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The potential impact of climate change on drought is of increasing concern, especially due
to recent occurrences of major events across the globe. Here a national-scale grid-based
hydrological model is used to investigate potential future changes in river flow and soil
moisture droughts across Great Britain. The analysis uses ensembles of climate model data
for four time periods (1930s, 1980s, 2030s and 2080s) under a “business-as-usual” (RCP8.5)
emissions trajectory. The results show that the severity of droughts are projected to
increase in the future. River flow droughts in south-eastern regions are projected to
increase in peak intensity and lengthen slightly, whereas peak intensities are projected to
decrease for much of the rest of Britain. Droughts with the largest spatial extent across
Britain are projected to increase in area for both river flow and soil moisture. More extreme
droughts than previously experienced could have a significant impact on the aquatic
environment as well as the availability of water for industry, agriculture and public water
supply. Regional to national-scale droughts could have implications for potential mitigation
measures such as water transfer between regions. In turn this could lead to social and
economic impacts, especially as there are also likely to be future increases in demand.

Drought, Great Britain, Hydrology, Low Flow, River Flow, Soil Moisture

Droughts are a natural hazard and a fundamental feature of the climate of many regions of
the world (Wilhite 2000). River flow and soil moisture droughts arise due to changes in the
water balance and, in many cases, the additional impact of anthropogenic water use.
Globally there is currently conflicting evidence (Trenberth et al. 2014) as to whether
droughts are changing (Sheffield et al. 2012; Dai 2013; Damberg and AghaKouchak 2014).
However, it is clear that some regions have experienced exceptional, prolonged and severe
droughts in recent years (e.g. Australia, van Dijk et al. 2013; California, Griffin and
Anchukaitis 2014; the Greater Horn of Africa, Nicholson 2014 and South Africa, Muller
2017). The UK drought of 2010-2012 had significant environmental (stress to wildlife),
agricultural (poor crop yields) and societal impacts (temporary use bans) (Kendon et al.
2013). Had the drought not been terminated by unprecedented rainfall in April 2012 (Parry
et al. 2013), it could have had even greater impacts.
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Global warming may affect droughts due to changes in precipitation and evaporation
patterns. Previous studies have used drought indicators to investigate projected changes in
drought occurrence under future warming scenarios both globally (Sheffield and Wood
2008; Orlowsky and Seneviratne 2013; Cook et al. 2014) and at regional scales (South Korea,
Rhee and Cho 2016; Crete, Vrochidou et al. 2013; UK, Blenkinsop and Fowler 2007, and
Burke et al. 2010). Blenkinsop and Fowler (2007) found that short-term summer drought is
projected to increase in most UK water resource regions except Scotland and Northern
Ireland. However, they found large uncertainties in projections. Burke et al. (2010) found an
overall increase in drought occurrence however the spread was considerable, ranging from
little change to a slight decrease, to a significant increase depending on drought index,
ensemble member and also location within the UK. A recent study by Collet et al. (2018)
showed that catchments experiencing future increases in both floods and droughts are
projected to be mainly along the western coast of England and Wales and across north-
eastern Scotland. However, in a study of historical observed data Hannaford (2015) found
that overall there seems to be little evidence of any strong decrease in low flows in Britain
since the 1960s.

However, local drought impacts will depend on the management of water resources on
national and regional scales. Droughts feature in the UK National Risk Register of Civil
Emergencies (Cabinet Office 2017), and understanding how droughts might change in the
future is key for managing drought risk and for water resource planning. In accordance with
the Water Industry Act 1991, water companies in the UK are required to produce a Water
Resource Management Plan that aims to balance water supplies and customer demand over
a 25 year planning period. WaterUK (2016) states that potentially the best value option to
address the supply/demand balance could be large-scale transfer of water between
companies and regions. However, such options face significant technical, environmental and
commercial challenges and schemes would need to be resilient under potential future
climate change. The majority of UK water companies design supply systems to cope with the
worst drought recorded in their area; when WaterUK (2016) was published, only two water
companies had planned for resilience to droughts worse than those seen in the historic
record. Regional Climate Model (RCM) simulations provide an opportunity to investigate
potential future changes in water availability different to events that have occurred in the
past. Many studies of historical and future GB droughts are based on analyses of
precipitation, with no hydrological modelling (e.g. Rahiz and New 2013, Vidal and Wade
2009, Fowler and Kilsby 2004). This study addresses hydrological droughts, using large
ensembles of river flow simulations generated from large ensembles of climate simulations.
The use of large ensembles allows a greater range of plausible climates to be explored.

Rudd et al. (2017) examined historic droughts of Great Britain using a national-scale
hydrological model, Grid-to-Grid (G2G), driven by observational data. They found
substantial spatial and temporal variability in drought characteristics (severity, intensity and
duration), but there were no consistent changes through time (1891-2015). This study
applies some of the methods in Rudd et al. (2017) to quantify potential future changes in
British droughts.

