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Abstract

Understanding the range of potential impacts of climate change is crucial for appropriate adaptation planning, especially for
floods and water resources. Driving hydrological models with data from climate models provides important information,
but can be limited by availability and useability of appropriate climate ensembles for the region of interest. Here, a recently
re-processed multi-model ensemble of regional climate projections, derived from Euro-CORDEX, has been used alongside
aregional perturbed parameter ensemble, from UK Climate Projections 2018, to drive a national-scale grid-based hydrologi-
cal model, to assess future impacts on river flows across Great Britain. The results show relatively consistent increases in
GB-median winter flows and 5-year return period high flows, but the magnitude of GB-median decreases in summer flows
is more different between the two ensembles, as are reductions in 5-year return period low flows. The signs of GB-median
changes in spring and autumn flows are inconsistent. Spatial patterns of change also show significant differences between
ensemble members. Assuming the climate model results are all plausible, adaptation planning for Britain should take account
of impacts from a range of climate models to enable more robust long-term decision-making for water management. Flow
changes assessed using fixed baseline and future time-slices differ from those using time-slices derived by model-based global
temperature change from the pre-industrial period; the latter removes some uncertainty related to choice of emissions scenario
and improves comparability between different climate models, but the preferred approach may depend on the application.
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Introduction

Understanding the range of potential impacts of climate
change is crucial to enable appropriate adaptation planning
for a wide range of sectors (Martinich and Crimmins 2019),
with the impacts on hydrology, including floods, droughts
and water resources, a particular concern (Caretta et al.
2022). Outputs from global or regional climate models are
often used to drive hydrological or river routing models
to investigate potential impacts on flows at global or large
scales (e.g. Miiller et al. 2024; Thompson et al. 2021; Marx
et al. 2018) or at national or catchment scales (e.g. Krysa-
nova et al. 2017; Sperna Weiland et al. 2021). For Britain,
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finer resolution regional, rather than global, climate model
data is generally considered necessary, particularly for high
flow simulation and for all but the largest catchments. Thus,
river flow projections for Britain are limited by the availabil-
ity and useability of appropriate climate ensembles.
Several generations of climate projections for the UK
have been specifically produced by the UK Met Office
(Hulme et al. 2002, Murphy et al. 2009, 2018), funded by
the UK Government to help decision-makers assess climate
hazard and risk. These have enabled hydrological impact
studies using products ranging from probabilistic projec-
tions to Global Climate Model (GCM) and Regional Climate
Model (RCM) data (e.g. Reynard et al. 2003; Arnell 2004;
Fowler et al. 2007; Christierson et al. 2012; Kay and Jones
2012b; Prudhomme et al. 2012; Sanderson et al. 2012). The
latest generation, UK Climate Projections 2018 (UKCP18;
Lowe et al. 2018), provides similar products to those pro-
vided previously, including ~ 12 km RCM data (UKCP18
Regional). These products have similarly been used to inves-
tigate potential hydrological impacts across Britain (e.g. Kay
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et al. 2021b; Lane et al. 2022; Smith et al. 2024). However,
the RCM projections are solely based on the Met Office Had-
ley Centre climate model, albeit using a perturbed parameter
ensemble (PPE). They have a tendency to be hotter and drier
in summer than those from other GCMs (Murphy et al. 2018;
Fig. 5.1), so may not fully represent the potential range.

The CORDEX (Coordinated Regional Climate Downs-
caling Experiment) initiative (cordex.org/) aims to advance
regional climate model applications globally. The Euro-
pean branch of CORDEX, Euro-CORDEX (euro-cordex.
net/), provides outputs covering Europe from a multi-model
ensemble (MME) using a range of GCM/RCM combinations
with ~ 12 km resolution (Jacob et al. 2014). To enhance use-
ability of these projections alongside UKCP18, a project was
funded by the UK Climate Resilience Programme to con-
vert Euro-CORDEX data to the grid used for the UKCP18
Regional ensemble, with the same naming conventions
(EuroCORDEX-UK; Barnes et al. 2024, ucl.ac.uk/statistics/
research/eurocordex-uk).

