autumns, De Luca et al (2019) found that CMIP5 models
projecting a decrease in cyclonic type circulation patterns in autumn may lead to lower soil
moisture and groundwater recharge at the beginning of winter. Given the continued risk of dry

winters, this may increase the likelihood of winter droughts due to a shortened recharge season.
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6.5.2 Consecutive dry winters

Consecutive dry winters is the primary driver of multi-year droughts in the UK. Brunner and
Tallaksen (2021) recently used stochastic simulations of synthetic river flows to highlight the
proneness of catchments across southeast England to future multi-year hydrological droughts. The
temporal dynamics of consecutive dry winters is worth exploring as the intervening seasons
between dry winters do not necessarily need to be dry for significant impacts on river flows to
develop. For example, the 2010-12 drought was characterized by two consecutive dry winters but
both summers 2010 and 2011 had average precipitation over southern England (near 100% long

term average) (Marsh et al., 2013).

Figure 6.16a and b show precipitation and temperature anomalies associated with consecutive
dry winters in the observations averaged across catchments in GB3, including years with severe
droughts in the observations. Due to the set-up of the large ensemble, spurious Dec-Jan transitions
are removed (as described in Chapter 3; section 3.3.3). Sampling for consecutive dry winters within
the large ensemble shows that there are consecutive winters in the present-day large ensemble with
greater precipitation deficit for both the preceding and succeeding winter than the driest observed
consecutive dry winter sequence. Figure 6.16c shows precipitation anomalies during future
consecutive dry winters and the intervening seasons. Winter precipitation anomalies are not
estimated to change significantly, likely reflecting the fact that the probabilistic estimate of the
chance of the driest winter remains relatively unchanged with future warming (see Figure 6.8).
Drought years with consecutive dry winters show a large variation in the precipitation anomalies
for intervening seasons. There is a large variation in precipitation anomalies during spring and
autumn (the median shows slightly wetter conditions) but a clear change in the intervening summer
which is estimated to become drier with future warming in line with the general projections of
drier summers. Composite mean P-PET anomalies across drought years with consecutive dry
winters also show that drier summers and higher evaporative demand will generate greater
cumulative deficit in future multi-year events with dry winter conditions (Figure 6.15d). The
equivalent figures for latent heat flux anomalies and cumulative P-AET anomalies also reflect this
(Figure 6.A5). The intervening summer between two consecutive dry winters is projected to
experience enhanced evaporative demand which results in greater overall P-AET deficit compared
to the present-day even though the intervening spring and autumn months are projected to be

wetter, with more positive latent heat flux.
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Figure 6.16 a) Precipitation (% of long term average 1975-2015) and b) temperature anomalies (°C)
associated with all occurrences of consecutive dry winters in the present-day large ensemble (grey) and
observation (red dots) averaged for catchments in GB3. The bottom row compares c) seasonal precipitation
anomalies and d) cumulative P-PET anomalies during all drought years with consecutive dry winters in the
present-day (PD, grey), 2°C (orange) and 3°C (putple) large ensemble.

Reviewing drought propagation of three past severe multi-year European droughts, Parry et
al. (2012) noted that the distribution of dry seasons within a multi-year drought episode is crucial
in determining eventual drought severity. The authors also note that there has not been a notable
dry winter followed by a dry summer sequence since 1975-76. The results here demonstrate that
such a combination is expected to increase in likelihood with future warming. Should a dry winter
occut, the higher likelihood of a hot and dry summer is expected to increase the chance of a multi-
year drought episode. Given the set-up of the EC-Earth large ensemble (i.e. stitched together 5-
year runs), the occurrence of consecutive dry winters (and thus multi-year droughts) is not well
sampled, and the probability of their occurrence cannot be robustly estimated. Hence, it is not
possible to specifically sample for three or more consecutive dry winters in the large ensemble.
Alternative sources of information such as statistical models could be used to investigate the
persistence of consecutive dry seasons (Wilby et al., 2015). Combining different large ensemble
datasets may also increase understanding of the drivers of multi-year events (van der Wiel et al.,

2022).
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6.5.3 Stress testing

Storylines can be used to stress test hydrological systems by conditioning on different
specified combinations of event drivers (Stoelzle et al., 2020; Wilby, 2022). Synthetic drought
sequences are created following the UKWIR drought vulnerability response surface framework
(Counsell et al., 2017) by sampling within the large ensemble for months matching specific
precipitation deficit levels to create progressively drier drought sequences (e.g. progressively drier
spring-summers and autumn-winters). A 5-year warm-up period is created by selecting months
within the large ensemble that are closest to mean conditions in terms of precipitation anomalies.
A new meteorological sequence is then created comprising 1) a 5-year warm-up period, 2) a
drought year where individual months are selected based on specific precipitation deficit levels,
and 3) a repetition of the warm-up period. Temperature and PET is not varied, and average daily
temperature is used. The entire sequence represents 10 years with one precipitation drought year
characterized by the storyline conditions (e.g. dry spring-summer or dry autumn-winter). The

sequence is fed through GRG6J to obtain simulated river flows for each catchment.

Figure 6.17 shows the impacts on 18-month (April start) river flow totals from dry spring-
summer and autumn-winter sequences at various precipitation deficit levels for two contrasting
catchments (based on BFI). Varying autumn-winter precipitation has a greater effect on 18-month
river flow totals compared with spring-summer precipitation. The two catchments show a
contrasting hydrological response with the impacts over 18-months being larger at Bedford Ouse
in East Anglia (Cambridgeshire) (Cluster 4) compared to the Greta in northern England (Cumbria)
(Cluster 2), reflecting the persisting influence of precipitation deficits for slow-responding
catchments. A shorter accumulation period may be more indicative of water resources implications
for fast-responding catchments such as the Greta. Certain outcomes may be implausible (e.g. 90%
deficit for both spring and summer months in a year) and land-atmosphere feedbacks may be
underestimated (due to temperature and PET not being varied). However, dry spring-summers
and autumn-winters within the large ensemble (the crosses in Figure 6.17) clearly cover a large
proportion of the response surface with seasonal combinations of precipitation deficits that are
beyond those that have been observed (the yellow dots in Figure 6.17). Counterfactual event
storylines can also be created by varying the intervening spring-summer periods between dry
winters by different deficit levels to visualize the impacts on accumulated river flows over a critical

period.
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Figure 6.17 Stress tests of two contrasting catchments based on sequences of dry spring-summers (top)
and dry autumn-winters (bottom) at varying precipitation deficit levels. The colour shading shows the
resulting 18-month river flow deficit as a percentage of the 1965-2015 average (April start). White dots
show observed events, and crosses the events from the present-day large ensemble.

6.6 Chapter summary

This chapter has used the EC-Earth time-slice large ensemble to estimate the current and
future chance of unprecedented low rainfall, high temperature and hydrological droughts.
Probabilistic estimates suggested an increased risk of extremely dry summer months but a slight
decrease in the chance of dry winter months with warming. Simulated river flows of GB
catchments showed a worsening of drought characteristics for most catchments with warming.
Comparing the much larger sample of plausible hydrological droughts with a selected number of
severe post-1891 droughts highlighted the spatial signature of past drought episodes and identifies

droughts that are especially hard records to break for different parts of Great Britain.
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Table 6.5 Example of how probabilistic estimates and the storyline approach can complement each other
to provide additional insights to the nature of extreme droughts in present and future climate.