The study objectives are to:
(i) Analyse potential future changes in regional drought characteristics; and

(ii) Examine how the spatial extent of drought may change in the future.



Section 2 describes the hydrological model, the climate data, the drought identification
method and the spatial analyses. Section 3 presents the results, Section 4 the Discussion,
including a detailed discussion on sources of uncertainty, and Section 5 the Conclusions.

The Grid-to-Grid (G2G) is a national-scale rainfall-runoff model that provides estimates of
natural river flows, runoff and soil moisture (in the unsaturated zone) on a 1km grid across
Britain (Bell et al. 2009). It is parameterised using digital datasets (e.g. terrain and soil types)
and operates on a 15-minute time-step. The G2G uses spatial datasets in preference to
parameter identification via calibration, and where model parameters are required
nationally-applicable values are used.

Model performance is good for a wide variety of catchments, particularly those with natural
flow regimes as the model formulation does not currently account for artificial influences
such as abstractions and discharges (Bell at al. 2009, Rudd et al. 2017). G2G is used
operationally for forecasting fluvial flooding by the Flood Forecasting Centre for England and
Wales and the Scottish Flood Forecasting Service (Cole and Moore 2009; Price et al. 2012;
Maxey et al. 2012). The G2G has also been used to investigate the potential impact of
climate change on flooding (Bell et al. 2012; Bell et al. 2016) and low flows (Kay et al. 2018).

Gridded time series of precipitation and potential evaporation (PE) are required to run the
G2G model (Section 2.2). It can be configured with a snow module (Bell et al. 2016), but this
is not used here for consistency with the low flow evaluation using historical data (Rudd et
al. 2017), for which observed daily minimum and maximum temperature data needed as
input to the snow module were not available. It is likely however that the effect of
snowmelt on drought in Britain would be limited as flow regimes are dominated by rainfall
in the vast majority of the country and snow is likely to be even less influential under
projected warmer temperatures in the future (Kay 2016).

The UK Climate Projections (UKCP09, Murphy et al. 2009) provided probabilistic climate
change projections, and optional corresponding time series derived from a weather
generator. While each method provides a large ensemble, neither provides spatially
coherent data, so they cannot be used for national-scale analysis of droughts. Another
potential source of climate data is CMIP5 (Taylor et al. 2012), which provides a multi-model
ensemble of Global Climate Models (GCMs), but the limited number of simulations for each
model means that they do not cover internal natural variability, and the resolution is
relatively coarse. To address these shortcomings a new dataset was created to provide a
large ensemble of spatially coherent high resolution climate time series, to capture the
spatial variability and multivariate nature of droughts. The climate model data were
produced as part of the MaRIUS project (Managing the Risks, Impacts and Uncertainties of
drought and water Scarcity) using the weather@home2 system (Guillod et al. 2017a), which
uses spare computing time on volunteers’ computers to run large numbers of climate model
simulations. The HadRM3P RCM is nested within an atmospheric GCM (HadAM3P) with
prescribed sea surface temperatures (SSTs) and sea-ice conditions (Massey et al. 2015).



RCM data are available for three periods, Historical (1900-2006), Near-Future (2020-2049)
and Far-Future (2070-2099), each consisting of 100 ensemble members (Guillod et al.
2017b). The individual ensemble members are generated by initial condition perturbations
to the GCM to simulate the full range of internal variability that is possible with the model
(Massey et al. 2015). To generate the individual ensemble members for each period, 13-
month simulations (from 1 December) were stitched together using a novel technique based
on identifying simulations with the best matching soil moisture patterns in the overlapping
Decembers (Guillod et al. 2018). The Historical simulations have SSTs, sea-ice, greenhouse
gas concentrations, SO; concentrations, volcanoes and solar activity prescribed to historical
values. The future periods (Near-Future and Far-Future) are 30-year time-slices that
correspond to the years 1975-2004 of the Historical simulation (Historical Baseline) but with
added climate change. Therefore natural forcings (volcano and solar activity) are taken from
1975-2004 while greenhouse gases are taken from the RCP 8.5 emissions scenario (Riahi et
al. 2011). For SSTs and sea-ice, the climate change signal derived from CMIP5 climate
models is added to the Historical Baseline values. Five alternative Near-Future and Far-
Future ensembles are available (Guillod et al. 2018), based on varying SST warming patterns;
only the ensembles based on the median SST pattern are used here.

Due to seasonal biases in mean precipitation a bias-correction scheme based on monthly
multiplicative factors was applied by Guillod et al. (2018). On average, future projections of
precipitation show small increases in winter but large decreases in summer, leading to an
overall drying. These projected changes are consistent with UKCP09 but larger in magnitude.

