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Key Points:

e Future warming will increase both floods and droughts across different parts of the
United Kingdom

e Sudden shifts between dry and wet conditions will become more common, creating new
challenges for water planning

e This study provides one of the most comprehensive UK national-scale assessments of
river flow changes under climate warming
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Abstract

Hydrological extremes, including both floods and droughts, are projected to intensify under
global warming, yet their joint evolution and variability across temperate catchments remain
underexplored. This study uses bias-corrected regional climate projections from the UK Climate
Projections 2018 (UKCP18) and a distributed HBV-TYN hydrological model to simulate future river
flows across 698 UK catchments under 2 °C and 4 °C global warming scenarios. Compared to
previous UK-wide assessments, this study provides the most extensive high-resolution, bias-
corrected, ensemble-based analysis of river flow responses under warming-level-specific
timeframes. A comprehensive suite of hydrometeorological metrics is applied, including the
maximum number of consecutive dry days, extreme precipitation totals, high and low flow
percentiles, flood return levels, and the Standardised Precipitation and Streamflow Indices.
Results reveal a regionally divergent intensification of extremes of extremes: (1) precipitation
extremes intensify under warming, with daily and multi-day rainfall maxima increasing in western
and northern regions, while dry spells lengthen in the south and east; and (2) high flows and flood
magnitudes increase especially in western and northern regions, while persistent low flows and
drought frequency intensify in the south and east. Projections also indicate a growing incidence
of hydroclimatic whiplash, abrupt shifts between wet and dry extremes, posing challenges for
water resources management. This is the first national-scale UK study to quantify hydrological
whiplash across a full climate ensemble. These findings highlight the urgent need for regionally
tailored, climate-resilient water management strategies to address the compounding risks of
flooding, drought, and increased hydroclimatic volatility under future warming.

Plain Language Summary

Climate change is expected to increase both floods and droughts in many regions, but
understanding how these changes will play out locally is crucial for managing water resources
and preparing for future risks. In this study, we analysed how river flows across the United
Kingdom (UK) might change as global temperatures rise by 2 °C and 4 °C. We used climate
projections and a national hydrological model to simulate changes in rainfall, streamflow, and
extremes in 698 river catchments across the UK. Our results show that flood events are likely to
become more intense in the western and northern UK, while long dry periods and low river flows
will worsen in the south and east. We also found that sudden shifts between wet and dry
conditions which is known as hydroclimatic whiplash are expected to become more frequent.
These changes could make it harder for water managers to plan for droughts or floods, especially
in regions that face both risks. Our findings can help inform region-specific strategies to adapt to
climate change and improve the resilience of water systems. The UK provides an important
example of how global warming could affect river systems in other temperate climates around
the world.

1 Introduction

Climate change is intensifying the global water cycle, leading to greater variability in river
flows and altering the frequency and severity of both floods and droughts (Arnell and Gosling,
2016; Miiller et al., 2024). These shifts have far-reaching consequences for water supply, water
quality, ecosystem health, and energy production. Understanding how hydrological extremes
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evolve under different global warming levels is essential for designing resilient water
management and climate adaptation strategies.

In the United Kingdom (UK), several studies have explored how climate change may affect
streamflow and water availability. The UK Climate Projections 2009 (UKCP09) and its successor,
the UK Climate Projections 2018 (UKCP18), have played a central role in supporting this research.
Among the four UKCP18 strands, the 12-member regional climate model (RCM) ensemble
provides high-resolution projections (12 km) tailored for impact studies, especially at the
catchment scale. This dataset has supported a wide range of hydrological impact assessments,
including projections of river and groundwater flows (Kay, 2021; Hannaford et al., 2023; Smith et
al., 2024), flood and drought extremes (Griffin et al., 2022; Reyniers et al., 2023), and multi-
sectoral water risk analysis (Arnell et al., 2021).

Key findings from these studies indicate complex spatial patterns in projected flow
changes. For example, Kay (2021) used the national-scale Grid-to-Grid (G2G) model to project
substantial summer flow reductions, particularly in southern and eastern regions, alongside
winter flow increases. Arnell et al. (2021) found increased flood risks in western parts of the UK
but limited changes in the southeast, and widespread increases in drought frequency. Lane et al.
(2022), using the DECIPHeR model, identified substantial increases in high flows in western
regions but a general decline in median flows in Great Britain. Griffin et al. (2022) noted
intensifying winter flood events in the future (2051-2080), though their projections did not apply
bias correction to the climate data. Reyniers et al. (2023) highlighted a significant rise in
meteorological drought indicators across Great Britain, particularly under high-emissions
scenarios. Smith et al. (2024), using the SHETRAN model, reported strong declines in flows in the
south and east but highlighted regional increases in high-flow extremes in the north and west.

Despite these advances, key gaps remain. Many existing studies focus only on Great
Britain, omit Northern Ireland, or lack bias correction of RCM data, which is crucial for accurately
representing precipitation extremes (Fung, 2018; Teutschbein and Seibert, 2013). Furthermore,
few studies adopt a warming-level framework alighed with international climate targets, and
even fewer address the growing concern of hydroclimatic whiplash, sudden shifts between wet
and dry conditions.

This study addresses existing gaps by providing a comprehensive, bias-corrected,
ensemble-based assessment of river flow changes across 698 UK catchments, spanning all
devolved nations. We use daily, bias-corrected outputs from all 12 UKCP18 regional climate
model ensemble members to drive a distributed hydrological model (HBV-TYN), and evaluate
impacts at 2 °Cand 4 °C above pre-industrial temperatures. A wide range of hydrometeorological
and hydrological indicators is used to assess drought and flood hazards, including extreme
precipitation, flow percentiles, return-level floods, and the Standardised Precipitation Index and
Standardised Streamflow Index. For the first time for the UK, we also quantify changes in
hydrological whiplash based on streamflow shifts from dry to wet and wet to dry conditions.
These analyses aim to improve understanding of how warming intensifies hydroclimatic
extremes across the UK and to inform regionally adaptive water management in a changing
climate.
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2 Study area and data

2.1 Study area and river flow data

This study focuses on the UK, which encompasses a wide range of hydrological, climatic,
and landscape conditions. The UK’s temperate maritime climate exhibits a pronounced
northwest—southeast gradient in rainfall and temperature, shaped by prevailing westerlies,
orographic uplift over western uplands, and rain-shadow effects in the east (Mayes and Wheeler
2013). Rainfall decreases and sunshine increases towards southeastern England, while mean
temperatures shift from mild, wet conditions in the west and north to warmer, drier regimes in
the southeast (Mayes and Wheeler 2013). These sharp contrasts across short distances make the
UK a valuable testbed for assessing climate-driven changes in floods and droughts across
temperate maritime environments.