Probabilistic High temperature - Averaged over catchments in southeast England, the chance of
estimate of a given year with unprecedented high temperatures increases from 5.7% and 1.5% in
unprecedented | the present day to 58.3% and 30.5% in a 3°C warmer wotld for summer and winter
extremes respectively.

(Section 6.4)
Low precipitation - Averaged over catchments in southeast England, there is an
8.8% and 10.1% chance of an unprecedented dry summer or winter month,
respectively, in any given year. This increases to 18.1% for summer and slightly
decreases to 6.5% for winter in a 3°C warmer world. The chance of the driest winter
month in the large ensemble does not change significantly between present and future

climate.
Storylines of | Dry spring-summers are estimated to become drier with dry springs with deepening
drought of high pressure and dry summers associated with enhanced evaporative demand.
conditions
(Section 6.5) Dry autumn-winters may become wetter, due to wetter winters. Dry conditions may

be prolonged even with moderate autumn-winter precipitation deficit if followed by a
dry summer which is projected to become drier with warming,.

Consecutive dry winters leading to multi-year droughts may worsen if the
intervening summers are hotter and drier. Despite an expectation of future winter
wetting, there is no clear change in the precipitation anomalies associated with future
consecutive dry winters. This implies that hydrological systems need to make up for
the lack of rainfall and higher evaporative losses in the intervening summer.

Table 6.5 summarises the complementary insights gained in this chapter from the
probabilistic estimates of unprecedented extremes and the different storylines of drought
conditions. The probabilistic risk estimates were complemented by sampling for events with
specific drought conditions in the large ensemble. Storylines of dry springs followed by dry
summers, dry autumns followed by dry winters and consecutive dry winters were considered to
understand the unfolding of future events driven by the same conditions. The formulation of
storylines which resemble known conditions in past events is complementary to the retrospective
event storylines presented in previous chapters and contributes to the growing use of event-based
case studies to guide adaptation planning (Sillmann et al. 2021). Stress tests conditioned on
different seasonal precipitation deficits based on the storyline conditions were designed to
understand the effects of different distributions of seasonal precipitation on accumulated river

flows over critical periods which are indicative of possible water resources implications.
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al. (1998). A 30-day rolling mean is applied.
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Figure 6.A5 Latent heat flux (W/m?) anomalies and cumulative precipitation minus actual
evapotranspiration (AET) anomalies for consecutive dry winters in present-day, 2C and 3C conditions at
catchments in GB3. AET is calculated from latent heat flux following FAO guidelines in Allen et al. (1998).
A 30-day rolling mean is applied.
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DISCUSSION AND CONCLUSIONS

7.1 Introduction

The UK has experienced periods of meteorological and hydrological droughts and risks future
water shortages and other drought impacts due to climate change and increasing water demand.
Hydrological droughts put pressure on public water supplies and incur significant impacts on the
natural environment. Some of the most severe consequences of future climate change will be
experienced through changes in the global water cycle and the frequency and severity of
hydrological extremes. Existing approaches to understanding the impacts of climate change on
UK droughts are hampered by large uncertainties in projected change, such as wide uncertainties
in projected change in precipitation and drought magnitude. There is also insufficient
understanding of low-likelihood, high-impact outcomes and how they might unfold in both
current and future climate. This thesis aimed to advance our understanding of the current risk of
hydrological droughts and explore the impacts of climate change on future UK droughts by
applying a storyline framework to navigate the cascade of uncertainty and aid decision-making.
This chapter discusses the main findings for each of the research questions defined in Chapter 1,
drawing on the results from each chapter (Section 7.2-7.4). The chapter ends with an outlook on
future research opportunities (Section 7.5) and concluding remarks on climate-driven changes in

UK droughts and the applicability of the storyline approach (Section 7.6).
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7.2 RQI1: How have approaches to understanding the hydrological
impacts of climate change in the UK developed over time?

The first research question was addressed by the detailed review of past studies in Chapter 2
which tracked the usage of different approaches in the published literature since the 1990s. It was
found that the approach to understanding the impacts of climate change on UK river flows has
evolved over time and approaches were broadly motivated by either “top-down” or “bottom-up”
aims. Early studies followed a stylised approach which applied ad hoc changes to observed climate
variables using a delta method. Subsequent studies have benefited from the increasing availability
of GCM projections and were characterised by a “top-down” approach and associated lengthening
of the impact modelling chain with a motivation to quantify the various sources of uncertainties
(such as differences between the delta method, statistical and dynamical downscaling). Probabilistic
approaches emerged as an alternative way to treat climate-model uncertainty through advances in
perturbed physics ensembles, starting with the UKCP09 climate change projections and an
associated move towards a risk-based approach. More recently, the scenario-neutral approach
emerged as a “bottom-up” technique to explore system sensitivity with clear roots from the early
stylised approach but with a much more detailed focus on catchment scales, the ability to consider

user-defined thresholds and improved consideration of physical plausibility.

Several drawbacks and limitations were identified for each methodological approach. Past
studies following “top-down” GCM-driven and probabilistic approaches showed that there is
considerable uncertainty over the magnitude of change in future river flows and hydrological
extremes. The uncertainty range has not altered significantly through multiple generations of UK
climate change projections and seems unlikely to reduce as studies further investigate climate
model-related uncertainties through multi-model ensembles or perturbed parameter ensembles
(Stainforth et al., 2007). Past studies have also highlighted challenges in quantifying the likelihood
in probabilistic projections, which depends on the choice of climate models and how the estimated
probability distribution is interpreted by decision-makers, which could lead to insufficient attention
being paid to low-likelihood, high-impact outcomes. This has implications for a “predict-then-act”
philosophy which has characterised decision-making framework and modelling approaches over
the past decades, meaning water resources planners may opt to delay adaptation and investment
options (such as infrastructure development or water transfer schemes) in the hope that a higher

level of confidence in projected change can be achieved before major adaptation decisions are to
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be made. Several emerging approaches can be combined to complement existing approaches and
address outstanding research gaps. For example, the storyline approach, robust decision-making
and UNSEEN methodologies can explore “top-down” projections within a wider “bottom-up”
framework led by the intended aims of specific applications. A common motivation of emerging
approaches was the focus on identifying the robustness of hydrological systems against a wide
range of outcomes which represented a move away from the “predict-then-act” philosophy. More
generally, Chapter 2 helped put the storyline approach within a wider historical perspective. The
storyline approach echoes “bottom-up” approaches in that impact assessments can be conducted
independently of climate change projections and existing projections are used as additional
information and not the only source of evidence. For example, the creation of downward
counterfactual storylines echoes the sensitivity-focused motivation of the early stylised approach
and the scenario-neutral approach but gains an advantage from a more detailed and regional

exploration of the physical processes leading up to a drought event.