RCM PE was derived using the Penman-Monteith scheme (Monteith 1965), using monthly
stomatal resistance (rs) values as applied within the Met Office Rainfall and Evaporation
Calculation Scheme (MORECS; Hough and Jones 1997) for the Historical time-slice but
adjusting these values for the Near- and Far-Future time-slices, to allow for the closure of
stomata under increased carbon dioxide concentrations (Rudd and Kay 2016; Guillod et al.
2018). PE is projected to increase in summer in the future, and to a lesser extent in autumn
and spring, likely driven by increases in temperature (Guillod et al. 2018). However,
adjusting rs substantially reduces the projected future increases in PE, compared to use of
fixed rs values (Guillod et al. 2018).

Daily precipitation and PE data from each ensemble member of each period are used to
drive G2G. The data are copied from the 0.22° (~25km) rotated latitude-longitude RCM grid
to the corresponding 1km? grid boxes of G2G, with additional weighting based on standard
average annual rainfall patterns (1961-1990) for precipitation (Bell et al. 2007), and divided
equally over each 15 minute model time step. Note that the RCM assumes 360-day years.

Four 30-year time-slices, each separated by 20 years, are considered in the subsequent
analyses; Early-Historical (1920-1949), Recent-Historical (1970-1999), Near-Future (2020-
2049) and Far-Future (2070-2099). The analyses are actually applied to 28-year time-slices,
neglecting the first two years to allow for hydrological model spin up (Rudd et al. 2017).

Droughts are identified using the threshold level method (Yevjevich 1967; Hisdal et al. 2004)
with the standardisation method of Rudd et al. (2017). This procedure is applied to time
series of G2G-simulated monthly mean river flow (m3s?) and soil moisture (mm water / m



soil) to identify droughts, and their characteristics, at each 1km? grid box across Great
Britain. The process can be summarised as follows:

Step 1: Remove the long-term monthly mean (1975-2004), Xmon, from the monthly mean
time series, X, thus removing the seasonality;

anomaly = X - Xmon.

Step 2: Standardise the anomaly by dividing by the long-term monthly standard deviation
(1975-2004), omon, thus allowing comparison between different locations;

standardised anomaly = (X - Xmon)/Omon.

Step 3: Calculate the duration, intensity and severity of the standardised deficits (negative
anomalies)

i. standardised drought intensity — the deficit;
ii.  drought duration — the length of time in deficit; and
iii. standardised drought severity — duration multiplied by mean standardised
drought intensity.

Following Rudd et al. (2017) severity thresholds have been used to classify the simulated
droughts as major or moderate, thus removing small (and likely low impact) droughts from
subsequent analyses. The drought severity thresholds for river flow are 4 and 8, for
moderate and major droughts respectively. The soil moisture thresholds are 8 and 16. Note
that these thresholds were derived using an observation-driven G2G run, and their selection
was somewhat subjective, based on a comparison of simulated droughts with observed
(historically recorded) droughts, whose classification as major/moderate is also somewhat
subjective (Rudd et al. 2017). This needs to be borne in mind when interpreting the results.

To examine potential future changes in the spatial and temporal nature of river flow and soil
moisture droughts across Britain, the characteristics of all simulated drought events with
severity exceeding the moderate-threshold, with duration longer than one month, were
assessed for every 1km? grid box. Time-slice (28-year) mean values were calculated for each
characteristic, for each ensemble member within the two historical and two future time-
slices, and summarised for 19 river basin regions (Figure 2). Changes in mean intensity can
be inferred from changes in severity and duration, however peak intensity cannot.
Therefore in this study peak intensity (largest deficit) is used and hereafter “intensity” refers
to the peak intensity across a drought event. Results are presented in Section 3.1.

To understand how the spatial extent of droughts might change in the future, the gridded
monthly time series of standardised drought severity are analysed, for each of the 100
ensemble members in each of the four time-slices. For each month, the number of grid
boxes with severity greater than or equal to the severity thresholds (Section 2.3) is counted
to estimate the drought extent across Britain, and the month with the highest count is
selected (using all grid boxes for soil moisture drought, but only those with a catchment
area of at least 50km? for river flow drought). This will not necessarily be the most severe or



intense drought in each grid box, but it will be the one that affects the largest area at one
time. The variability in the largest drought extent per time-slice for all 100 ensemble
members was analysed, as was the seasonality (month of occurrence) of the largest drought
and the probability of the largest drought affecting a particular location (1km? grid box)
(Section 3.2).

New water transfer schemes between regions are being explored to reduce the pressure on
supplies from an increasing population (WaterUK 2016). In particular, Thames Water
Utilities Ltd are considering a water transfer scheme from the River Severn to safeguard
supplies in the River Thames (TWUL 2017). A fundamental consideration of whether such a
scheme could work would be whether the regions are affected by drought concurrently, i.e.
is there sufficient water in the River Severn when the River Thames requires it.