A total of 698 catchments were analysed, including 668 from Great Britain (GB) based on
the CAMELS-GB dataset (Catchment Attributes and MEteorology for Large-sample Studies; Coxon
et al., 2020), and 30 catchments from Northern Ireland. The selected catchments represent a
diverse range of sizes, topographies, and land uses, and span across all 23 UK River Basin Regions
(RBRs), which serve as hydrologically defined units for climate impact assessments. Figure 1
shows the location of the catchments along with their river flow gauges and the RBRs they belong
to. Daily streamflow observations for each catchment were obtained from the UK National River
Flow Archive (NRFA).
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125  Figure 1 The 668 CAMELS-GB catchments in Great Britain and 30 catchments in Northern
126  Ireland, along with the river gauges overlaid on the UK’s 23 River Basin Regions.
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2.2 Climate forcing data

Historical meteorological data were obtained from the UK Met Office’s HadUK-Grid
dataset, which provides gridded daily precipitation and temperature observations at 1 km spatial
resolution (Hollis et al. 2019). Potential evapotranspiration (PET) calculated using the Penman-
Monteith equation was sourced from the CHESS-PE dataset (Robinson et al. 2023). These data
were used for hydrological model calibration over the period 1990-2000.

Future climate projections were derived from the UK Climate Projections 2018 (UKCP18)
Regional Climate Model (RCM) ensemble. This 12-member perturbed physics ensemble (PPE)
was produced using the HadREM3-GA705 RCM at 12 km resolution (Murphy et al., 2018). The
ensemble spans 100 years (1980-2080) and follows the high-emission scenario RCP8.5. For
hydrological modelling, daily precipitation and temperature data were regridded to 1km
resolution and bias-corrected using an empirical quantile mapping method . The bias corrected
climate projections were presented in Smith et al. (2024). PET projections were calculated using
the Penman-Monteith equation and bias-corrected using the same method. The associated
Python code is available via the repository listed in the Data and Code Availability section.

To align with global climate policy targets, we analysed hydrological responses at two
warming levels, i.e. 2 °C and 4 °C above the pre-industrial (1850-1900) average. Specific 30-year
periods corresponding to each warming level were selected for each ensemble member based
on when global mean temperature anomalies reached the target warming thresholds, following
Arnell et al. (2021). For ensemble members that exceeded the 2080 horizon before reaching 4 °C,
the available years up to 2080 were used. Table 1 summarises the first year of a 30-year period
in which each of the 12 UKCP18-RCM members reaches a certain warming level derived by Arnell
et al. (2021).

Table 1 First year of 30-year period during which each UKCP18-RCM ensemble member reaches
2 °Cand 4 °C global warming above pre-industrial levels, adapted from (Arnell et al. 2021).

Warming 01 04 05 06 07 08 09 10 11 12 13 15
2°C 2016 2013 2018 2016 2017 2018 2014 2018 2015 2020 2016 2019
4°C 2049 2046 2051 2049 2050 2055 2044 2052 2050 2052 2050 2054

This combination of high-resolution bias-corrected climate projections and nationally
representative catchments provides a comprehensive framework for assessing future
hydrological change across diverse UK regions.
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3 Method

3.1 The HBV-TYN model

The HBV (Hydrologiska Byrans Vattenbalansavdelning) model (Bergstrom 1992;
Lindstrom et al. 1997) was applied in this study. This conceptual rainfall-runoff model is widely
used for flood forecasting and climate impact assessment (Arheimer et al. 2011; Cloke et al. 2013;
He et al. 2022; Lidén and Harlin 2000; Olsson and Lindstrém 2008; van Pelt et al. 2009). Due to
its robust performance across various catchments worldwide and its popularity among the
hydrological research community, many different versions of the HBV model have been
developed at different institutions.

The version used in this study is referred to as HBV-TYN, and based on the distributed
HBV model (He et al. 2022) which was further developed from He et al. (2011). HBV-TYN consists
of four key routines: (1) snowmelt and snow accumulation; (2) soil moisture and effective
precipitation; (3) evapotranspiration; and (4) runoff response. The distributed HBV-TYN model
can be set up at different spatial resolutions. In this study, the 1x1 km grid derived from the
HadUK-Grid is used to align with the resolution of both observed and projected climate inputs
(see Section 2.2). The 1 km resolution was deemed sufficient to represent the spatial variance of
inputs and outputs while maintaining manageable computational and storage demands. It also
facilitates comparison with other UK-wide hydrological models developed at 1 km resolution,
such as G2G (Bell and Moore 1998; Bell et al. 2009), the DECIPHeR model (Coxon et al. 2019) and
the SHETRAN model (Lewis et al. 2018; Smith et al. 2024).

Flow routing in HBV-TYN is implemented using the Muskingum method in a grid-to-grid
framework, based on an 8-direction flow map derived from a 1x1 km Digital Elevation Model
(DEM) of the UK. Due to the limitations in DEM resolution and elevation inaccuracies, manual
corrections were required to ensure the flow directions correctly matched the surveyed river
channels. These corrections ensured that all grid cells contributed flow within their respective
catchments and routed to the designated outlet points. HBV-TYN runs at a daily time step and
requires daily input data including precipitation (P), temperature (T), and potential
evapotranspiration (ET).

In this study, the standard HBV model was adapted to incorporate representations of
urban land cover and rainfall interception. Urban areas were represented as a percentage of each
1 km grid cell and used to estimate the fraction of precipitation that contributes directly to
overland flow via impervious surfaces. The remaining effective precipitation was routed through
the standard HBV pathways, including overland flow, interflow, and percolation. It is important
to note this approach assumes urban areas are fully impervious, a simplification due to the lack
of detailed spatial data on impervious surface fractions within each grid cell. Rainfall interception
in both urban and forested areas was simulated following the approach described by Hundecha
(2005). An interception storage capacity I,,,,, Was defined. Because the interception capacity of
forests depends on their type and age as well as the seasons, I,,,,, for urban and forest areas for
each month were adopted from the values reported in Hundecha (2005).
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3.2 Model Calibration and Evaluation

The model was calibrated over the period 1990-2000 using the meteorological inputs
described in Section 2.2 and the daily observed discharge data obtained from the UK National
River Flow Archive (NRFA). The first 365 days were used as the warm-up period. Table S4 in the
Supporting Information lists the 9 calibrated parameters and their upper and lower bounds. The
objective function used in the model calibration is the Nash—Sutcliffe Efficiency (NSE, (Nash and
Sutcliffe 1970)) defined in the following equation.

Z?:l(Qo,t - Qs,t)2
?zl(QO,t - Q_O)Z

where: n is the total number of observations, Q,; and Q5. are the observed and
simulated flow at the tt" time-step, respectively, and Q, is the mean of the observed flow. The
NSE is a metric used to assess the predictive accuracy of hydrological models. An NSE value of 1
means perfect agreement between the model simulations and the observed data. An NSE value
of 0 indicates the model's predictive capability is equivalent to using the mean of the observed
data. If the NSE value is negative, it suggests the model performs worse than simply using the
mean of the observations. In this study, a total of 50,000 Monte Carlo random parameter sets
were generated and used for calibrating the model parameters. The parameter set achieving the
highest NSE in the calibration period was retained as the optimal set. This method provides a
straightforward and global search of the parameter space, avoiding sensitivity to initial guesses
and the risk of local optima. Using the NSE allows consistent comparison with 7 other nation-
wide models from three relevant studies, including Lane et al. (2019), Lees et al. (2021) and Smith
et al. (2024).