7.3 RQ2: How can the storyline approach be applied to construct
plausible worst cases and understand extreme UK droughts in current
and future climate?

This research question was addressed by the creation of drought storylines using different
sources of information (climate model projections, seasonal hindcasts, river flow reconstructions
and process understanding). Table 7.1 shows the different techniques used within this thesis to
create storylines of UK drought under present and future climate. There were drawbacks to using
different techniques, but their use highlighted the fact that the storyline approach is not a singular
statistical tool or methodology but instead represents an alternative way of thinking that can
include the application of various techniques. Some of the techniques used in this thesis are driven
by emerging computational advances (e.g. UNSEEN and large ensemble climate model
simulations) but others are already widely used techniques (e.g. delta change method and
perturbations to past events) but applied within a sensitivity and vulnerability-focused framework.
The remaining section aims to assess the advantages and drawbacks of each of the techniques used

in this thesis to create drought storylines.
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Table 7.1 Techniques applied in various chapters of this thesis to create storylines of UK drought.

Technique Approach Storyline(s) Chapter Data sources
Perturbations  Systematic - What if the preconditions of 4 Process understanding
to observed perturbation the 2010-12 droughts were and sensitivity-focused
event drier?
- What if autumn 1975
precipitation deficit in East 4 Process understanding
Anglia matched neighbouring and sensitivity-focused
East Midlands?
Pooling - What if similar circulation 4 SEASS hindcasts
seasonal patterns in winter 1975/76 led
hindcasts to drier conditions?
- How bad could the 2022
drought have been if winter 5 SEAS5 hindcasts

2022/23 exhibited particular
combinations of atmospheric
circulation patterns?

Delta change - What if the 2010-12 drought 4 UKCP18 regional
method unfolded in a future climate at projections
different global warming
levels?
Climate Circulation - What if circulation patterns 4 UKCP18 global and
model analogues similar to those observed in regional projections
simulations the 1975-76 drought occur in
present and future climate?
SMILEs - How might dry spring- 6 EC-Earth time-slice
summers, autumn-winters and large ensemble, river
consecutive dry winters flow reconstructions

sequences unfold in present
and future climate?

7.3.1 Perturbations to an observed event

Various chapters demonstrated the creation of drought storylines based on resampling and
perturbing the meteorological time series of observed past drought events, either based on
incremental changes to specific event drivers or the replacement of the observed meteorological
time series with plausible alternative weather sequences prior to their use in hydrological models.
In Chapter 4, drought storylines were created to explore “downward counterfactuals” of the 1975-
76 and 2010-12 events to explore possible impacts on river flows if the two selected events turned
out worse. In Chapter 5, seasonal hindcasts of winter weather sequences clustered based on
atmospheric circulation patterns were appended to the 2022 drought to explore how the drought
could have turned out if winter 2022/23 exhibited specific configurations of atmosphetic
circulation patterns. The storylines explored the “anatomy” of past events by examining individual

event drivers and are easier to understand and relate to, as they are based on perturbations to past
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events and rooted in realism. Creating event storylines by perturbing past observed events further
contributed to their physical plausibility, compared to potential difficulties in verifying the physical
plausibility of drought events simulated using other approaches from a climate driver perspective
(such as synthetic droughts sampled from stochastic weather generators). Pooling seasonal
hindcasts, in particular, further took advantage of the skilful simulation of winter circulation

characteristics and weather regimes in the formulation of event storylines.

The delta method perturbs existing events with changes derived from climate models, as
demonstrated by using the UKCP18 projections to place the 2010-12 event in a future climate at
different global warming levels in Chapter 5. This was advantageous as it circumvents the
uncertainty associated with different temperature responses to the same emissions scenatio
between different climate models with added policy relevance associated with the climate policy
ambitions (e.g. Paris Agreement) (James et al., 2017; Arnell et al., 2019, 2021). The delta method
also avoids having to deal with potential climate model biases in the representation of the persistent
circulation anomalies that lead to drought. The main limitation of a delta change approach is that
it retains the observed temporal variability in the observed drought. This is useful if studies aim to
retain the characteristics of the observed event, such as attribution of individual specific events to
climate change or imagining alternative unfolding of the events (e.g. Woo, 2021; Maraun et al,,
2022). The temporal variability and sequencing of weather events may change under climate
change, such as changes in the frequency of particular weather patterns. This would require
alternative approaches such as sampling within large ensemble climate model simulations (as done

in Chapter 5) to explore a wider diversity of drought events.

7.3.2 Climate model simulations

Instead of perturbing an observed event, climate model simulations can also be applied more
directly in a transient matter to sample for event storylines. The UKCP18 projections were applied
to the 1975-76 event following a circulation analogue approach to place the observed event in a
warmer world. Circulation analogues provide an additional basis for imposing plausible
perturbations to the observed event's drivers. It represents a more conditioned approach
compared to the delta approach and thus provides a further basis for imposing additional plausible
changes to the event's drivers. However, the use of circulation analogues does not consider the

possibility that the circulation patterns observed in a past drought may occur less or more
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frequently in the future. This approach may be prone to under-estimating risk if observational
datasets or traditional climate model simulations are used to sample for circulation analogues and
if the circulation patterns associated with the target event are unusual. A larger sample of
simulations, such as the large ensemble climate model used in Chapter 6 may be better suited to
maximise the likelihood of finding analogue events with similar driving mechanisms to selected
observed events. Furthermore, the approach was originally designed for short-duration (days)
events. Conditioning the circulation analogues based on the observed preconditions, such as
selecting analogues only when the previous day or season is dry, may enhance the quality of the
analogues. Recent work by Faranda et al., (2023) modified the original approach by applying a
moving average over nine months before identifying the closest circulation analogues to the 2022

European drought.

Advances in computational power have led to the emergence of initialized large ensemble
model simulations, which provide an emerging way to understand high-impact, low-likelihood
events (Kelder et al., 2022). As shown by this thesis, different types of initialized large ensemble
simulations can be used to further understanding of present-day and future risk of hydrological
droughts. Computational advances have led to the emergence of different types of large ensemble
simulations with their respective strengths and limitations (also further discussed in section 7.4.3).
Seasonal hindcasts (e.g. SEASS5) are often run at a higher resolution than global climate models
with a large number of ensemble members at different lead times. Given their operational nature
and the availability of reforecasts/hindcasts, they are ideal to tackle sampling uncertainty as the
pooling of physically plausible, self-consistent hindcast simulations enables a large sample of
weather sequences that could have happened in the current climate. On the other hand, SMILEs
are often run on multi-decadal timescales (i.e. transient) with future projections and the large
spread of ensemble members following initial condition perturbations is more robust indicator of
the range of internal variability. By contrast, time-slice SMILEs (e.g. EC-Earth used in Chapter 06)
aims to create a large sample of simulations representative of particular climate states at various
time slices (e.g. present day and a 2°C warmer wotld), isolating climate variability from any trends
and climate change signal that may be present in longer transient simulations. The large sample of
simulations is ideal for exploring the effects of internal climate variability and may provide a more
accurate estimation of the probability of extreme events. The larger sample size also means a
greater likelihood of finding analogue events with either similar driving mechanisms to selected

observed events or similar impacts to that incurred in past events (e.g. van der Wiel et al., 2021;
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Goulart et al.,, 2021). Traditional climate model simulations used in a multi-model ensemble
approach do not represent the full range of possible outcomes and studies generally do not
consider outcomes beyond the range of the multi-model ensemble, thus under-sampling low-
likelihood, high-impact outcomes (Sutton, 2019; Katzav et al., 2021). The main drawback of PPE
simulations is that they combine both epistemic (due to lack of knowledge about climate processes)
and aleatoric (due to randomness arising from internal climate variability) uncertainties, which

restricts the robustness of risk estimates of regional climate extremes (Shepherd 2019).