A case-study is developed investigating the likelihood of drought occurring in these adjacent
regions, and how this might change in the future. Similar to Section 2.5.1 but for major-
threshold droughts only, and considering the Thames region rather than Great Britain as a
whole, simulated droughts with the largest spatial extent are identified. If for a particular
ensemble member there are two events in the Thames region with the same extent, then
the one with the largest extent in the Severn region is selected. For example, if two
droughts in an ensemble member cover 90% of the Thames region, but the first event
affects 60% of the Severn region and the second affects 65%, then the second event is
selected. This is to identify droughts that could have the greatest effect on whether there is
water available for a transfer from the Severn to the Thames.

For each of the largest droughts in the Thames region the number of ensemble members
that simulate a drought in the Severn region at the same time for a given percentage of river
affected are considered. This provides an estimate of the probability of both regions
experiencing the largest major drought at the same time, and is repeated for each time-
slice. Results are presented in Section 3.2.1.

The boxplots in Figure 1 summarise the ranges of river flow drought characteristics for each
of the 19 regions (Figure 2 top). All regions are projected to have greater severities in the
future, however the range of severities is greatest for regions in the south and east. This
variability could be from the ensemble spread, the intra-region variation or a combination of
both. For the Near- and Far-Future the range of intensities is greatest for the Humber,
Anglian, Thames and SE England regions. Southern and eastern regions are projected to
have slightly longer droughts into the future, with the Anglian, Thames and SE England
regions having the longest droughts on average and also the greatest range of durations
(Figure 1). For all three characteristics (severity, intensity and duration) there is considerable
variability in the maximum and minimum values across the regions. Projected changes in
soil moisture drought characteristics are similar to those for flow droughts (Supplementary
Figure 1).

Figure 2 shows the change in median drought severity and intensity for the Near- and Far-
Future time-slices compared to the Recent-Historical time-slice, for each of the 19 river



basin regions. For river flow drought severity and intensity the largest projected changes are
in the south east of England. The potential range of changes across the regions for river flow
drought severity is 1 to 15% for the Near-Future and 1 to 24% for the Far-Future (to nearest
whole number). For the Thames region the median severity is projected to increase by 14%
from the Recent-Historical to the Near-Future time-slice, and by 24% from the Recent-
Historical to the Far-Future time-slice. The range of projected changes for intensity is from -
3% to +4% for the Near-Future and -6% to +6% for the Far-Future. While south-eastern
regions (e.g. SE England and Thames) are projected to have higher intensity droughts in the
future, central regions (e.g. NE England, Humber, Northumbria) and West Wales are
projected to have lower intensities. For the Thames region the median intensity is projected
to increase by 4% from the Recent-Historical to the Near-Future time-slice and by 6% from
the Recent-Historical to the Far-Future time-slice, but for NW England and Clyde the median
intensity is projected to decrease by 3% from the Recent-Historical to the Near-Future time-
slice and decrease by 6% from the Recent-Historical to the Far-Future time-slice.

For soil moisture the largest percentage changes in median severity are projected to be in
southern England for the Far-Future. For example the SW England and Severn region
median severity is projected to increase by 4% from the Recent-Historical to the Near-
Future time-slice and by 12% from the Recent-Historical to the Far-Future time-slice. The
range of percentage changes for soil moisture drought severity (Near-Future: 0 to 12%, Far-
Future: 0 to 15%) is less than for river flow. However, the range of percentage changes for
soil moisture drought intensity (Near-Future: -4% to +11%, Far-Future: -5% to 16%) is higher
than for river flow (Figure 2).

The boxplots in Figure 3 show the ensemble range of the area affected by the largest
(moderate- or major-threshold) river flow and soil moisture droughts, for each time-slice.
See Supplementary Figures 2 to 9 for maps of the percentage extent of the largest major-
threshold drought in each of the 19 regions, for each of the 100 ensemble members.

For both river flow and soil moisture the spatial extent of droughts increases into the future
(Figure 3). For river flow, the ensemble median of the area covered by the largest moderate-
threshold drought is “80% for the historical time-slices, and increases to ~¥85% for the Near-
Future and ~95% for the Far-Future. For the more severe, major-threshold droughts, the
coverage is “40% for the historical time-slices and increases to ~“50% for the Near-Future
and ~60% for the Far-Future. For moderate-threshold river flow droughts the ensemble
spread decreases into the future (i.e. more similarity between the ensemble members).
However, for the major-threshold droughts the ensemble spread is similar across the time-
slices. For soil moisture droughts, the patterns of change over time are similar to those for
river flow droughts, although they start from a lower percentage coverage.