NSE =1 -

3.3 Evaluation metrics

3.4.1 Precipitation extremes

To characterise hydroclimatic extremes relevant to both droughts and floods, we
computed four metrics from the bias-corrected UKCP18 RCM ensemble outputs at 1 km grid
resolution. These include maximum number of consecutive dry days (CDDmax), standardised
precipitation index (SPI), maximum 1-day precipitation (RX1day), and the maximum 5-day
precipitation (RX5day). Except for SPI, these metrics follow definitions recommended by the
Expert Team on Climate Change Detection and Indices (Zhang et al. 2011). SPI is based solely on
precipitation, making it a purer metric for meteorological droughts. An advantage of SPI is that it
avoids conflating precipitation deficits with temperature-driven PET increases, which may or may
not correspond to actual moisture stress. It is more widely used and recommended by WMO
(World Meteorological Organization (WMO) and Global Water Partnership (GWP) 2016). It is
often the standard baseline metric. For example, the UK Water Resources Portal reports monthly
SPI, Standardised streamflow index (SSI) and Standardised groundwater index (SGI) as drought
indices for monitoring not only dry but also wet periods. Collectively, the four metrics chosen in
this study represent key aspects of hydroclimatic extremes including dry spell duration,
meteorological drought severity, and short-duration precipitation extremes that may lead to
flooding.
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For each catchment and ensemble member, bias-corrected daily precipitation data were
extracted at grid level for the 30-year baseline period (1981-2010) and the future 30-year periods
corresponding to 2 °C and 4 °C global warming levels. CDD,,x Was calculated as the longest
sequence of days with precipitation below 1 mm for each 30-year period. SPI was computed at
3-, 6-, and 12-month accumulation scales using the gamma distribution fit to baseline monthly
totals, and then applied to the two warming periods to enable standardised drought
comparisons. SPI-3 and SPI-6 primarily reflect short-term meteorological and agricultural (soil-
moisture) drought conditions, whereas SPI-12 captures longer-term hydrological stress, including
sustained deficits that influence streamflow and groundwater recharge (Zhang et al. 2023; Sutanto
et al. 2024). For SPI, the numbers of months where SPI < -1 (all drought) and SPI < -2
(extreme/severe) were used to assess the frequency and severity of dry periods. RX1day and
RX5day represent the highest single-day and 5-day precipitation totals, respectively, and were
computed from the daily data for the baseline and each warming level. The spatial averages of
RX1day and RX5day across all grid cells within each catchment were calculated. All metrics were
evaluated separately for the baseline, 2 °C, and 4 °C warming levels. Ensemble medians across
12 RCM members were used to summarise projected changes.

3.4.2 River flow percentiles

Percentage changes in daily river flows under 2 °C and 4 °C warming levels were assessed
using flow exceedance percentiles, that are exceeded for 5% (Q05), 50% (Q50) and 95% (Q95) of
the flow record, representing high, median, and low flows, respectively. The analysis was
conducted for annual, summer (June—August), and winter (December—February) seasons in the
following steps. For each of the 12 RCM ensemble members, daily simulated river flow time series
were extracted. Q05, Q50, and Q95 values were computed annually for each of the five seasonal
definitions over the 30-year baseline and future periods associated with 2 °C and 4 °C global
warming levels. For each ensemble member, the median of the 30 annual values was calculated
for each Q metric and season. The ensemble median was then derived across all 12 members for
each metric, season, and warming level. Finally, percentage changes relative to the baseline were
calculated for each Q metric under each warming scenario and for each season.

3.4.3 Return floods

A flood frequency analysis was performed by estimating return flood magnitudes using
the Gumbel distribution fitted to annual maximum daily flow values. For each catchment and
each of the 12 UKCP18-RCM ensemble members, annual maxima were extracted from daily
discharge data over a 30-year baseline period (1981-2010), and from future 30-year periods
associated with 2 °C and 4 °C global warming levels. The Probability-Weighted Moments (PWM)
method (Greenwood et al. 1979) was used to fit the Gumbel distribution and estimate its location
and scale parameters. These parameters were then used to calculate discharge values
corresponding to 5-, 10-, 20-, 50-, and 100-year return periods. To quantify climate impacts, the
return floods under 2 °C and 4 °C warming were compared to baseline values, and percentage
changes were computed for each return period. Ensemble medians across all 12 members were
used to summarise the projected changes for each catchment.



278

279
280
281
282
283
284

285
286
287
288
289
290
291
292
293
294
295

296
297
298
299
300
301

302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

manuscript submitted to Earth’s Future

3.4.4 Standardised streamflow index (SSI)

To assess hydrological drought conditions across UK catchments, we computed the
standardised streamflow index (SSI) using the three-parameter Tweedie distribution
recommended by (Svensson et al. 2017). SSI is a relatively new indicator for characterising
drought and is the only recommended drought index for streamflow drought monitoring in the
Handbook of Drought Indicators and Indices (World Meteorological Organization (WMO) and
Global Water Partnership (GWP) 2016).

The SSI was computed at a 1-month aggregation scale (SSI1) using monthly mean flows.
For each catchment, daily discharge values were aggregated into monthly means. Using the 30-
year baseline period (1981-2010), monthly flows were grouped by calendar month (e.g. all
Januarys, all Februarys, etc.). For each month, the baseline flows were fitted to a Tweedie
distribution using the maximum likelihood estimation method, implemented via the tweedie
package in R. The fitted distribution parameters were then used to compute cumulative
probabilities for both baseline and future monthly flows. These probabilities were transformed
into standard normal deviates using the inverse of the standard normal cumulative distribution
function, resulting in the SSI time series. SSl is used because it standardises streamflow anomalies
relative to each catchment’s baseline variability, allowing spatial aggregation and comparison
across catchments with very different flow magnitudes and regimes.

The SSI values were computed for the baseline period and for two 30-year future periods
representing 2 °C and 4 °C global warming levels. The resulting SSI time series were summarised
to derive the mean SSI per catchment and 23 river basin regions. For each catchment and period,
the mean SSI was then derived by averaging all monthly SSI values. Regional ensemble mean SSI
values were derived by aggregating catchments within their respective River Basin Regions and
compared across the baseline, 2 °C, and 4 °C warming levels to reveal projected changes.

Beyond its conventional use for drought monitoring, SSI1 can also serve as a useful
indicator of short-term hydrological variability, making it suitable for detecting rapid transitions
between dry and wet flow conditions, which is referred to as hydroclimatic whiplash.
Hydroclimatic whiplash means abrupt and extreme shifts between opposing hydroclimatic
states, such as droughts followed by floods or vice versa, within a short time frame. These events
are increasingly recognised for their ecological, economic, and societal impacts, and have been
studied mainly in terms of meteorological whiplash using precipitation-based indices such as the
Standardised Precipitation Index (SPI) (e.g., Cheng and Liu 2022; Francis et al. 2022), Standardised
Precipitation Evapotranspiration Index (Swain et al. 2025) and percentiles of standardised
precipitation anomalies (Tan et al. 2023). However, precipitation-based indices alone do not
capture the integrated hydrological response. Hydrological whiplash can be more accurately
represented by streamflow-based indicators such as SSI, which integrates catchment processes
and antecedent conditions. In this study, we focus on the 1-month SSI to detect abrupt transitions
in river flow, capturing the direct hydrological impacts of rapid dry-to-wet or wet-to-dry swings.
Two types of whiplash events are defined here. The immediate transition from SSI1 < -1 (dry) to
SSI1 > 1 (wet) is defined as a dry-to-wet whiplash, and the opposite is a wet-to-dry whiplash. To
our knowledge, this is the first study to apply the SSI for assessing hydrological whiplash changes
under future climate warming scenarios.
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4 Results and discussion

4.1 Model performance

The HBV-TYN model was calibrated for the period 1990-2000 using a Monte Carlo
sampling of 50,000 parameter sets for each of the 698 UK catchments. The parameter set
resulting in the highest NSE value was selected for each catchment. A total of 541 catchments
achieved NSE > 0.7, accounting for 77% of all the study catchments. The median NSE of all the
698 catchments is 0.81. Detailed spatial patterns, regional summaries, and benchmarking against
7 other nation-wide models are provided in Supporting Information Section A. It is worth noting
here while NSE provides a robust overall measure of model performance and allows direct
comparison with other national-scale studies, it can be more sensitive to high flows and less
responsive to low-flow performance. A multi-objective calibration approach, such as combining
NSE with Kling—Gupta Efficiency (KGE) or log-transformed NSE (NSE-log), could be used to better
represent low-flow dynamics.