7.4 RQ3: What is the added value of a storyline approach to understand
hydrological droughts in current and future climate and complement
probabilistic estimates of drought hazard risk?

This thesis demonstrated two major contributions of applying the storyline approach to
understanding UK droughts. The creation of event storylines contributes to navigating uncertainty
in the hydrological impacts of climate change and represents an alternative way in which decision-
makers can create and explore plausible worst cases in both current and future climate. Drought
storylines further aimed to address outstanding research gaps identified in existing approaches to
study past and future hydrological extremes by placing greater emphasis on the processes leading
to extreme events and exploring traditional top-down projections in a wider vulnerability-driven
and potentially more decision-relevant framework. It should be noted that physical climate
storylines are not meant as precise predictions of what would happen in the near term or under
future climate change but are instead pathways or event outcomes that are conditioned on plausible
changes in physical climate drivers, including changes that could lead to high impacts but may be
previously underexplored (e.g. van den Hurk et al, 2023). The following sections discuss the
benefits and added value from retrospective event storylines and the use of large ensemble
simulations to understanding current and future drought risk, and some of the key drawbacks from

the different approaches and their wider implications for decision-making,

7.4.1 Current risk

Following the UK Water Act 2014, water companies were required to consider water supply
reliability under plausible worst-case droughts (Environment Agency, 2015a). Additionally, the

latest guidance also requires UK water companies to plan for a higher level of drought resilience
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(1 in 500 years). Given that such a drought would surpass any event in the observed record, it is
important to adopt approaches that can expand the sample size to consider a wide range of events
that could arise. Historical river flow reconstructions have successfully expanded our knowledge
of severe droughts in the late 19" and early 20™ century (e.g. Barker et al. 2019). Tree ring studies
on a longer, paleo-time scale have also uncovered particularly severe dry periods (or “mega-
droughts”) for the UK and Europe, such as the 1540 drought (Pribyl 2020; Cook et al. 2015).
However, detailed hydrological simulations for these events are likely not achievable given large
uncertainties and coarse resolution of meteorological reconstructions and hydrological non-
stationaries (e.g. changes in catchment properties, land use change etc.). The full range of
hydrological droughts that could arise from internal climate variability in the current climate thus
remains under-explored. Event storylines, created by systematic perturbations to an observed
event or by combining an observed event with large ensemble simulations, quantifies the possible
impacts should the event turned out worse and represents a new way to interrogate the

hydrological impacts of “near-miss” droughts.

A downward counterfactual way of thinking embedded in the storyline approach represents
a move away from a “predict-then-act” paradigm in water management and could explore droughts
not yet seen in the observations. Event storylines created for the 1975-76 and 2010-12 droughts
in Chapter 4 enable water resources planners to explore plausible alternative unfoldings of past
events from multiple perspectives, including demonstrating how process understanding and
existing known vulnerabilities can be built into storylines. Storylines of the 1975-76 drought
highlighted plausible ways in which the event could have turned out worse given changes to the
processes leading up to the drought. Catchments across East Anglia could have experienced worse
drought in terms of maximum intensity and mean deficit given more severe precipitation deficits
in autumn 1975 and the possibility for a winter with similar atmospheric circulation patterns to
winter 1975/76 to be even drier than observed. Storylines of the 2010-12 drought showed that
the plausible occurrence of a third dry consecutive winter instead of the rapid termination as
observed could have led to severe conditions, particularly for groundwater-dominated, slow-
responding catchments across southern England. Given the reliance on recharge during the winter
season for these catchments, this particular storyline showed that the 2010-12 drought was a “near-
miss” event where severe impacts were avoided. In Chapter 5, appending a large sample of
internally consistent, physically plausible winter weather sequences to the observed 2022 drought

explored how bad the drought could have been given particular atmospheric circulation patterns,
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shedding light on the climate drivers (e.g. jet stream, circulation configurations, SST patterns) and

the resulting surface precipitation and temperature responses.

Through identifying the sensitivity of hydrological systems against a wide range of outcomes,
downward counterfactuals build on observed events and quantifies previously unseen conditions
that may not be found in short observational records or from the limited sample of simulations in
traditional multi-model climate model ensembles (e.g. CMIPG6). Additionally, downward
counterfactual storylines are developed based on selected observed events. This provides added
value to climate risk communication as past studies have recommended that information provided
or framed in relation to personal experiences or anchored on memorable events could be more
effective for decision-making (e.g. Matthews et al. 2016). Testing management measures against
long droughts by stacking multiple observed/reconstructed droughts, Watts et al. (2012) similarly
noted that basing their analyses on actual events helped increase realism amongst decision-makers.
A recent example of the storyline approach being used in practice was their inclusion in the latest
UK Government National Risk Register, which stated that the reasonable worst-case drought for
southeast England could arise from prolonged precipitation deficits consisting of three
consecutive dry winters (HM Government, 2023). Event storylines of the 1975-76 drought and
the 2022 droughts further demonstrated the value of initialized large ensemble simulations (such
as seasonal hindcasts) in creating plausible worst cases in the current climate. The major added
value is the addition of a dynamical perspective. The physical credibility of simulated events can
be verified more easily compared to statistical methods such as stochastic weather generators. As
seasonal hindcasts are based on a dynamical model that is physically self-consistent, the metrics
describing the meteorological drivers of extreme events are more readily computable (e.g. Kay et
al., 2020; Kelder et al., 2022a). Understanding plausible worst cases by pooling hindcasts and
treating each hindcast sequence as individual plausible outcomes is valuable as a “perfect”
probabilistic forecasts may not be attainable. In the case of the 2022 drought, pooling hindcasts to
create explore different drought trajectories is valuable as the skill of available forecasts, though
continuously improving, is currently not perfect. Having the information on what a plausible

worst-case might look like is therefore useful for planning purposes.
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7.4.2 Future risk