The well-documented 1976 drought, which was the most extensive drought in the Recent-
Historical time-slice (1970-1999) within the observation-driven G2G run of Rudd et al.
(2017), sits within the range of the ensemble of possible realisations for the Recent-
Historical time-slice (Figure 3). For the moderate-threshold river flow drought extent the
1976 event is on the lower end of the distribution. The opposite is the case for the major-
threshold extent, reaffirming the rare occurrence of such a drought in Britain. For soil-
moisture the 1976 drought is well within the box for the moderate-threshold drought
extent, and just above the interquartile range for the major-threshold drought extent.



Figure 4 shows the probability of each 1km? grid box being in the (non-contiguous) area
covered by the largest major-threshold river flow or soil moisture drought in each time-slice.
Specifically, it represents the percentage of ensemble members projecting a grid box will be
in the largest major-threshold drought. The figures highlight grid boxes that are most likely
to be affected by the largest extent drought, however not necessarily at the same time. The
susceptible areas for both river flow and soil moisture droughts tend to be in the south and
east. The total area of Britain most susceptible to both river flow and soil moisture droughts
is projected to increase into the future, with northern and western areas increasingly likely
to be affected. Supplementary Figure 10 (regional mean) shows that regions such as West
Wales, Dee and NW England have a greater projected increase between the Near-Future
and Far-Future time-slices. Conversely, regions such as the Highlands show small increases
in the probability of being in the largest major-threshold drought across all four time-slices.

Figure 5 shows the ensemble distribution of the month of the largest river flow drought for
each time-slice (seasonality). For moderate-threshold river flow droughts the historical
time-slices show a similar distribution, fairly flat with a slightly elevated occurrence in
October to December. However, in future time-slices, there is a clear shift to more of the
largest extent droughts occurring from August to December, and fewer occurring earlier in
the year. For major-threshold river flow droughts there is a shift from a fairly flat
distribution with a small peak in late winter/early spring in the historical time-slices, to a
peak in November and December in the Far-Future time-slice. The distributions for soil
moisture are similar to those for river flow (Supplementary Figure 11).

Table 1 shows the number of ensemble members projecting a major-threshold river flow
drought in the Thames and Severn regions at the same time. Unsurprisingly, the probability
increases into the future. For example, there is a 43% chance of the largest major-threshold
drought affecting at least 60% of the rivers in each region during the Near-Future time-slice,
increasing to 72% for the Far-Future.

The results show considerable variability in drought characteristics across regions and
between time-slices. This is due to a combination of spatial differences in the climate
projections (Guillod et al. 2018) but also differences in hydrological response via differences
in catchment characteristics. However, drought severity is projected to increase into the
future. This is probably due to an overall drying and an increase in PE, likely driven by
increases in temperature, especially in summer (Guillod et al. 2018). An increase in drought
severity could lead to more serious direct drought impacts such as reduction of water supply
for domestic use, reduction in energy supply, reduction/loss of agricultural production, and
environmental impacts such as algal blooms, wildfires, and river and lake pollution (NHP,
2013). The actual impact is dependent on the vulnerability and preparedness to drought risk
and procedures in place to mitigate risk during a drought. It should be noted that the
analysis presented here does not take into account the increasing pressures on water supply
from population growth or land use change.



While south-eastern regions are projected to have higher peak intensity droughts in the
future, central regions are typically projected to have lower peak intensities. This is likely to
be related to differences in the precipitation (and PE) changes simulated in different parts of
the country (Guillod et al. 2018). Intensity changes could affect the river ecosystem, e.g.
exceptionally low flows can affect the ability of aquatic organisms to recover from a
drought. Southern and eastern regions are projected to have slightly longer droughts into
the future compared to the historical time-slices, which could have an impact on the length
of time that supply-side interventions (e.g. temporary use bans) need to be in place.

Rudd et al. (2017) found that over the period 1891-2015 groundwater-dependent areas (e.g.
Thames, Anglian and SE England) typically experienced droughts of greater severity, which
had longer durations rather than higher intensities. This study suggests that both
characteristics will be a contributing factor in the future, as intensities are also projected to
increase in these regions.

Projections for changes in drought characteristics could influence how water resource
systems are managed in future. For example, the North West region relies heavily on lakes,
reservoirs and rivers for public water supply; only about 8% comes from groundwater.
Availability in surface water bodies can decrease quickly during periods of low rainfall and
high water demand, which makes them vulnerable to drought. As a result the North West
region currently implements management strategies over a shorter timescale than those
regions that predominantly rely on groundwater (Environment Agency, 2013), but this might
be less resilient if droughts in future are more severe.