Of the 698 modelled catchments, 317 non-overlapping catchments are mapped to avoid
duplication where smaller nested catchments are contained within larger ones. A list of non-
overlapping catchments with NSE < 0.7 and their corresponding River Basin Regions is provided
in Table S5. These catchments with lower calibration performance (e.g. in parts of the Thames
and Anglian regions) have minimal influence on the projected relative changes because the same
model structure and parameters are applied consistently across baseline and warming scenarios.
The large-scale patterns and ensemble-median responses are dominated by well-performing
catchments. Nevertheless, the results presented in Section 4.3 for the catchments with low
model performance should be interpreted with caution, as local uncertainties are higher in
groundwater-dominated or highly regulated catchments.

4.2 Projection of future precipitation

4.2.1 Maximum consecutive dry days (CDD,ax)

Figure 2 shows the maximum number of consecutive dry days (CDDmax) across the UK
catchments under (a) baseline, (b) 2 °C, and (c) 4 °C global warming levels. It was calculated as
the median across 12 bias-corrected UKCP18 RCM ensemble members for each catchment. The
colour scale represents the length of the longest dry spell (in days) during a 30-year period.
Projected changes in CDD,,5x show a clear intensification of dry spells across the UK under global
warming scenarios. Under baseline conditions, the national median of the maximum number of
consecutive dry days is 32. This increases to 36 days under 2 °C warming and 41 days under 4 °C.
Spatial patterns reveal the most pronounced increases in southern and southeastern England,
where CDD,,x commonly exceeds 50 days under 4 °C warming. These areas also exhibit the
greatest absolute changes, with some catchments seeing increases of more than 20 days
compared to the baseline. In contrast, catchments in northern and western Scotland show
smaller increases, with CDD,,,x remaining below 35 days even under the highest warming
scenario.
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The pronounced northwest-southeast (NW-SE) gradient evident in CDD,,, reflects the
combined influence of enhanced temperature-driven evaporative demand under warming, large-
scale atmospheric circulation, and orographic rain-shadow effects. Southern and southeastern
England warm more strongly and exhibit higher potential evapotranspiration, leading to more
rapid depletion of soil moisture during dry periods. These regions are affected by persistent
anticyclonic (blocking) conditions that restrict the passage of Atlantic frontal systems (Kendon et
al. 2013; Lavers et al. 2015; Svensson et al. 2017) They are situated in the lee of the western
uplands and receive reduced rainfall from westerly flows. The elevated evaporative losses further
intensify surface drying (Kay 2021) and extend the duration of consecutive dry days. In contrast,
northern and western regions, which are more frequently influenced by westerly airflow and
orographic uplift associated with Atlantic frontal systems (Burt and Howden 2013), experience
more frequent rainfall events that interrupt dry spells and therefore limit the duration of
consecutive dry days. These combined processes explain why dry spells lengthen most strongly
in southern and southeastern England while remaining shorter in upland and maritime regions
in northwest.

These trends suggest that the risk of hydrological and agricultural droughts could intensify
in already dry regions of southern and eastern England, including the Anglian, Thames, and South
East River Basin Regions, indicating a heightened risk of prolonged drought conditions. The
expansion of dry spells could place additional stress on water supply systems and ecosystems,
especially during summer months.

(a) Baseline

(b) 2°C Warming

i i #

Figure 2 Maximum number of consecutive dry days (CDD,,x) across UK catchments under (a)
Baseline, (b) 2 °C, and (c) 4 °C global warming levels. Maps show 317 non-overlapping
representative catchments selected from the full 698 catchments to avoid overlap.
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4.2.2 Standardised precipitation index (SPI)

Figure 3 shows the regional median frequencies of drought months (SPI < -1) across UK
river basin regions under baseline, 2 °C, and 4 °C warming levels, based on SPI3, SPI6, and SPI112
computed using a fixed baseline climatology. Drought frequency values represent the percentage
of individual months within the 30-year simulation period during which the SPI fell below the
specified threshold (e.g. -1 or -2). A consistent and substantial increase in drought frequency
(SPI'< -1) is observed across all SPI timescales, particularly under 4 °C warming. The frequency of
SPI3 drought months increases from a national median of 16.0% under the baseline to 17.9% at
2 °C and 23.5% at 4 °C. The most affected regions include South West England, South East
England and Severn with SPI3 exceeding 29%. A frequency of 29% indicates that approximately
104 out of 360 months had SPI3 values below -1, meaning that nearly one in every three months
concluded a three-month period of significantly below-average precipitation. These drought
months may be clustered or scattered. SPI6 shows similarly increasing trends and similar
magnitudes of drought frequencies. The three most affected regions are the same as those based
on SPI3. SPI12, which reflects long-term hydrological droughts accumulated over a 12-month
period, reveals regionally variable but consistently increasing drought frequency under warming
scenarios. Under baseline conditions, the median frequency of SPI112 < -1 events across UK river
basin regions is approximately 15.5%, increasing to 17.6% under 2 °C warming and further to
22.9% under 4 °C. The three regions with the highest SPI12 include Anglian, Dee and
Northumbria, where drought frequency under 4 °C exceeds 28.9%. These changes indicate a
substantial intensification of long-term water deficits in a warmer climate, potentially impacting
reservoir storage, groundwater recharge, and cumulative soil moisture availability. While SPI3
and SPI16 reflect more immediate meteorological and agricultural drought signals, SP112 captures
compounded hydrological stress, which is especially relevant for water resource management
and planning.