Analysis of droughts under a future climate requires driving hydrological models with climate
model simulations. Initialized large ensemble simulations presents an emerging way to increase the
sample size of hydrological drought events and sample for a wider variety of plausible droughts in
a future climate compared to existing multi-model ensembles (e.g. CMIPG). Chapter 6
demonstrated an approach using the time-slice EC-Earth SMILE to bridge probabilistic estimates
of future climate extremes with drought storylines, following the large ensemble climate impact
modelling framework set out in van der Wiel et al. (2020). The approach is able to provide
probabilistic estimates of climate extremes (i.e. estimates of UNSEEN likelihood of hot/dry
extremes). Conditional probabilities calculated from SMILE simulations may be particulartly useful
in satisfying return period guidance from the regulator. For southeast England, the EC-Earth time-
slice large ensemble suggested that the chance of a summer month in any given year with
unprecedented high temperature increases from 6% in the present-day to 58% in a 3°C warmer
wortld and the chance in winter increases from 2% to 31%. These estimates are consistent with
previous estimates of the chance of present-day and future temperature extremes exceeding the
observed record from both traditional climate model ensembles (e.g. Battisti and Naylor, 2009)
and initialized large ensemble simulations (e.g. Kay et al., 2020). The chance of a dry summer
month drier than the observed driest (1995) increases from 9% to 18% and the chance of an
extremely dry winter month drier than winter 1991-92 slightly decreases from 10% in the present-
day to 8% in a 3C warmer world. Although winter precipitation is projected to increase, the chance
of the driest winter months in the large ensemble does not change significantly between present
day and the future over southeast England, highlighting the continued risk of dry winters. The use
of large ensembles to quantify the probability of record-breaking events increases risk awareness
as estimates (e.g. return periods) calculated only based on observations may underestimate current
risk and could lead to maladaptation or reduced effectiveness of current adaptation planning if
extreme events in the observations can be easily surpassed (Kreibich et al., 2022; Thompson et al.,

2023; Coughlan de Perez et al., 2023).

Combining insights from probabilistic and storyline approaches add value to understanding
the roles of different event drivers that may be meaningful and informative for decision-making
(Shepherd and Lloyd, 2021). Storylines sampled from the EC-Earth large ensemble provided a

basis to understand plausible worst cases from the combination of specific meteorological
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conditions. van Garderen et al. (2021) demonstrated how storylines and a probabilistic approach
can be complementary in the attribution of extreme events. As noted by Mankin et al. (2020), the
“noise” within SMILE simulations is not just useful to quantify the role of internal climate
variability but are all plausible outcomes around a mean state that includes low-likelihood
outcomes valuable from a risk perspective. In the EC-Earth large ensemble, dry springs followed
by dry summers were estimated to become drier with warming and are associated with a deepening
of the high pressure in spring and enhanced evaporative demand in summer. Dry autumn-winters
were shown to be generally wetter in a future climate compared to present-day although
moderately dry sequences were more likely to be followed by a hot and dry summer in the
succeeding year. There was no clear change in the precipitation anomalies associated with
consecutive dry winters, reflecting that the probability of the driest winter months did not alter
significantly. Should consecutive dry winters occur, multi-year droughts may worsen as the
intervening summers are estimated to have a higher likelihood of being hotter and drier than
present-day. These storylines had different hydrological implications for different catchments at
different timescales and an extreme drought could feasibly be a combination of all three storylines
considered, which could lead to droughts with spatial extents, duration and severity that are beyond
observed and modelled droughts even in a large ensemble with a high number of ensemble
members. Results were consistent with previous research showing that extreme droughts in the
future are more likely to include precipitation deficits in the summer and flow responses are likely
to be exacerbated by elevated summer temperatures (Brunner et al., 2021b; Reyniers et al., 2023).
While precipitation trends are the key driver of variability in future droughts, the role of land—
atmosphere feedbacks in influencing drought intensity in the UK remains unclear, such as the
possibility that soil moisture deficit exacerbates hot extremes and reinforces low precipitation (e.g.

Schumacher et al., 2019; Moravec et al., 2021).

7.4.3 Limitations of climate model simulations for assessing extreme

droughts

As summarised in Section 7.3, different types of climate model simulations were used
throughout this thesis. Each type of model simulations comes with their respective strengths and
limitations. This section aims to discuss the limitations for the use of climate model simulations in
creating drought storylines and in addressing outstanding research gaps. First, it should be noted

that different sources of model simulations should be used to answer different research questions.
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For example, large ensembles (i.e. SEAS5) holds potential to provide physically plausible weather
sequences to explore downward counterfactuals when combined with observed droughts.
However, although seasonal forecasts are released operationally at regular intervals, they are only
run forwards for several months or seasons ahead (e.g. 7 months for SEAS5) and alternative
sources of model data such as transient SMILEs would be required to sample for events in a future
warmer wotld. The future unfolding of shorter-term extremes such as heatwaves (which enhances
and potentially prolong dry conditions) or the clustering of storms (which could terminate drought
events) could also be examined following recent advancement in forecast-based attribution

approaches (e.g. Leach et al. 2024; Ermis et al. 2024).

The estimate of drought risk within large ensembles are highly conditioned on the
underlying climate model data and are only reliable if climate models are accurate in reproducing
observed climate drivers of drought. The value of insights into plausible worst-case droughts are
highly dependent on whether the simulated events are judged to be physically credible. While
SMILEs represent a new opportunity to expand the sample size of current and future climate
extremes more robustly, the main limitation of most SMILEs is that they often have a relatively
coarse spatial resolution. They are consequently subjected to biases as some atmospheric and
oceanic processes are not well represented and sub-grid physical processes are simplified and
parameterized. Studies have shown that CMIP5/CMIP6 models (including some large ensembles)
under-estimate observed meteorological drought variability and the persistence of dry periods (e.g.
Ukkola et al. 2018; Moon et al. 2018) and fails to capture the direction and magnitude of observed
precipitation trends for several regions globally (e.g. Nasrollahi et al. 2015; Shaw et al. 2024). This
may relate to model biases in variables such as land surface processes (e.g. plant physiology and
land-atmosphere feedback — Lian et al. 2018) or atmospheric blocking frequency, which is
underestimated by 10-30% in winter and 30-50% in summer in the Euro-Atlantic region for
CMIP5 models (e.g. Wollings et al. 2018). More recently, CMIP6 models participating in the High
Resolution Intercomparison Project (HighResMIP) showed that an increase in atmospheric
resolution improves the simulation of blocking frequency for both summer and winter but limited
improvement for blocking persistence (Schiemann et al. 2020). Model biases represents a drawback
for using large ensembles for climate impact modelling as bias adjustment and statistical
downscaling procedures are required. In Chapter 6, the bias correction factors applied to
catchments, particularly in northern England and Scotland, were larger than for other catchments.

This could be due to the spatial resolution of the large ensemble where complex orography in
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upland catchments is less well represented. As highlighted for extreme floods in the Amazon River
basin, Kelder et al. (2022b) showed that a large bias adjustment made to the climate data could
lead to events that are physically implausible when used to drive hydrological models, meaning the
estimated chance of unprecedented extremes at these catchments may be over- or under-estimated.
Similarly, some researchers have cautioned that bias adjustment techniques may lead to misleading
results if the physical drivers and regional feedbacks within the driving climate model itself are not

credible (Maraun et al. 2017).