For river flow drought severity and peak intensity the largest projected changes are in the
south east of England, with decreases in intensity suggested in central regions. This is
consistent with Rahiz and New (2013), who analysed drought intensity using monthly
precipitation from the UKCP0O9 RCM ensemble and found that most regions in the south
(e.g. SW and SE England, Severn and Thames) showed increases while other regions showed
decreases (especially in the dry season). Also, considering a 6-month drought severity index
derived from monthly precipitation, Fowler and Kilsby (2004) found that future projections
suggest drought severity will increase in most regions of the UK for the period 2070 to 2100,
particularly in the south and east. This is important as it indicates enhanced drought stress
in already water-stressed regions.

For soil moisture the largest changes are projected to be in southern England. More regions
are projected to have greater increases in peak intensity for soil moisture than river flow.
This might be because soil moisture is more directly and immediately responsive to changes
in rainfall, whereas river flows spatially aggregate changes in the upstream catchment;
Figure 3 of Van Loon (2015) illustrates that streamflow is more attenuated than soil
moisture.

The total area of Britain most susceptible to major-threshold river flow and soil moisture
droughts is projected to increase into the future, with northern and western areas
increasingly likely to be affected. Western regions show a larger projected increase in
probability of being within the area covered by the largest drought into the Far-Future. The
patterns are similar for the largest river flow and soil moisture droughts, however soil
moisture droughts tend to affect a smaller proportion of the total area. This could have



implications on the management of water in most regions of Britain: if more of the country
is affected by drought at the same time then this will limit the usefulness of water
sharing/transfer schemes. From a water resource management perspective a small localised
drought may be mitigated by moving water around within a water utility company, however
if a drought affects a whole region like the south east of England then it is a more significant
problem.

Until recently the majority of water companies designed supply systems to be resilient to
the worse drought recorded in their region (WaterUK 2016). Now, an increasing number of
companies are turning to stochastic or ensemble based projections to explore a larger range
of future climates. The climate simulations (Guillod et al. 2017b) and subsequent
hydrological simulations (Bell et al. 2018a, b) from this study are generated by initial
condition perturbations and they provide a large set of possible realisations (simulating the
range of internal variability) of past and future climates. Considering internal climate
variability has been shown to be important for drought assessment (Gu et al. 2019). The
availability of these datasets creates an opportunity for water companies to test their
resilience to a larger range of potential droughts. As an example, for the Thames the 1976
water year (October 1975 - September 1976) was the most severe recent drought for which
good records are available (TWUL 2013). The 1976 drought extent is within the bounds of
the spatial extent of droughts modelled using the historical ensemble, and the future
ensembles provide droughts of larger extent than that observed in 1976.

For the largest river flow drought, the seasonality is projected to change from a fairly flat
distribution (i.e. similar likelihood of occurring at any time of year), to a greater likelihood of
occurring from August to December (moderate-threshold) and November to December
(major-threshold), and lower likelihood of occurring earlier in the year. Projected decreases
in summer precipitation (and, in some areas, decreases in autumn precipitation) and
increases in PE are likely to lead to greater accumulation of soil moisture deficits that can
last longer into autumn/winter.

As with all drought identification, the results are influenced by the methods used to obtain
them. In this study there is a dependence on the choice of the long-term mean threshold
used in the threshold level method to determine when there is a deficit/drought, and on the
severity thresholds used to restrict subsequent analyses. Alternative thresholds than the
long term mean would generate different characteristics (e.g. a lower threshold would by
definition identify fewer droughts, of shorter duration, lower intensity and lesser severity,
Oosterwijk et al. 2009), and the severity thresholds would need to be adjusted accordingly.
Although the relationship between the characteristics would be unlikely to change (Van
Loon and Van Lanen 2012), it is unclear how changes in characteristics between time-slices
would be affected.

A stationary threshold was used in this study, however it could be extended using the
method of Wanders et al. (2015) who proposed a non-stationary approach to calculating the
threshold for drought identification. Their transient variable threshold (VTM:) is based on
the flow values for the previous 30 years. Therefore the VTM; adjusts to gradual changes in
the hydrological regime as it responds to climate change. The authors show that this has an
effect on the projected changes in global area in drought, effectively reducing the projected
increase by considering the substantial influence adaptation to an altered hydrological
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regime has on future hydrological drought characteristics. The method used here does not
consider adaptation to climate change.

The results presented here for future changes in Great Britain include sea-surface
temperature changes derived from a number of GCMs, but the climate model ensembles
themselves only use a single GCM with a single nested RCM; results using other GCMs could
be different. Blenkinsop and Fowler (2007) found an increase in intense short-term droughts
and a decrease in longer duration droughts using monthly precipitation from the PRUDENCE
ensemble of climate models, but acknowledged that projected changes in longer droughts
were influenced by the driving GCMs and were highly uncertain. The climate dataset only
considers one greenhouse gas concentration trajectory (RCP8.5) which represents a high
scenario of future warming; other scenarios could give different projected changes in
hydrological and soil moisture droughts. Similarly, only one hydrological model has been
applied here. In a study of changes in Q90 for catchments across Europe larger than
1000km?, Marx et al. (2018) state that uncertainty from GCMs is generally higher than that
from hydrological models, but that the latter cannot be ignored.