The aim here is to compare future impacts on river flows
from use of the EuroCORDEX-UK MME and the previ-
ously applied UKCP18 Regional PPE, when used to drive
a grid-based hydrological model for Great Britain. Specifi-
cally, changes in seasonal mean flows, high flows and low
flows are compared, to assess the extent to which use of the
UKCP18 Regional ensemble alone may give an incomplete
picture of potential future changes in rivers flows across GB.
Flow changes are also assessed using both fixed baseline and
future time-slices, and time-slices derived by GCM-based
levels of change in global temperature from the pre-indus-
trial period.

Methods
Hydrological model

The Grid-to-Grid (G2G) is a national-scale runoff-produc-
tion and routing model for Great Britain operating on a 1
km grid at a 15-min time-step (Bell et al. 2009), with an
optional temperature-based snow module (Bell et al. 2016).
It is mainly parameterised using spatial datasets (e.g. soil
types) rather than calibration (Bell et al. 2009) and is driven
by 1 km gridded time-series of precipitation and potential
evaporation (PE), plus temperature for the snow module. It
performs well for flow simulation in a wide range of catch-
ments (Bell et al. 2009, 2016; Rudd et al. 2017; Formetta
et al. 2018), particularly where the regime is relatively
natural. The inclusion of artificial influences (abstractions
and discharges) has been shown to improve performance in
affected catchments (Rameshwaran et al. 2022), but limited
temporal and spatial data availability means that these fac-
tors are not included here.
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Climate change projections and their application
UKCP18 Regional

UKCP18 provides information on potential changes in UK
climate over the twenty-first century via several products
(Murphy et al. 2018), including the UKCP18 Regional (12
km) projections (Met Office Hadley Centre 2018). These
comprise a 12-member PPE of the Hadley Centre RCM
nested in an equivalent GCM PPE, covering Dec 1980-Nov
2080 under RCP8.5 emissions (Riahi et al. 2011). The data
are available re-projected from the native rotated lat-lon grid
to a 12 km grid aligned with the GB national grid; the re-
projected data are used here. All ensemble members use a
360-day year. Further detail on the prior use of UKCP18
Regional data to drive G2G, for GB and Northen Ireland, is
provided by Kay et al. (2023a).

EuroCORDEX-UK

Data from the Euro-CORDEX MME are available re-pro-
jected from the individual model grids to the 12 km grid
used for UKCP18 Regional (Barnes 2023; Barnes et al.
2024), also covering Dec 1980-Nov 2080 under RCP8.5
emissions. Data are available for 64 GCM/RCM combina-
tions (6 distinct GCMs and 10 RCMs), although not all com-
binations are included (Table 1). Two GCMs have multiple
realisations; only the one used for the most RCMs has been
applied here. Two RCMs could not be applied due to issues
with orography data (Supp. Section 1). This left 42 GCM/
RCM combinations (hereafter ‘EC-UK”). Ensemble mem-
bers use different length years; standard 365/366-day, fixed
365-day (i.e. no leap years) or 360-day. The hydrological
model has been coded to use the different year length options
as appropriate.

Applying the climate data

For each GCM/RCM combination, re-projected daily pre-
cipitation and min/max temperature data are directly avail-
able to drive G2G (including the snow module). PE is not
directly available so has been estimated from other re-pro-
jected daily climate variables using the Hydro-PE method of
Robinson et al. (2023), which is based on Penman—Monteith
and includes interception.

As in prior applications of G2G with UKCP18 Regional
data (e.g. Kay 2021), simple grids of monthly correction
factors have been applied to precipitation, aiming to cor-
rect coarse monthly/seasonal mean biases. The precipitation
are then spatially downscaled from 12 to 1 km using spatial
weights derived from 1 km patterns of standard average annual
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Table 1 Combinations of GCM ”
GCM and RCM available w
. . N
w¥th1n EuroCORDEX-UK, o E - - -
with corresponding ensemble o = 10} 2 I z =
member numbering = z = = 5 3 5 = = =
Q x_ @ (7 3 T u i e =
25 U2 G5 4= 25 %a 23 =5 =3 4=
= & = = = T AT @& &z 5%
RCM 6t BT Bt 8@ ot = st =9 5§ 2%
ALADING3 100 132 142 156
CCLM4-8-17 101 110 133 143
COSMO-crCLIM-v1-1 102 111 112 113 134 144 145 146 157
HadREM3-GA7-05 103 114 135 147 158
HIRHAM5 104 115 116 117 127 136 148 159
RACMO22E 105 118 119 120 128 137 149 160
RCA4 106 121 122 123 129 138 150 151 152 161
RegCM4-6 107 125 139 153 162
REMO2015 108 124 130 140 154 163
WRF381P 109 126 131 141 (155) 164