Biases in key atmospheric drivers of drought in climate model simulations may be
improved with further increase in spatial resolution, improvements in physical parameterizations
and enhanced model tuning approaches (Moreno-Chamarro et al. 2022; Wollings et al. 2018).
Continued advancement in computing power have led to opportunities for climate model
simulations at convective-permitting scales (e.g. UKCP18 2.2km simulations) with particular
implications for changes in precipitation (e.g. summertime extreme rainfall) (Kendon et al. 2021).
Given the large uncertainties in how atmospheric circulation responds to climate change, it is not
certain that near-term improvements in climate model simulations would directly lead to a
reduction in the spread of model projections for precipitation and droughts (e.g. Cook et al. 2020).
The large computational demand also means that convective permitting simulations generally
consists of only small numbers of ensemble members with limits to the simulation length or model
domain (Kendon et al. 2021). However, the influence of internal variability on hydro-climate
variables is large and extreme droughts (e.g. 1 in 500-year) are by definition rare events. The
number of ensemble members needed to robustly assess future extreme drought risk therefore
needs to be large and existing multi-model ensembles are too small to fully understand the risk
and characteristics of extreme droughts (Coats and Mankin 2016). Although existing climate model
simulations and hydroclimate projections remain imperfect, the workflow and the climate impact
modelling approach demonstrated in Chapter 6 can readily ingest future improved climate model
simulations and new generations of large ensembles which may have higher model fidelity or
capable of providing robust quantitative estimates of the risk of extreme droughts at a much more

local scale.
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7.5  Observational data uncertainty and modelling improvements

There are several opportunities to incorporate modelling improvements in this thesis. The
motivation of the storyline approach is to enable deep uncertainty to be managed by
communicating climate information via discrete storylines. Choices made along the impact
modelling chain are inevitably subjective. Throughout this thesis, the choices of observational data,
climate models, hydrological models, calibration strategy and PET estimation were all motivated
by their current use by water companies or previous use in UK hydrological drought analyses. This
choice maximizes relevance to decision-makers by using tools they are already familiar with and
allows for comparison with previous datasets or products (such as comparisons of event storylines
with reconstructed hydrological droughts since 1891). However, any updates to the methodologies
used by industry and decision-makers would have to be reflected and incorporated in the physical

climate storylines developed in this thesis.

First, the physical credibility of drought storylines can be further enhanced by quantifying and
constraining observational data uncertainty. New observational networks and techniques to obtain
spatially distributed precipitation measurements and PET estimates could provide better inputs to
hydrological models (Beven et al., 2019). In this thesis, PET was calculated using a temperature-
based equation calibrated specifically for the UK which has been widely applied in hydrological
drought analysis and used by water companies. Future work could test the sensitivity of the results
from the various drought storylines to alternative PET estimation methods and test the validity of
temperature-based PET equations under non-stationary conditions. Characterizing uncertainties
in observed precipitation (e.g. gridded precipitation products such as HadUK-Grid or newly
rescued/digitized data from the 19™ to early 20" century) could further add confidence to the
magnitude of drought storylines and their relation to past events. For example, Murphy et al. (2019)
showed that winter (summer) precipitation in the 19" century from the England and Wales
Precipitation (EWP) series were likely too low (high) due to changes in the density of rain gauges

and the presence of snow under-catch.

In addition to uncertainties in meteorological inputs, erroneous observations of river flows
can also arise due to several factors, including errors in measurement instrumentation (e.g. location
of river flow gauges), post-processing (e.g. infilling of missing data — particularly missing low and

high flow values) and human influences which may alter the stage-discharge relationship (e.g. water
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management, land use change and urbanisation) (Wilby et al.,, 2017; Coxon et al. 2015). More
generally, the modification of river flows and hydrological drought characteristics by
anthropogenic activities is an increasingly active research field (Van Loon et al.,, 2016). Recent
studies showed that surface and groundwater abstractions can lead to a worsening of hydrological
droughts and influence drought termination characteristics (e.g. Margariti et al., 2019; Wendt et al.,
2020; Van Loon et al., 2022). Other factors such as urbanization, wastewater discharges and land
cover change in catchments can also be major drivers of change in observed river flow magnitude
and variability. For example, Han et al. (2022) showed with a sample of urbanising catchments in
the UK that high urban land uses had a significant impact on low flow quantiles, hence raising
questions about the validity of hydrological models and projections that do not consider land cover
change. A better estimation of the uncertainty associated with low flow measurements during
extreme droughts could thus further ensure a more robust validation of simulated river flows for

the drought storylines created in this thesis.

Second, to account for hydrological model uncertainty, the use of an ensemble of hydrological
models and an ensemble of hydrological model parameters (such as the full LHS500 parameter
sets in Smith et al. 2019) would increase the robustness of the hydrological modelling results. The
choice of hydrological model code and the assessment of a plausible range of model parameters
should be motivated by better understanding of model performance (such as the switch from
GR4J to GR6]J due to better performance for low flows at groundwater-dominated catchments or
recent advances in national-scale spatially distributed SHETRAN hydrological model - Lewis et
al., 2018). Physically based hydrological models and land surface models, in particular, aim to
represent surface and subsurface hydrological processes more comprehensively. There is growing
observational evidence globally that prolonged dry periods may alter the rainfall-runoff
relationship at catchments, leading to a reduction in annual runoff generated for any given rainfall
input and an intensification of drought propagation (e.g. Alvarez-Garreton et al. 2021; Saft et al.
2015; Fowler et al., 2022a). Reviewing the evidence for changes in rainfall-runoff relationships
during Australia’s “Millennium Drought”, Fowler et al. (2022a) suggested that subsurface
processes, such as changes to surface water-groundwater interactions after prolonged dry periods
were among key factors leading to reduction in river flows. This highlights the importance of
considering land surface processes and surface water-groundwater interactions for hydrological
systems with long memory, such as the groundwater-dominated catchments considered in this

thesis. Catchment hydrological models, such as GR6J] and GR4J, may fail to represent the
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observed changes in precipitation-runoff relationships post-drought, which introduces further
uncertainty in the magnitude of the simulated drought storylines and for river flow simulations in
driven by future climate model projections (e.g. Fowler et al., 2022b). A case study comparing
simulated river flows during the 2022 drought from lumped catchment models (e.g. GR) and
physically-based models (e.g. SHETRAN) should be a priority for future work to diagnose

hydrological model uncertainty during periods of low flows.

Third, future work could also relate each storyline with management decisions using water
resource system models. This would require the consideration of factors such as water abstraction,
reservoir yields. The calibration of the selected hydrological models using observed river flows
indirectly accounts for anthropogenic influences but recent use of hydrological models with
explicit inclusion of abstraction processes showed improvements in model performance
(Rameshwaran et al., 2022). This would be an important advancement as Salwey et al. (2023)
recently showed with a large sample of catchments that river flow volume and variability at
downstream catchments can be significantly influenced by reservoir operations and their inclusion
in hydrological models through stylised operating rules could improve model performance

nationally (Salwey et al. 2024).