Some regions, such as Argyll, Clyde, and Solway, show contrasting behaviour across SPI
timescales. Short-term drought frequencies (SPI-3 and SPI-6) increase under warming, reflecting
more frequent short dry spells between intense rainfall events. This behaviour is consistent with
enhanced precipitation intermittency, where heavier rainfall is delivered in fewer episodes
overall but with higher intensities, leading to longer dry breaks between storms (Kendon et al.
2014). In contrast, SPI-12, which capturs long-term cumulative moisture deficits, shows smaller
changes or even decreases in these western regions. This occurs because annual precipitation
totals remain relatively stable or increase slightly, offsetting short-term deficits and preventing
the development of prolonged hydrological drought. This divergence between short- and long-
term SPI responses indicates a shift from sustained moisture deficits toward more variable, high-
frequency hydroclimatic conditions. Such increased intermittency also aligns with the projected
rise in dry-to-wet whiplash events discussed in Section 4.3.3.
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(a) SPI3 (b) SPI6 (c) SPI12
Anglian 15.4 17.4 153 17.9 —| 15.7 203
Argyll 17.5 18.4 19.5 16.7 17.0 159 15.4 14.7 7.6 10
Clyde 16.5 17.9 20.5 16.6 16.4 16.8 15.4 136 8.3
Dee 15.6 19.8 28.7 15.9 19.6 “ 15.2 214
Forth 16.2 17.3 21.7 16.1 15.8 20.3 15.6 15.7 16.6
Humber 15.3 17.9 24.2 15.3 17.4 256 15.3 20.2 26.0
Neagh Bann 16.1 17.6 249 1545 16.8 a7 15.5 14.9 236 25 .%,
North East Scotland 16.1 16.7 20.9 16.2 17.2 231 15.7 18.8 24.4 v
North Eastern Ireland 15.7 16.8 23.8 15.6 16.1 235 15.2 137 22.9 5
North Highland 16.8 186 106 16.4 18.4 204 15.8 20.2 202 2
S North West England 16.1 17.5 221 16.1 16.6 209 15.2 136 13.6 s
g North Western Ireland 16.5 185 25.8 15.8 18.9 15.7 20.5 251 o g
2 Northumbria 15.7 18.0 15.7 18.2 252 16.0 19.8 20.8 <
z s
2 Orkney and Shetland 19.3 17.0 17.6 15.0 126 16.1 11.0 3.8 €
z Severn 15.6 19.3 16.1 20.4 153 19.7 26.0 5
£
Solway 16.3 186 16.4 17.1 15.3 16.0 9.7 i
South East England 15.6 205 16.2 20.2 15.6 19.3 223 s g
South West England 15.5 211 161 21.2 15.4 19.8 a
Tay 158 15.8 15.9 16.0 155 14.7 16.6
Thames 154 19.0 155 19.4 15.7 19.9
Tweed 15.9 17.5 15.7 17.1 232 15.2 176 232
West Highland 18.0 17.4 16.8 16.3 133 16.6 16.4 8.0
Western Wales 16.0 193 16.7 18.9 25.7 15.3 16.4 18.3 10
National median 16.0 17.9 235 161 17.2 235 15.5 176 22.9
Baseline 2C 4ac Baseline 2C 4‘C Baseline 2C 4c -

Figure 3 Regional median frequencies of drought months (SPI < -1) across UK river basin regions
under baseline, 2 °C, and 4 °C warming levels, based on (a) SPI3, (b) SPI6, and (c) SPI12. National
median values are included as the last row.

Frequency of extreme and severe droughts (SPI < -2) also increases markedly (see Figure
S3inthe Supporting Information). The median SPI3 drought frequency rises from 2.3% (baseline)
to 3.1% at 2 °C and 6.3% at 4 °C. Similar patterns are seen in SPI6, where regional drought
frequencies of SPI 6< -2 reach up to 12.5% at 4 °C.

These findings are consistent with those of Reyniers et al. (2023), who also used the
UKCP18 RCM ensemble and reported a significant increase in the frequency of SPI6 drought
events across Great Britain. Their GB mean values of drought frequencies (SP16 <-1) for baseline,
2 °C and 4 °C warming periods are 15%, 17% and 26% which are very close to the UK median
values at 16.1%, 17.5% and 25% found in this study. Both studies reinforce the conclusion that
drought risks intensify considerably with higher warming levels, particularly under 4 °C,
highlighting the urgency of climate mitigation and adaptive water resources management.

4.2.3 Maximum 1-day and 5-day precipitation totals (RX1day and RX5day)

The maximum 1-day and 5-day precipitation totals (RX1day and RX5day) were evaluated
for the baseline, 2 °C, and 4 °C warming levels. The UK-wide summaries of RX1day and RX5day
indices (Table 2) show a consistent intensification of extreme precipitation events under 2 °C and
4 °C warming scenarios, relative to the baseline period (1981-2010). For RX1day, the UK-wide
minimum (maximum) value increases from 25.95 (86.92) mm at baseline to 28.40 (105.86) mm
at 2°Cand 29.20 (117.13) mm at 4 °C. The UK-wide mean RX1day increases by 4.58 mm at 2 °C
and 7.89 mm at 4 °C, reaching 48.22 mm under the higher warming level. For RX5day, the UK-
wide minimum rises modestly from 45.40 mm to 49.34 mm. The UK-wide maximum RX5day
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reaches 225.54 mm under 4 °C warming, up from 199.54 mm in the baseline. The mean increases
from 80.50 mm to 86.38 mm (+5.88 mm) at 2 °C and to 89.93 mm (+9.43 mm) at 4 °C. These
results indicate a clear warming-related increase in the intensity of both short-duration (1-day)
and multi-day (5-day) extreme precipitation events, with larger increases observed under higher
warming levels.

Table 2 UK-wide minimum, maximum, and mean values in mm of RX1day and RX5day for the
baseline, 2 °C, and 4 °C warming scenarios, including absolute changes from the baseline. NRFA
Catchment IDs associated with the minimum and maximum changes are shown in parentheses.

Minimum Maximum Mean
RX1lday | RX5day [ RXlday | RX5day | RXlday | RX5day
Baseline 25.95 45.40 86.92 199.54 40.33 80.50

Period

2°C 28.40| 48.87| 105.86| 20896| 4491 8638
2 0.68 066| 1894| 22.70 458 83
Baseline | (30012) | (96002) | (65001)| (73010)
4°C 29.20| 49.34| 117.13| 225.54| 4822| 89.93
4°c- 1.25 052 3021| 41.90

7.89 9.44

Baseline | (25029) | (96002) | (65001) | (65001)

Figure 4 shows the spatial distribution and projected changes in RX1day (top row) and
RX5day (bottom row) across UK catchments under baseline, 2 °C, and 4 °C warming scenarios.
Under baseline conditions, both indices are highest in the western and northern parts of the UK,
particularly in western Scotland, the Lake District, and parts of Wales, where precipitation is
strongly influenced by orographic uplift and Atlantic frontal systems. Under 2 °C and 4 °C
warming scenarios, the projected changes are overwhelmingly positive, with notable
intensification at 4 °C in northwest England, Wales, and western and southern Scotland. Eastern
and southeastern catchments show more moderate changes although still exhibit widespread
positive anomalies, indicating nation-wide intensification which could lead to increases in
flooding risks. This NW-SE gradient is similar to the spatial pattern observed for CDDnax, but the
underlying processes differ. For precipitation extremes, the contrast arises primarily from
westerly airflow and orographic uplift in the western uplands, which intercept moist Atlantic air
masses, producing larger increases in precipitation extremes, while eastern and southeastern
lowlands in the lee receive smaller changes (Burt and Howden 2013; Mayes and Wheeler 2013).
On the other hand, the CDD,,,,x pattern is driven by anticyclonic blocking, lee-side drying, and
enhanced evaporative demand in southern and eastern England. Catchments with increases
exceeding 20 mm are highlighted in blue outlines in the middle and right panels of Figure 4,
indicating localised amplification of storm events in upland or flood-prone regions. The largest
increases in RX1day and RX5day occur in catchment 065001 (Glaslyn at Beddgelert) in Snowdonia
National Park, North Wales, with absolute increases of +30.21 mm and +41.90 mm, respectively,
at 4 °C (see Table 4). A small number of catchments exhibit slight negative changes in RX5day,
highlighted with red outlines in the middle and right panels of the bottom row. Specifically, two
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catchments show decreases at 2 °C, and three at 4 °C, with reductions no greater than 0.66 mm,
suggesting these changes are negligible at the national scale. Because these small decreases
occur in only a few isolated catchments and show no spatial coherence, they are likely due to
sampling variability or numerical precision and should not be considered meaningful reductions
in extreme rainfall.