Blue shading indicates the 42 combinations applied here, while grey shading indicates combina-
tions that were not or could not be applied. The EC-EARTH and MPI GCMs have multiple realisa-
tions (r_i_p_ indications by the GCM name); only the realisation used for the most RCMs has been
applied here, to avoid skewing overall results to those GCMs. Issues with availability of orography
data for the ALADIN and WRF RCMs meant they could not be used here

rainfall (SAAR; Kay et al. 2023b), and the daily totals are
spread equally over the G2G model time-steps in each 24-h
period. The daily PE data are copied down from 12 to 1 km
and also spread equally through the 24-h period. The daily
min/max temperature data are downscaled from 12 to 1 km
using a lapse rate with elevation, and interpolated through the
day using a sine curve (Bell et al. 2016).

Each RCM-based G2G simulation was initialised in Dec
1980 using a states file produced at the end of an observation-
based simulation for Jan 1970-Nov 1980 (as Kay 2021), and
run through to Nov 2080. Model outputs include 1 km grid-
ded time-series of monthly mean river flows, annual maxima
(AMAX) of daily mean river flows for water years (Octo-
ber—September), and annual minima (AMIN) of 7-day mean
river flows for years spanning December—November. AMAX
extraction uses water years to avoid taking the same event
from consecutive years. AMIN extraction would usually use
calendar years for the same reason, but December—November
is used here to match the climate model data (Dec 1980-Nov
2080). The flows (m?/s) are output for all non-sea and non-tidal
1 km cells with a catchment drainage area of at least 50 km?
(hereafter ‘river pixels’).

Analysis of simulated flows
Time-slices

Previously, standard practice when investigating impacts
of climate change was to select fixed reference and future
time-slices (typically 30-year periods) and look at changes
between them, under one or more emissions scenarios.
More recently, motivated by the requirements of policy-
makers and public communications (James et al. 2017),
studies have used time-slices derived by levels of change
in global mean surface temperature (GMST) from the
pre-industrial period (e.g. Arnell et al. 2021; Rudd et al.
2023; Smith et al. 2024). Such studies aim to encourage
action on both mitigation (to limit emissions to avoid more
severe impacts) and adaptation (to reduce the societal and
environmental impacts of changes that may be inevitable).
This also reduces the focus on emissions scenarios, some
of which may be seen as unlikely, and can provide more
balanced comparisons between different climate models,
which can have very different climate sensitivities (Barnes
et al. 2024). Remaining differences between models are

@ Springer



89 Page 4 of 19

Regional Environmental Change (2025) 25:89

then due to (i) differences in local, rather than global,
response and (ii) natural variability.

Here, changes are assessed between the following time-
slice pairs:

e 1°and 2° GMST change from pre-industrial (‘1 deg-2
deg”);

e 1° and 3° GMST change from pre-industrial (‘1 deg-3
deg’); and

e Fixed 30-year baseline (1980-2010) and far-future
(2050-2080) (‘Fixed’).

The time-slices for 1°, 2° and 3° GMST change from

pre-industrial were derived by Barnes et al. (2024) as the

Fig.1 The 1°,2° and 3° GMST 1980

30-year period centred on the year in which the GMST
change in the driving GCM exceeds the threshold of inter-
est (github-pages.ucl.ac.uk/EuroCORDEX-UK-plot-explo
rer/#/time-help). The time-slices vary for each GCM used
in EC-UK but also for each UKCP18 PPE member despite
them using the same GCM (Fig. 1); the latter differ because
variations of RCP8.5 emissions were applied in the UKCP18
PPE to reflect carbon cycle uncertainties (Murphy et al. 2018
Section 1.4).

The reference period is a 1° GMST change, rather than
a fixed 30-year period, for the first two options as different
climate models have also warmed by differing amounts prior
to the fixed baseline (1980-2010); using the 1° time-slice
as reference allows for this. For two GCMs (CNRM and
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NorESM), the 30-year period for a 3° GMST change goes
beyond 2080 (Fig. 1). The length of the period (and its cor-
responding reference period) is thus reduced to fit the end
year of 2080 (but it is still centred on the required year so
years are removed from the start as well as the end). Thus,
the ‘1 deg-3 deg’ time-slices use 26 years for the CNRM
GCM and only 14 years for the NorESM GCM.