Another source of uncertainty is the calculation of PE. Ahmadalipour et al. (2017)
investigated future changes in meteorological and hydrological drought characteristics in a
US catchment using CMIP5 models and the Precipitation Runoff Modelling System. The
authors highlight the importance of temperature both in PE calculations and also via
snowmelt. Their study may however have overestimated the effect from PE due to the use
of the standard FAO-56 calculation. The formulation of PE included in this study includes
changes in stomatal resistance rs due to changing CO; concentrations, which has been
shown to decrease the projected changes in PE in the future (Rudd and Kay 2016) and to
moderate decreases in low flows (Kay et al. 2018).

The results presented here do not include the effect of snow on droughts. This is not likely
to affect the vast majority of Great Britain, except for snowy winters such as 1946/47 or
1962/63 which are less likely to occur in the future (Kay 2016), but it could be more
influential in countries with colder winters and greater propensity for snowfall. Van Loon
and Van Lanen (2012) and Van Loon et al. (2015) developed a hydrological drought
typology, summarising the underlying processes for each hydrological drought type (HDT)
into those with precipitation controls, temperature controls or a combination of both; of the
eight HDTs, snow (or ice) is a factor in five (Table 2 of Van Loon 2015). Although above-
normal evapotranspiration can aggravate a drought event and prevent drought recovery it
was not found to be the sole cause of hydrological drought.

Water managers need to know what is happening, or could happen in the future, to real
river flows, so the fact that the hydrological model applied here produces hypothetical
‘natural’ flows (i.e. does not include artificial influences like abstractions and discharges)
could be an issue. Ongoing work aims to enhance G2G by including surface and
groundwater abstractions/discharges, enabling the potential impact of a range of water-use
scenarios on drought to be explored.

This study used a high-resolution national-scale gridded hydrological model and a large
ensemble of regional climate model data to investigate potential future changes in river
flow and soil moisture drought characteristics (severity, peak intensity, duration and extent)
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across Great Britain. The use of a single hydrological model for the whole of Great Britain
has allowed a spatially-consistent analysis of droughts to be undertaken, including
preliminary analysis of the feasibility of mitigation measures such as inter-regional water
transfer. The study has generated a dataset of simulated flows that can extend scenarios
used to test water supply systems in a changing climate, and could help inform long-term
planning for drought management.

The results show that the severity of droughts are projected to increase in the future. River
flow droughts in south-eastern regions are projected to increase in peak intensity and
lengthen slightly, whereas peak intensities are projected to decrease for much of the rest of
Britain. Droughts with the largest spatial extent across Britain are projected to increase in
area for both river flow and soil moisture. Studies in other parts of the world have also
projected increases in drought duration, severity, spatial extent and/or occurrence of
hydrological droughts (e.g. in Norway, Wong et al. 2011; subtropical and tropical regions,
Touma et al. 2015; Europe, Roudier et al. 2016 and globally, Van Huijgevoort et al. 2014)
and soil moisture droughts (e.g. Europe, Samaniego et al. 2018; India, Mishra et al. 2014),
and this study adds to the literature about how droughts might change in the future by
providing detailed analyses for Great Britain, based on large ensembles of climate model
data. Van Lanen et al. (2016) argue that drought impacts are related to the hydrology rather
than solely the weather, and that the characteristics of meteorological and hydrological
droughts can be very different, therefore a hydrological perspective on droughts, such as
provided here, is important.

This study is an outcome of MaRIUS: Managing the Risks, Impacts and Uncertainties of
droughts and water Scarcity. Financial support was provided by the UK Natural Environment
Research Council (NE/L010208/1) as part of the UK Drought and Water Scarcity programme.
There are no real or perceived financial conflicts of interest for any author. The data are
available from the Environmental Information Data Centre (eidc.ceh.ac.uk). The authors
would like to thank the two anonymous reviewers for their comments, which have helped
to greatly improve this manuscript.

Table 1 Number of ensemble members (out of 100) projecting a major-threshold river flow
drought in the Severn and Thames regions (considering the largest major-threshold Thames
drought).

Figure 1 River flow drought characteristics (a) severity, (b) intensity and (c) duration averaged for
each ensemble member within each of the four time-slices, for 19 river-basin regions. The boxes
show the interquartile range across each region (river grid boxes with catchment area > 50km?)
and each of the 100 ensemble members for each time-slice, with the median shown by the thicker
line within each box. The whiskers mark the 5th and 95th percentiles, and the dashes outside the
whiskers show the minimum and maximum values.
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Figure 2 Top: The 19 river-basin regions used in the drought characterisation. Bottom: Median
drought characteristics as percentage change from the Recent-Historical time-slice: river flow and
soil moisture.