The projected increases in RX1day and RX5day align with recent findings from UK high
resolution climate simulations, which show that local extreme downpours intensify by 5-15% per
degree of warming and events exceeding 20 mm/h become four times as frequent by the 2070s
under high-emission scenarios (Kendon et al. 2023). These results reinforce that warming could
substantially increase the frequency and severity of short-duration extreme rainfall events across
the UK.
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498  Figure 4 Spatial distribution of maximum 1-day precipitation (RX1day, top) and maximum 5-day
499  precipitation (RX5day, bottom) across UK catchments under baseline and future warming

500  scenarios: (a) Baseline RX1day; (b) Change in RX1day at 2 °C; (c) Change in RX1day at 4 °C; (d)
501  Baseline RX5day; (e) Change in RX5day at 2 °C; and (f) Change in RX5day at 4 °C. Values are

502 shown in millimetres. The catchments with changes > 20mm and negative changes are
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highlighted with blue and red outlines, respectively. Maps show 317 non-overlapping
representative catchments selected from the full 698 catchments to avoid overlap.

4.3 Projection of future flows

4.3.1 River flow percentiles

Figure 5 shows projected percentage changes in Q05 (high flow), Q50 (median flow), and
Q95 (low flow) across UK catchments under a 4 °C warming scenario. Figure S4 in the Supporting
Information shows the same information under a 2 °C warming scenario. Changes are shown for
the annual average, as well as summer (June—August) and winter (December—February) seasons.
Red shades indicate reductions, and blue shades indicate increases in flow compared to the
baseline.

Q05 projections reveal an east—west contrast in high flow changes. Annual Q05 values
show moderate reductions across southern and eastern parts of the UK, while catchments in the
west, particularly in Wales and western Scotland, display increases, which likely reflects
enhanced orographic rainfall. This finding is consistent with Kay et al. (2021b), who reported that
5- and 20-year return period high flows are generally projected to increase across the UK, but
with notable decreases in southern and eastern regions, where uncertainties are also larger. But
they did not study seasonal differences. In summer, Q05 declines are widespread and
pronounced, indicating a marked reduction in high flow events during the dry season. Conversely,
winter Q05 exhibits large increases across western and northern regions, consistent with wetter
winter conditions and the intensification of high-flow extremes. The spatial correspondence
between precipitation extremes and high-flow responses is evident when comparing Figures 4
and 5. Regions showing the largest increases in annual RX5day, including the western uplands of
Wales, northwest England, and western Scotland, also exhibit substantial rises in annual high
flows (QO05) and flood return levels (see Figure 6). This reflects the dominance of steep, rainfall-
driven catchments where enhanced precipitation intensity directly amplifies flood peaks. In
contrast, southeastern and eastern catchments display modest increases in RX5day but clear
reductions in Q05 under 4 °C warming. These declines indicate that enhanced evaporative
demand and reduced antecedent soil moisture offset the effect of slightly heavier rainfall events,
leading to less runoff generation. These spatially contrasting patterns highlight a non-linear
hydro-climatic response: increases in rainfall extremes do not uniformly translate into higher
flood flows, but instead depend on regional water balance and catchment characteristics.

For Q50, a distinct north—south gradient is evident. Annual Q50 reductions are more
pronounced in southern and eastern catchments, which aligns with regional drying trends.
Summer Q50 declines are widespread and severe, frequently exceeding 40%, reflecting reduced
baseflows and lower overall water availability during the driest part of the year. In winter, Q50
responses are more spatially variable, with increases observed in central and western regions,
while eastern and southern England shows continued declines, suggesting that wetter winters
may not be uniformly distributed in the UK. These findings are consistent with earlier work by
(Arnell et al. 2021; Kay et al. 2020; Smith et al. 2024). They all project a pronounced decline in
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summer flows and an increase in drought frequency in southern England. Smith et al. (2024) also
reported a nationwide reduction in median daily river flows.

Annual Q95 projections indicate substantial declines across much of the UK, reflecting a
widespread reduction in low flows. Summer Q95 shows a similar drying pattern, though the
magnitude of change is slightly less pronounced compared to annual values. These reductions in
low flows during the annual and summer periods align with the intensification of drought
conditions identified through increases in CDDmax and reductions in SPI discussed earlier. In
contrast, winter Q95 exhibits a more spatially variable pattern. A general trend toward wetter
conditions is observed in Wales, Northern Ireland, western England, and upland Scotland, where
winter low flows are projected to increase. However, southern and eastern England display
continued reductions in Q95 even during winter months. This is particularly concerning, as winter
is typically the period for aquifer and reservoir recharge. The persistence of low flows in these
regions could further exacerbate water resource stress, reducing resilience to subsequent dry
periods. These spatial patterns and regional contrasts are broadly consistent with those reported
by Kay (2021), who found that for 5- and 20-year return period low flows, most regions exhibited
decreasing trends, with only a few exceptions. Our study provides additional insights into
seasonal changes.
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Figure 5 The percentage changes in river flows under a 4.0 °C warming level relative to the
baseline period 1981-2010 for the 5th percentile flows (Q05, top row), median flows (Q50,
middle row), 95th percentile flows (Q95, bottom row). The left, middle and right panels
represent annual, summer, and winter seasons, respectively. Maps show 317 non-overlapping
representative catchments selected from the full 698 catchments to avoid overlap.

4.3.2 Return floods

Projected changes in flood magnitudes for the 5-, 10-, 20-, 50-, and 100-year return
periods were quantified. The 50-year return flood period is used here as an example that
represent similar change patterns of the other return periods. Figure 6 shows the projected
percentage changes in 50-year return floods for 23 UK river basin regions at 2 °C (left) and 4 °C
(right). Each boxplot represents the distribution of percent changes across all ensemble member—
catchment combinations within each region. The spread reflects the combined spatial and
ensemble variability in future flood risk. The changes reveal a nonlinear and regionally variable
response to warming across the UK. While many regions show increases under both 2 °Cand 4 °C
scenarios, the response is not amplified with higher warming. The magnitude of flood change is
generally lower at 4 °C than at 2 °C. At 2 °C, most regional medians show increases in the range
of 20-50%, whereas at 4 °C, the range lowers to 6—40%. At 4 °C, the interquartile spreads are also
wider compared to 2 °C, and the interquartile ranges include zero or negative values in several
regions. The five regions with the lowest increases at 4 °C are Anglian, Humber, Dee,
Northumbria, and South West England, while the highest increases are found in North Eastern
Ireland, Western Wales, North Western Ireland, Orkney and Shetland, and Neagh Bann.