In all cases, the 1° time-slice is later than the fixed base-
line time-slice, and in most cases the 3° time-slice is earlier
than the fixed far-future time-slice, so (assuming impacts
increase over time) it may be expected that the impacts for
a given ensemble member for ‘1 deg-3 deg’ would be less
than those for ‘Fixed’, and the impacts for ‘1 deg-2 deg’
would be less again.

Seasonal mean flow changes

For each G2G run, the 1 km gridded time-series of monthly
mean flows are used to derive 1 km grids of seasonal mean
flows for each time-slice, using the standard seasons (win-
ter: Dec—Feb, spring: Mar—May, summer: Jun—Aug, autumn:
Sep—Nov) (as Kay 2021). Changes in seasonal mean flows
for time-slice pairs are then investigated.

High and low flow changes

For each G2G run and each river pixel, flood frequency
curves are derived by fitting a generalised logistic distribu-
tion to the AMAX for each time-slice, and low flow fre-
quency curves are derived by fitting a generalised extreme
value distribution to the AMIN for each time-slice (as Lane
and Kay 2021). Changes in high and low flows for time-slice
pairs are then calculated for selected return periods. Results
here focus on the 5-year return period; longer return periods
(rarer events) are avoided due to the short time-slice length
for some GCMs (‘Time-slices’ section).

There are minor differences between time-slices applied
for high and low flows, due to use of water years (Oct—Sep)
for high flows versus Dec—Nov years for low flows (and sea-
sonal mean flows).

Results
Seasonal mean flow changes

Looking at the GB-median (average across river pixels), the
ensemble mean flow change simulated using UKCP18 is
lower than the ensemble mean flow change from EC-UK
for all seasons and all time-slice pairs (Fig. 2). In winter,
this means that the overall EC-UK ensemble gives larger
increases in flows than UKCP18 (although some EC-UK
GCM-based sub-ensembles show mean decreases in

flows), while in summer, the EC-UK ensemble gives lesser
decreases in flows than UKCP18 (and some EC-UK GCM-
based sub-ensembles show mean increases in flows). In
spring and autumn, the EC-UK and UKCP18 ensembles
often give different signs of ensemble mean flow change.

For the UKCP18 ensemble, there is generally a wors-
ening of impacts (higher magnitude increases in winter or
decreases in spring/summer/autumn flows) when moving
from 1 deg-2 deg to 1 deg-3 deg to Fixed time-slice pairs
(although in spring, the changes for 1 deg-3 deg and Fixed
are very similar), as might be expected given the increasing
gaps between the first and second time-slice of each pair
(‘Time-slices’ section). While this monotonic change across
time-slice pairs also holds for the overall EC-UK ensem-
ble, it is less clear than for UKCP18 (e.g. in summer, the
overall EC-UK mean changes for 1 deg-3 deg and Fixed are
very similar), and it does not hold for all GCM-based sub-
ensembles (sets of runs driven by the same GCM but with
different RCMs).

Perhaps unsurprisingly, the EC-UK sub-ensembles
involving the Hadley GCM (EC_HadGEM) or RCM (EC_
HadREM) are typically most similar to UKCP18 (a PPE
using only HadGEM and HadREM), especially for the 1
deg-2 deg and 1 deg-3 deg time-slice pairs. However, there
can still be large differences, indicating the influence of
other RCMs used with the Hadley GCM or other GCMs
with the Hadley RCM. This is particularly the case for the
Fixed time-slice pair due to the different warming rates of
different GCMs.

Differences in spatial patterns of change in seasonal mean
flows between ensemble members are summarised in Taylor
diagrams for the Fixed time-slice pair (Fig. 3) with the cor-
responding maps in Figs. 4, 5, 6, and 7. The Taylor diagrams
show each map’s standard deviation and its correlation with
a reference map (the UKCP18 ensemble mean change for
each season). For all four seasons, the Taylor diagrams show
that most members of the EC-UK ensemble have lower cor-
relations with the reference map than the UKCP18 ensemble
members.