Figure 3 Largest drought as percentage coverage of Britain (extent) for the four time-slices. The
boxes show the interquartile range for each time-slice, with the median shown by the thicker line
within each box. The whiskers mark the 5th and 95th percentiles, and the dashes outside the
whiskers show the minimum and maximum values. The star is for the 1976 drought.

Figure 4 Probability of each grid box (catchment area > 50km?) being in the largest major-threshold
river flow drought (top) and probability of each grid box being in the largest major-threshold soil
moisture drought (bottom), for four time-slices.

Figure 5 Distribution of the month of the largest river flow drought for each time-slice.
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Table 1 Number of ensemble members (out of 100) projecting a major-threshold river flow
drought in the Severn and Thames regions (considering the largest major-threshold Thames
drought).

' _ Minimum % coverage of each region*
Time-slice 60%  70%  80%  90%
Early-Historical (1922-1949) 26 14 10 5
Recent-Historical (1972-1999) | 25 19 13 7
Near-Future (2022-2049) 43 33 18 8
Far-Future (2072-2099) 72 57 46 30

*considering only river points with a catchment area >50km?.
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Figure 1 River flow drought characteristics (a) severity, (b) intensity and (c) duration averaged for
each ensemble member within each of the four time-slices, for 19 river-basin regions. The boxes
show the interquartile range across each region (river grid boxes with catchment area = 50km?)
and each of the 100 ensemble members for each time-slice, with the median shown by the thicker
line within each box. The whiskers mark the 5th and 95th percentiles, and the dashes outside the
whiskers show the minimum and maximum values.
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Figure 2 Top: The 19 river-basin regions used in the drought characterisation. Bottom: Median
drought characteristics as percentage change from the Recent-Historical time-slice: river flow and

soil moisture.
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Figure 3 Largest drought as percentage coverage of Britain (extent) for the four time-slices. The
boxes show the interquartile range for each time-slice, with the median shown by the thicker line
within each box. The whiskers mark the 5th and 95th percentiles, and the dashes outside the
whiskers show the minimum and maximum values. The star is for the 1976 drought.
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Figure 4 Probability of each grid box (catchment area = 50km?) being in the largest major-threshold
river flow drought (top) and probability of each grid box being in the largest major-threshold soil
moisture drought (bottom), for four time-slices.
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Supporting Information for

National-scale analysis of future river flow and soil moisture
droughts: potential changes in drought characteristics

A.C. Rudd, A.L. Kay and V.A. Bell

Centre for Ecology & Hydrology, Wallingford, UK, OX10 8BB

Introduction

This supporting information provides additional figures, complementary to those in the
main text. Included are

e Boxplots of soil moisture drought characteristics averaged over each of the four
time-slices, for 19 river-basin regions (Figure S1);

e Maps showing the largest (major-threshold) drought as a percentage of the area
of each of the 19 river basin regions, for each of the 100 ensemble members, for
the four time-slices, for river flow (Figure S2-S5) and soil moisture (Figure S6-S9);

e Figure showing the probability of each grid box being in the largest major
threshold river flow or soil moisture drought (Figure S10)

e Histograms showing the ensemble distribution of the month of the largest soil
moisture drought for each time-slice (Figure S11).
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Figure S1. Soil moisture drought characteristics (a) severity, (b) intensity and (c) duration
averaged for each ensemble member within each of the four time-slices, for 19 river-basin
regions. The boxes show the interquartile range across each region (all grid boxes) and each of
the 100 ensemble members for each time-slice, with the median shown by the thicker line
within each box. The whiskers mark the 5th and 95th percentiles, and the dashes outside the
whiskers show the minimum and maximum values.
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area of each region, for the 100 ensemble members (Recent-Historical; 1972-1999).
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area of each region, for the100 ensemble members (Near-Future; 2022-2049).
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Figure S6. Largest extent major-threshold soil moisture drought expressed as a percentage of
the area of each region, for the 100 ensemble members (Early-Historical; 1922-1949).
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Figure S7. Largest extent major-threshold soil moisture drought expressed as a percentage of
the area of each region, for the 100 ensemble members (Recent-Historical; 1972-1999).



Figure S8. Largest extent major-threshold soil moisture drought expressed as a percentage of
the area of each region, for the 100 ensemble members (Near-Future; 2022-2049).
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Figure S10. Probability of each grid box (catchment area = 50km2) being in the largest major-
threshold river flow drought (top) and probability of each grid box being in the largest major-
threshold soil moisture drought (bottom), averaged over 19 river basin regions for four time-
slices.
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Figure S11. Distribution of the month of the largest soil moisture drought for each time-slice.
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