The same trend is observed for the other return periods (see Figure S2 in the Supporting
Information). Despite the expectation that flood hazards would intensify with warming, the
median percentage change at 4 °C is often lower than at 2 °C, and in some regions the spread
includes potential decreases in flood magnitudes. The uncertainty, represented by the
interquartile ranges and whiskers, generally increases at 4 °C. This indicates greater variability in
projected outcomes across both ensemble members and catchments, suggesting higher flood
risk uncertainty under stronger warming. Interestingly, while Q05 decreases in many
southeastern and eastern catchments under 4 °C warming, the 50-year return floods still increase
(albeit less than at 2 °C). This apparent contrast arises because Q05 represents frequent high-
flow conditions that are influenced by reductions in mean runoff and antecedent soil moisture,
whereas return floods are driven by rare, high-intensity rainfall events. Under strong warming,
enhanced evaporative demand can suppress moderate flows, but precipitation extremes
continue to intensify, producing higher peak discharges during flood events. The smaller increase
at 4 °C relative to 2 °C reflects the competing effects of rainfall intensification and catchment
drying, leading to a non-linear response of flood magnitude to warming.

Our findings differ from those reported by Smith et al. (2024), who found that UK-wide
median 10-year return flood flows remain relatively stable but decrease in some regions by
approximately 15% at 2 °C and up to 50% at 4 °C, and uncertainty intervals broaden with
warming. Although both studies show increasing uncertainties at higher warming levels, our
results show positive median percentage changes in all regions, albeit with lower medians at 4 °C
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than at 2 °C. One possible explanation for this divergence is the use of the SHETRAN model by
(Smith et al. 2024), which explicitly simulates groundwater and unsaturated zone processes. In
some regions, this may lead to greater infiltration and subsurface storage under warming,
thereby damping surface runoff and reducing simulated flood peaks,, especially under high
warming conditions. In contrast, the HBV-TYN hydrological model used in our study is more
responsive to surface runoff generation which can lead to a stronger translation of extreme
rainfall into peak flows. This contrast highlights the need for further investigation into how
different model structures represent hydrological processes under warming and how these
influence flood hazard projections. The contrast also underlines the importance of considering
multiple hydrological model structures when using projections to inform adaptation decisions,
as different models may emphasize different runoff-generation pathways under warming. The
HBV-TYN results presented here should therefore be interpreted as one plausible member of a
wider hydrological model ensemble rather than a definitive projection. Moreover, a projected
reduction in the fluvial flood magnitudes under stronger warming does not necessarily equate to
lower overall flood risk. This study does not capture surface water flooding, which is driven by
intense, short-duration rainfall events and may become more frequent with warming, especially
in urban areas where drainage systems can be easily overwhelmed. Dedicated metrics and
modelling would be required to assess changes in this distinct flood type and, more broadly, the
full spectrum of flooding.

While the UKCP18-RCM data provide an ensemble of daily-scale projections, future
research should incorporate convection-permitting models (CPMs) for higher-resolution
assessments of sub-daily river flows, particularly in urban settings where flash flood risk is
increasing.
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Figure 6 Projected percentage changes in 50-year return floods for 23 UK river basin regions
under 2°C (a) and 4°C (b) warming scenarios. Each boxplot represents the distribution of
percent changes across all ensemble member—catchment combinations within each region. The
box represents the interquartile range (IQR, 25th—75th percentile), the line inside denotes the
median, whiskers extend to 1.5xIQR, and circles represent outliers. Region ordering is based on
the 4°C median to facilitate direct comparison.

4.3.3 Standardised streamflow index (SSI)

Figure 7 shows the regional changes in the 1-month Standardised Streamflow Index (SSI1)
under baseline and future warming scenarios across UK River Basin Regions. Each subplot shows
SSI trajectories for a specific River Basin Region under baseline, 2 °C, and 4 °C warming levels.
Light grey lines represent individual catchments within the region, while the bold black line
indicates the regional mean value across all catchments. Negative SSI values reflect increasingly
dry streamflow conditions.

Across almost all regions, the regional mean SSI1 (bold black line) declines steadily from
the baseline to 2 °C and then to 4 °C, indicating a widespread intensification of streamflow
drought conditions as global temperatures rise. This trend is consistently observed across
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individual catchments as shown by the downward-sloping grey lines, although the magnitude
and spread of change vary by region.

The most pronounced declines are found in southern and eastern regions, particularly
South East England, Thames, Humber, South West England, and Anglian where regional mean
SSI1 approaches or falls below —0.5 at 4 °C warming. In some catchments, values approach —1.0,
suggesting potential for moderate to severe hydrological drought. These regions are already
subject to both high water demand and seasonal deficits, and future warming could exacerbate
existing pressures on water supply, river ecology, and drought resilience.

The declining pattern is not uniform across the UK. While most catchments experience
drying, several northern and western upland catchments show different trends. Orkney and
Shetland exhibit a distinct increase in SSI1 with warming, suggesting a shift toward wetter
streamflow conditions. Similarly, several catchments in the West Highland and North Highland
regions also show positive changes in SSI1, despite the regional mean still showing a slight
downward trend. These increases may be driven by enhanced winter precipitation, relatively low
evapotranspiration losses, and the influence of a maritime climate that buffers against summer
drying.

The spread among catchments (grey lines) increases with warming, particularly in eastern
and southern England, indicating growing intra-regional variability in drought response. This
underscores the importance of catchment-specific assessments, as regional averages can mask
important local differences. Our results corroborate the recent drought assessment by Reyniers
et al. (2023), who found that drought risk increases almost everywhere across Great Britain with
rising global mean surface temperatures, and southern and eastern England are particularly
vulnerable to concurrent and prolonged droughts under high-emissions scenarios. Reyniers et al.
(2023) further demonstrate that multi-year drought events may become more frequent and
severe based on the Standardised Precipitation Evapotranspiration Index (SPEI).

The projected SSI anomalies highlight the need to integrate climate-driven hydrological
drought risks into long-term water resource management and drought resilience planning. In
particular, regions that are already experiencing seasonal water stress are likely to see a
compounding of risk under 4°C warming, necessitating adaptation strategies that are able to
account for both short-term drought shocks and long-term chronic low-flow conditions.
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Figure 7 1-month Standardised Streamflow Index (SSI1) under baseline and future warming
scenarios across UK River Basin Regions. Light grey lines represent individual catchments within
the region, while the bold black line indicates the regional mean value across all catchments.
Negative SSI values reflect increasingly dry streamflow conditions.

We also used the SSI1 index to assess baseline and future whiplash events for dry-to-wet
and wet-to-dry transitions. Figure 8 shows the ensemble mean number of hydrological whiplash
events across UK catchments under baseline, 2 °C and 4 °C warming levels. Results reveal that
dry-to-wet whiplash events are, on average, more frequent than wet-to-dry events across UK
catchments, with high baseline occurrences in western and northern regions such as western
Scotland, Wales, and Northern Ireland. These areas, despite being generally wet, are
hydrologically dynamic and prone to rapid transitions due to orographic rainfall and the influence
of Atlantic frontal systems.

Projected changes under both 2°C and 4°C warming scenarios show widespread increases
in the frequency of both types of whiplash events. For dry-to-wet whiplash, widespread increases
can be seen across most of the UK, with some catchments showing +3 to +5 events at 4°C
warming. Stronger increases can be observed in South Wales, Northern Ireland, Northern and
Western England and parts of southeast England. The increases likely reflect intensified
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hydrological variability as a result of warming. The simultaneous increase in the frequency of
more negative SSI anomalies and more positive SSI anomalies suggests a widening spread of
hydrological states. The projected increases in both types of anomalies therefore indicate a
greater likelihood of threshold-crossing transitions between unusually dry and unusually wet
conditions, reflecting intensifying hydrological whiplash under warming. The wet-to-dry whiplash
also increases with warming but to a lesser extent than dry-to-wet and more spatially variable.
The increase could be due to a warmer climate enhancing evapotranspiration and accelerating
soil drying after wet periods, thereby increasing the frequency of wet-to-dry transitions.