For winter flows (Fig. 4), UKCP18 mostly gives
decreases in the southeast and increases in the northwest,
whereas many EC-UK ensemble members give increases
over large areas, with limited areas showing decreases. Cor-
respondingly, Taylor diagrams (Fig. 3a) show many EC-UK
ensemble members with a standard deviation lower than
the UKCP18 ensemble mean, although few are negatively
correlated, indicating similar spatial gradients for the two
ensembles.

For spring flows (Fig. 5), many EC-UK ensemble mem-
bers give increases in the southeast, whereas UKCP18
ensemble members mostly only give increases in the west.
Correspondingly, Taylor diagrams (Fig. 3b) show many
EC-UK ensemble members with a negative correlation to
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Fig.2 The GB-median change in river flows for each time-slice pair
(1 deg-2 deg, 1 deg-3 deg, Fixed; left to right) for each season (top
to bottom), for the UKCP18 ensemble (green crosses) and EC-UK
ensemble (blue plus signs). The EC-UK ensemble is split by driving
GCM (HadGEM, CNRM, EC-EARTH, IPSL, MPI and NorESM),
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horizontal line)

and the subset using the Hadley RCM is also plotted for comparison
(red plus signs). For each sub-ensemble, the mean is shown (black
circle), and the number of sub-ensemble members is given in brack-
ets. The overall EC-UK ensemble mean is also shown (black dashed
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Fig.3 Taylor diagrams comparing the spatial patterns of change in
seasonal mean flows across GB for the UKCP18 ensemble (green
crosses) and EC-UK ensemble (blue plus signs) for the Fixed time-

the UKCP18 ensemble mean, indicating different spatial
patterns of change. The standard deviations of the EC-UK
ensemble cover a broader range than the UKCP18 ensem-
ble, indicating greater differences in spatial variation.

For summer flows (Fig. 6), UKCP18 gives large
decreases almost everywhere, whereas some EC-UK
ensemble members give increases, especially to the south-
east. Correspondingly, Taylor diagrams (Fig. 3c) show
some EC-UK ensemble members with a negative correla-
tion to the UKCP18 ensemble mean, although not as many
as for spring flows. The standard deviations of the EC-UK
ensemble mostly cover a similar range to the UKCP18
ensemble.

For autumn flows (Fig. 7), UKCP18 mostly only gives
large decreases (apart from relatively small areas to the
northwest), whereas some EC-UK ensemble members give
increases across large areas. Correspondingly, Taylor dia-
grams (Fig. 3d) show some EC-UK ensemble members
with a negative correlation to the UKCP18 ensemble mean,
although again not as many as for spring flows. The standard
deviations of the EC-UK ensemble are almost all lower than
for the UKCP18 ensemble.

6 9 12 15 18 21 24 27
Standard deviation

1 1 1 1 1 1
272421181512 9 6 3 0 3

slice pair. The reference pattern is taken as the UKCP18 ensemble
mean (black circle on the x-axis)

Taylor diagrams and maps for the 1 deg-3 deg time-slice
pair are given in Supp. Section 2 (Supp. Figs. 1-5) for com-
parison—they show relatively similar patterns to those for
the Fixed time-slice, but changes are generally lower.

High and low flow changes

Figure 8 shows the change in 5-year return period high and
low flows as the median across all GB river pixels, for each
time-slice pair and each model run. For low flows, for all
time-slice pairs, the mean change from the UKCP18 ensem-
ble is lower than the mean change from the EC-UK ensem-
ble (and indeed lower than the mean from each GCM-based
sub-ensemble), although all are negative. This means that
the UKCP18 ensemble gives worse decreases in low flows
than EC-UK. Both ensembles show worsening impacts when
moving from 1 deg-2 deg to 1 deg-3 deg to Fixed time-slice
pairs, although the differences for the EC-UK ensemble are
much smaller than for UKCP18.

For high flows, the mean changes from the UKCP18
ensemble and the EC-UK ensemble are positive for all time-
slice pairs, indicating worsening flood peaks. However, the
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Fig.8 As Fig. 2 but showing the GB-median change in 5-year return period low flows (top) and 5-year return period high flows (bottom)

overall EC-UK ensemble mean gives a monotonic increase
moving from 1 deg-2 deg to 1 deg-3 deg to Fixed time-slice
pairs, while UKCP18 gives the highest increase (higher than
EC-UK) for the 1 deg-2 deg pair and lower increases (lower
than for EC-UK) for the 1 deg-3 deg and Fixed time-slice
pairs.