7.6 Future work

7.6.1 Trend detection of hydrological extremes

Various chapters of this thesis alluded to the fact that historical observations represent a single
realization out of many other plausible alternative realizations that could have happened (hence
the need to consider internal climate variability to sample for low-likelihood, high-impact
droughts). Jain et al. (2023) recently highlighted the need to consider internal climate variability in
climate model evaluation (i.e. avoid discounting models which seemingly do not reproduce trends
in observations). Differences in the calculated river flow trends across past studies are complicated
by the use of different study periods, where the presence of wetter periods at the start (or drier
periods at the end) of the time series significantly influences the computed trends (Svensson et al.,
2000; Hannaford, 2015; Rudd et al., 2017). As hydro-climate time series are often highly variable,
a large change in the magnitude or frequency of the variable of interest (e.g. low flows) is needed

for projected change to exceed the range of natural variability and for a statistically significant
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trend to be detected (Slater et al., 2021). Historical observations showed high temporal clustering
of drought (or flood) events (such as the 1970s being a relatively drought-rich decade) (Marsh et
al., 2007). Precipitation and river flow reconstructions for the pre-instrumental period also showed
significant inter-annual variability in wet/dry periods including the clustering of meteorological
droughts in the late 18th-century (Todd et al., 2013) and the presence of severe hydrological
droughts in the early 20th-century (Rudd et al., 2017; Barker et al., 2019).

Studies have thus cautioned against assuming any significant trends calculated from
observational river flow records as representative of climate change's effects (or similarly, assuming
any non-significant trends as the absence of climate change) (Wilby, 2006; Arnell, 2011; Otlowsky
and Seneviratne, 2013; Hannaford et al., 2013; Arnell, 2022; Environment Agency 2023). Deser
and Phillips (2023) used a large ensemble climate model to show that a diversity of temperature
and precipitation trends could have occurred in the past 50 years over Europe, including both
wetting and drying trends over the UK across all ensemble members of a large ensemble.
Additionally, very rare “record-shattering” events could also occur from the combination of
anthropogenic climate change influence and internal variability in the absence of a long-term trend.
Future work could extend this analysis by exploring the impacts of internal variability on
hydrological drought trends. Such analysis could be valuable to reconcile the potential mismatch
between the observed and expected trends with future warming. Results could complement
emerging work on attributing changes in river flows to climate change (e.g. Gudmundsson et al.,
2021) and assist the interpretation of global hydrological trends from past observations within

reference hydrometric networks (e.g. https://www.ceh.ac.uk/our-science/projects/robin). Given

that the majority of existing SMILE's are limited by relatively low spatial resolution, the emergence
of dynamically downscaled SMILEs (e.g. ClimEx RCM - Poschlod et al., 2020; Brunner et al., 2021;

Bohnisch et al., 2021) could provide further detailed regional information.

7.6.2 Plausible worst cases

7.6.2.1 Compound events

Building on the retrospective event storylines in Chapter 4 and the sampling of drought
sequences within large ensemble simulations in Chapter 6, a similar approach can be taken to create

plausible worst cases with a specific focus on compound events. For example, temporally
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compounding hydrological extremes can include rapid drought-flood transitions which can lead
to flash flooding, significant impacts on infrastructure or deterioration in water quality. The
processes in which these rapid transitions can occur in present and future climate, such as from a
sequence of storm clusters or from an increase in storm intensity (Bevacqua et al. 2020) merit
further investigation and studies can follow an event storyline approach to explore multiple
counterfactuals. Drought-flood transitions can also be investigated using the drought termination
framework in Parry et al. (2016) by pooling existing publicly available projections for UK
catchments (such as eFLaG and MARUIS datasets) or by sampling within large ensemble
simulations (especially emerging SMILEs based on RCMs such as Bohnisch et al. 2021 given that
the spatial resolution remains a major constraint to their uptake in practice). Results from Chapter
6 showed that it is highly likely for warmer than average summer temperatures to occur
concurrently with summer droughts in a future climate. The UK National Risk Register also
recognizes the likelihood of concurrent and temporally compounding hazards which can cause
disruptions to transportation and supply networks and potential socio-economic changes (HM
Government, 2023). An example of this could be the impacts on levels and variability of water
demand caused by changes in working patterns from the COVID pandemic and the coinciding
occurrence of a widespread heatwave in August 2020 (Bunney et al., 2021). An event storyline
approach is well suited to quantify such an event and imagine its counterfactuals to increase risk

awareness and future resilience.

7.6.2.2 Multi-year droughts

The event storylines of the 2010-12 drought in Chapter 4 showed the utility of an event
storyline approach to characterize “near-misses” and highlight the vulnerability of slow-
responding, groundwater-driven catchments to multi-year drought conditions driven by three
consecutive dry winters. However, the likelihood of three dry winters in present and future climate
is pootly understood given high variability in UK rainfall, climate model biases in drivers of low
rainfall (e.g. blocking persistence as previously discussed) and limited understanding of the remote
drivers of low rainfall (e.g. ENSO) (Folland et al. 2015). Event storylines based on physically
plausible perturbations of observed events, such as that demonstrated in Chapter 4, could serve
as an interim approach to ensure risk awareness to dry winters and provide context for stress-
testing to ensure informed decision-making. Further, sampling for multi-year droughts are limited

by the set-up of climate model simulations. For example, the set-up of the EC-Earth time-slice
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large ensemble used in Chapter 6 meant that multi-year droughts, such as events arising from more
than two consecutive dry winters were not well sampled. Depending on the set-up of individual
SMILEs or differences in the lead-time of different hindcast datasets, their usefulness in assessing
long-duration multi-year droughts may differ. For example, simulations may be truncated or
require “stitching” together (e.g. Guillod et al. 2018) if they are reinitialized 12 months apart (e.g.
the DePreSys3 dataset - Smith et al., 2007) or on seasonal timescales (the SEAS5 hindcasts used
in Chapter 5).

Drought impact studies for catchments most vulnerable to multi-year droughts could benefit
from more robust sampling of multi-year events in different SMILEs or longer (e.g. decadal)
hindcasts. Transient CMIP5/CMIP6 SMILE simulations, such as those included in the Multi-
Model Large Ensemble Archive (MMLEA) could be used to assess multi-year meteorological
droughts (e.g. van der Wiel et al. 2023). The ensemble boosting approach to simulate trajectories
more extreme than what was observed could also be applied to generate worst case multi-year
drought simulations for Europe (Gessner et al. 2022). However, their coarse resolution precludes
their use for detailed catchment hydrological modelling. Future generations of SMILEs, improved
predictability of key climate drivers of winter rainfall (e.g. NAO) and the progress in convective
permitting models contain new opportunities to improve understanding of the drivers and enable
a more accurate estimation of the likelihood of consecutive dry winters and multi-year droughts.
Future work could prioritize extending meteorological records and river flow simulations to
consider climate drivers of the string of dry winters in the late 1880s and 1890s (part of the “Long
Drought”). More work is also required to understand how multi-decadal variability (e.g. AMO)
interacts with climate variability at the shorter time scales (e.g. ENSO and jet stream variability)

and combine to lead to extreme droughts (Wilby 2019).