Dry-to-wet whiplash may lead to flash flooding, water quality deterioration, and soil
erosion, while wet-to-dry whiplash can challenge drought preparedness following misleading wet
conditions. These findings highlight an emerging intensification of hydroclimatic variability under
warming, with implications for flash flood risk, water quality, and drought resilience. It is worth
noting a formal drought was declared on 29 May 2025 for North West England (UK Government
2025), only three years after a previous drought declaration in 2022. This underscores the
region’s increasing exposure to water scarcity despite its traditionally wet climate. Such
conditions can arise when persistent high-pressure systems over the North Atlantic block
westerly moisture-laden airflows, reducing rainfall over western UK regions. Compared to
catchments in southern and eastern UK, norther and western catchments are flashier catchments
with fast surface runoff response and limited groundwater storage, which can result in flash
droughts when evaporative demand is high in warm months (Otkin et al. 2018; Barker et al. 2019,
2024). In our analysis, western and northern regions stand out as hotspots for increasing dry-to-
wet whiplash events, suggesting that rapid transitions from drought to intense rainfall may
become more common in a warming climate. These abrupt swings can pose significant challenges
for water resources management, particularly for reservoir operations, by shortening the
window for effective drought mitigation and increasing the risk of rapid inflows and overflow
events during recovery. Water resource planning should therefore consider not just long-term
mean flows but also the growing risk of sudden hydrological transitions and their implications for
storage, treatment, and supply reliability.
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Figure 8 Spatial distribution of number of whiplash events across UK catchment. Top row:
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in multi-model ensembles. Numerous studies have shown that GCM structural differences are
often the largest contributor to uncertainty in hydrological climate-change impact assessments
(e.g. Chegwidden et al., 2019; Fatichi et al., 2016). The UKCP18 Science Report (Murphy et al.
2018) shows that, while the Regional PPE exhibits a consistent summer-drying signal over the UK,
the CMIP5 multi-model ensemble includes members projecting substantially weaker summer
drying or even increases in summer precipitation, and some models also simulate much larger
winter precipitation increases than those represented in the Regional product (Murphy et al.,
2018; Sections 4.5 and 5.1). The Report indicates the broader response ranges in Strands 1 and 2
arise from the influence of CMIP5 models, particularly over England where CMIP5 includes a few
projections with increasing summer precipitation, whereas the PPEs show only decreases. The
report also notes that Strand 3 samples the broader outcome space more narrowly, particularly
in summer. These differences indicate that our projections may not fully represent the range of
plausible hydroclimatic futures, particularly the possibility of less pronounced summer drying in
southern and eastern regions and stronger winter wetting in western uplands. It highlights the
need for future work using multi-GCM ensembles to better characterise the broader range of
plausible hydroclimatic futures.

Because the UKCP18 RCM ensemble is a small, non-independent perturbed-parameter
ensemble derived from a single GCM, formal statistical significance testing is not appropriate
(von Storch and Zwiers 2013; Clark et al. 2016). We therefore interpret large-scale, spatially
coherent ensemble signals rather than applying hypothesis tests, noting that a formal robustness
or significance assessment would require a larger multi-GCM ensemble.

5 Conclusions

This study provides a comprehensive assessment of projected changes in UK river flows
under 2 °C and 4 °C global warming scenarios, using bias-corrected UKCP18-RCM data and a
distributed HBV-TYN hydrological model applied to 698 UK catchments. We employed a suite of
hydrometeorological and hydrological metrics to evaluate both drought and flood hazards.
Hydrometeorological metrics, including the longest consecutive dry days (CDDmax), the
standardised precipitation index (SPI), and maximum 1-day and 5-day precipitation totals
(RX1day and RX5day), were derived from bias-corrected ensemble projections at 1 x1km
resolution and summarised at the catchment scale. Projected changes in river flows were
evaluated using exceedance percentiles (Q05, Q50, Q95), return flood magnitudes (5-, 10-, 20-,
50-, and 100-year events), and the standardised streamflow index (SSI).

Our results reveal a regionally divergent intensification of extremes, with intensified
short-duration rainfall events (for floods) and lengthened dry spells and precipitation deficits (for
droughts) leading to greater hydroclimatic variability across UK catchments. Projected increases
in daily and multi-day precipitation extremes (RX1day, RX5day) coincide with amplified high flows
and flood magnitudes in western and northern uplands. This spatial pattern reflects the
combined influence of large-scale westerly circulation and orographic uplift that sustain frequent
rainfall in the northwest, in contrast to the lee-side drying and stronger evaporative demand in
southern and eastern England under persistent high-pressure systems. Consequently, southern
and eastern England exhibit longer and more frequent dry spells (CDD,,,x) and persistent
streamflow deficits (Q95, SSI), reflecting growing drought exposure. The spatial contrast between
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flood-dominated northwest regions and drought-prone southeast regions strengthens under
warming, reinforcing a pronounced northwest—southeast divide in UK hydroclimate.

More shifts between intense rainfall and prolonged dry periods indicate rising
hydroclimatic volatility, including an increasing frequency of whiplash events marked by rapid
alternations between wet and dry extremes. These transitions compound management
challenges by simultaneously stressing flood-defence and drought-response systems. The
findings underscore the need for regionally tailored adaptation, including enhanced flood-risk
management and nature-based storage solutions in western and northern regions, and
strengthened water-supply resilience and demand management in southern and eastern regions.
These measures should be supported by the development of dual-purpose infrastructure capable
of addressing the increasing occurrence of hydroclimatic whiplash events, alongside updated
hydrological design standards and integrated risk planning to manage the full spectrum of
hydrological extremes.

While some catchments, particularly in groundwater-dominated or heavily regulated
basins, show lower calibration performance, most catchments achieve good model performance,
which increases confidence in the large-scale spatial patterns identified. The consistent
application of the same model structure and parameters across scenarios supports the
robustness of the main conclusions. Future work could improve the model’s representation of
groundwater—surface-water interactions and human regulation. It could also expand the forcing
data to include multi-model climate ensembles to better sample structural uncertainty, and
incorporate higher-resolution convection-permitting model projections to more accurately
represent extremes at both daily and sub-daily resolutions. Although NSE was used for calibration
to ensure methodological consistency across catchments and comparability with other UK-wide
models, it gives greater weight to high-flow conditions. Using a multi-objective calibration
approach that integrates low-flow-sensitive metrics (e.g., KGE or NSE-log) could improve the
simulation of drought-related processes. Future work could also explore the integration of
explainable or physics-informed machine learning models, which combine data-driven learning
with hydrological process constraints to improve interpretability and robustness under changing
climate conditions.

Open Research

The simulated discharge timeseries for all study catchments are available in (Newcastle
University and University of East Anglia 2024). The summary metric dataset used in this study is
available in (Newcastle University 2024). The River Basin Regions shapefile is accessible via the
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