As for seasonal mean flow changes, the EC-UK subsets
involving the Hadley GCM or RCM are typically most simi-
lar to UKCP18, especially for the 1 deg-2 deg and 1 deg-3
deg time-slice pairs, but some larger differences, especially
for the Fixed time-slice pair, indicate the influence of other
RCMs/GCMs when used with the Hadley GCM/RCM.

Taylor diagrams (Fig. 9) show that most members of the
EC-UK ensemble have lower correlations with the refer-
ence map (the UKCP18 ensemble mean) than the UKCP18
members, for changes in both low flows and high flows. For
a substantial proportion of the EC-UK ensemble, the cor-
relations are negative, indicating different spatial patterns
of change.

Low flow changes (Fig. 10) are relatively similar to
summer flow changes (Fig. 6), which is perhaps unsurpris-
ing as river flows and soil moisture levels are typically at
their lowest in summer in GB (Kay et al. 2023a). UKCP18
gives large decreases almost everywhere, whereas some

@ Springer

EC-UK ensemble members give increases, especially to
the southeast. Correspondingly, Taylor diagrams (Fig. 9a)
show some EC-UK ensemble members with a negative
correlation to the UKCP18 ensemble mean. The standard
deviations of the EC-UK ensemble cover a similar range
to the UKCP18 ensemble.

High flow changes (Fig. 11) are relatively similar to
winter flow changes (Fig. 4), which is again perhaps unsur-
prising as river flows and soil moisture levels are typically
at their highest in winter in GB (Kay et al. 2023a). Some
UKCP18 ensemble members give decreases in the south-
east and increases in the northwest (although patterns are
very mixed), whereas many EC-UK ensemble members
give increases over larger areas, with more limited areas
showing decreases. Correspondingly, Taylor diagrams
(Fig. 9b) show many EC-UK ensemble members with
lower standard deviations than the UKCP18 ensemble, and
many EC-UK ensemble members have a negative correla-
tion to the UKCP18 ensemble mean.

Again, Taylor diagrams and maps for the 1 deg-3 deg
time-slice pair (Supp. Figs. 6-8) show relatively similar
patterns to those for the Fixed time-slice but changes are
generally lower.
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Fig.9 Taylor diagrams comparing the spatial patterns of change in
5-year return period a low flows and b high flows across GB for the
UKCP18 ensemble (green crosses) and EC-UK ensemble (blue plus
signs) for the Fixed time-slice pair. The reference pattern is taken as
the UKCP18 ensemble mean (black circle on the x-axis)

Discussion

Projected flow changes across GB are likely to be predomi-
nantly driven by precipitation changes, but PE changes are
also important (e.g. Kay and Davies 2008), and in some
upland areas, temperature increases can also affect flows via
snow (e.g. Bell et al. 2016). Potential large-scale changes in
antecedent soil moisture conditions are particularly impor-
tant for changes in seasonal and low river flow, since soil
moisture deficits strongly control surface runoff (Robock
2003; Moore 2007), and can be important for flood occur-
rence and magnitude (e.g. Berghuijs, et al. 2019, Bennett
et al. 2018). Additional smaller-scale spatial variation in
responses is likely due to catchment properties, particularly
the influence of slower-responding groundwater stores in
southern England (e.g. Kay et al. 2021a).

For the fixed baseline and far-future time-slices, the GB-
median increases in winter flows and decreases in summer
flows for both the EC-UK and UKCP18 ensembles (Fig. 2)
are consistent with the meteorological analysis of Barnes
et al. (2024; Fig. 9), which shows clear increases in win-
ter precipitation and decreases in summer precipitation for
both ensembles (Supp. Fig. 9a,c). For both precipitation and

flows, the summer decreases from UKCP18 are much larger
than those from EC-UK, and a small number of EC-UK
ensemble members (especially from the CNRM GCM) show
summer increases.