Additionally, researchers are increasingly advocating for climate impact research to focus more
on understanding the risk of climate extremes in a stabilized climate (i.e. Paris Agreement target
of stabilizing global temperatures well below 2°C) (King et al., 2021). Transient climate simulations
are not suitable for understanding the effects of a stabilized climate for extremes that are
characterised by long time-scales (e.g. multi-year droughts). Climate drivers impacting European
climate and thus multi-year droughts (e.g. extreme heat, ENSO variability and sea ice extent) are
also highly influenced by the rate of global warming (King et al. 2020; King et al. 2024). Using new

climate model stabilization experiments, Dittus et al. (2024) showed that precipitation trends in a
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stabilized climate may be different to that projected by transient simulations. The results suggested
that the decline in summer precipitation projected by transient projections could be reverse in a
stabilized climate. The implications of this for the risk of hydrological droughts and extreme multi-

year droughts is not known and is a key area for future work.

7.6.2.3 Counterfactual library of extreme droughts

There are significant benefits and scope for storylines to be included more routinely in
operational planning. There are numerous examples of retrospective event analyses in academic
publications and research reports (e.g. ad-hoc reports on UK flood and drought events by the
National Hydrological Monitoring Programme). These reports provide an ideal avenue to include
qualitative and quantitative counterfactual storyline analyses to build up a national counterfactual
library of extreme droughts. As these reports often include detailed chronologies of how events
unfolded (such as the mention of the meteorological drivers of notable wet months within long
dry sequences), a logical extension would be to explore quantitatively “what-if”” situations should
the event unfolded in different ways or in a warmer climate. Indeed, Table 4.1 used information
from such event reports and publications to propose a series of counterfactual storylines for past
droughts. Routine analysis of counterfactual storylines echoes the recommendation in Woo (2021)
to provide a database of counterfactual events to increase risk awareness. Leach et al. (2021)
recently also demonstrated a near real-time approach to attribute the effects of global warming to
a singular event by perturbing simulations from a weather forecast model that has successfully
predicted the event (in this case, the 2019 winter heatwave). Including storyline analyses in routine
event reporting means that water resources managers may be able to make more confident
decisions as different lines of evidence are able to inform the severity of events at different levels

of detail, thus more effectively navigate the cascade of uncertainty.

The spatial dimension of current and future droughts were not explicitly considered in this
thesis. Changes in the spatial coherence of current and future droughts will likely have implications
for water management measures such as regional water transfers (Tanguy et al., 2023). The
methodology to obtain a 1 in 500-year drought differs between water companies and there can
therefore be multiple definitions of such a drought and a large diversity of droughts could satisfy
a 1 in 500 year statistical definition. A series of plausible worst cases with a focus on spatial

coherence can therefore be created, such as event storylines of a severe regional drought versus a
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severe spatially extensive drought. Given the focus from a hazard perspective in this thesis, future
work could also extend the existing analysis to include the dimensions of exposure and
vulnerability to consider future changes in population, water demand and socio-economic
development. For example, standardized indicators are recommended by the UNCCD to quantify
the total population exposed to drought and the propensity of socio-economic sectors to be

affected severely by droughts (Barker et al., 2021).

7.7 Concluding remarks

This thesis reviewed the historical development of approaches used to understand climate-
driven changes to UK river flows and demonstrated the ways a storyline approach can add value
to the understanding of UK hydrological droughts. Research findings highlighted the potential for
storylines to navigate the cascade of uncertainty and provided useful regional and local information
on the physical drivers and hydrological implications arising from near misses and worst-case

droughts at different timescales. Key conclusions from this thesis include:

e [Existing UK research on climate-driven changes in hydrology has evolved over recent
decades. A GCM-based, scenario-driven approach has dominated the literature with
wide uncertainty ranges remaining for many hydrological variables. Probabilistic
approaches have been hampered by challenges in interpreting likelihoods for practical
decision-making. Sensitivity-focused approaches can be applied independently from
climate model projections. The storyline approach, placed within this historical
perspective, was shown to help navigate the cascade of uncertainty and places
emphasis on high-impact, low-likelihood outcomes relevant to risk management.

e Event storylines created for past and ongoing droughts explored alternative plausible
unfoldings of the event that could have turned out worse. Modifying the observed
event with changes to its climate drivers and temporal characteristics identified
vulnerabilities of hydrological systems, placed historical events in context and
enhanced understanding of plausible worst-case droughts in both present-day and
future conditions. Case studies of the relatively short, but severe 1975-76 drought and
the more protracted 2010-12 drought showed that there was considerable scope for

both events to have been significantly more severe given storylines that could arise
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from internal climate variability. The case studies identified the perturbations needed
for impacts to reach and exceed past droughts, highlighting situations that can be

considered near-misses. Both events are estimated to worsen with future warming,

e Storylines can be created routinely for ongoing events to represent plausible river flow
and groundwater level trajectories conditional on atmospheric circulation patterns.
Storylines created for the 2022 drought explored a wider range of possible outcomes
than traditional outlooks and forecasting approaches that rely heavily on historical
years. The storylines identified atmospheric circulation configurations that could have

led to a gradual recovery, prolonged drought conditions or abrupt drought termination.

e Large ensemble simulations, such as SMILEs and seasonal hindcasts, can be used to
obtain probabilistic estimates of climate extremes. Probabilistic estimates from the EC-
Earth time-slice large ensemble showed a significant increase in the likelihood of
summer and winter months with unprecedented high temperatures with warming, an
increasing chance of extremely dry summer months and the enduring risk of dry
winters across the UK. Combining large ensembles with observed events and
additional sources of information, such as historical river flow reconstructions, allowed
for a better understanding of plausible worst cases, which could lead to a re-evaluation
of reference droughts.

e Sampling for drought storylines in large ensemble simulations enhanced understanding
of record-breaking hydrological droughts, and enabled stress tests on hydrological
systems. Storylines can be effective in providing further decision-relevant context to
probabilistic estimates. Droughts with dry springs followed by dry summers were
estimated to become drier with warming with an increased role of elevated summer
temperatures, leading to an increased frequency of low flows or rapid river flow
recessions. Dry autumn-winters become wetter, which could provide a buffer for drier
summers in slow-responding catchments, but hydrological impacts may worsen if a
moderately dry winter half-year is followed by a much drier summer. Consecutive dry
winters could lead to intensified multi-year droughts due hotter and drier intervening
summers. The approach to create probabilistic storylines of extreme UK drought risk
can readily ingest future climate modelling products which may have improved model
fidelity or confidence in local to regional climate projections to obtain more accurate

probabilistic information.
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The UK is expected to encounter more severe hydrological extremes and increased volatility
with future warming. Building on the findings of this thesis, there is scope for regulator guidance
to encourage the use of event storylines within water resources planning given the remaining
limitations of the direct use of climate models to estimate the probability of extreme drought.
Event storylines contribute to the general diversification of approaches to consider different ways
extreme droughts could arise will benefit climate adaptation to hydrological extremes, safeguard

the resilience of water supplies and balance the water resources needs of the natural environment.
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