Barnes et al. (2024) do not show spring or autumn precip-
itation, but plots were obtained from their Plot Explorer tool.
For spring (Supp. Fig. 9b), these show similar changes for
UKCP18 and EC-UK, with ensemble median increases but
decreases for several members. For autumn (Supp. Fig. 9d),
there is more difference between the two ensembles, with
median increases for EC-UK but decreases for UKCP18,
although both have several ensemble members showing the
opposite change. This mixed picture of spring and autumn
precipitation changes carries through to flows, except for
consistent decreases in autumn flows from UKCP18, likely
due to the persistence of the much greater summer decreases.
When using 1 deg-2 deg time-slices, the precipitation
analysis of Barnes et al. (2024) shows more consistency in
changes for the EC-UK and UKCP18 ensembles, especially
for summer, as does the seasonal flow analysis here.

Robinson et al. (2023) show large PE increases for the
UKCP18 ensemble; these are not shown by the EC-UK
ensemble (Supp. Fig. 10). This likely contributes to the flow
differences, particularly the reduced impacts on summer and
low flows for EC-UK compared to UKCP18. Supp. Fig. 10
also shows that a small number of EC-UK ensemble mem-
bers give consistently higher PE than the rest; these all use
the RegCM RCM. Further investigation is required to assess
why, but flow simulations using this RCM should perhaps be
excluded from further GB analyses if some of the meteoro-
logical variables going into the PE estimation are unrealistic.

The GB-median increases in 5-year return period high
flows for the EC-UK ensemble (Fig. 8, Fig. 11) are consist-
ent with the European-scale modelling of Di Sante et al.
(2021). They use Euro-CORDEX runoff with a routing
model to produce river flow, and investigate future changes
in annual mean, peak (AMAX) and 100-year return period
flood flows. For the far-future under RCP8.5, they find sta-
tistically significant increases in peak flow over much of
England and Wales and similar areas of southern England
show robust increases in floods.

Sperna Weiland et al. (2021) use Euro-CORDEX climate
variables to drive three hydrological models for nine catch-
ments across Europe, including the Severn in GB. They
apply two performance-based weighting schemes to combine
the ensemble members, to provide ‘more confident’ future
flow projections. Both weighted and unweighted results
show increases in annual mean flow, 7-day AMIN flow and
AMAX flow for the Severn (with ensemble ranges encom-
passing decreases). The increases in AMAX are consistent
with changes in high flows here (Fig. 11), but the increases
in 7-day AMIN may be less consistent with changes in low
flows here, which tend towards decreases (Fig. 10). Previous
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Fig. 10 As Fig. 4 but for change
in 5-year return period low
flows
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studies have suggested that low flow changes are more likely
to be affected by hydrological model choice than high flows
(e.g. Giuntoli et al. 2015).

When using a large ensemble such as EC-UK, it is
tempting to summarise results via, for example, maps of
the ensemble mean. Such maps are not shown here since
they could mask large differences between members and
may not well-represent the spatial pattern of any individual
member(s). This is highlighted by the Taylor diagram for
changes in high flow (Fig. 9b), where the standard devia-
tions for the individual UKCP18 ensemble members are all
higher than that for the ensemble mean used as the reference
map. Furthermore, the EC-UK ensemb]e is an ‘ensemble of
opportunity’; it is not designed to represent the full range of
uncertainty, and some models are over-/under-represented
due to missing GCM/RCM combinations (Evin et al. 2021).
Also, climate models can share components; assuming
independence can give over-confident projections (Pen-
nell and Reichler 2011). One of the weighting schemes of
Sperna Weiland et al. (2021) aimed to account for climate
model dependence alongside meteorological performance.
This gives much greater weight to the EC-EARTH GCM
(0.46) and low weights to the CNRM and IPSL. GCMs
(0.05 and 0.06), with similar weights (0.11-0.14) for each
of the HadGEM, MPI and NorESM GCMs, although it is
not clear how much this is from performance vs independ-
ence. Sperna Weiland et al. (2021) note that “high weights
obtained through past good performance can provide deviat-
ing projections for the future”. So while information about
individual model performance may help in the interpretation
of results from multi-model ensemble members, it is not
typically a useful way of combining those results.

The spatial resolution of the climate model data here is 12
km. Recent work using 5 km convection-permitting model
(CPM) data showed future flow changes from the CPM were
almost always higher than from the equivalent RCM (Kay
2022). Recent analysis of the first multi-model ensemble of
CPMs showed improved representation of precipitation over
the Alpine region of Europe (Pichelli et al. 2021). Such an
ensemble combined with hydrological modelling could pro-
vide improved flow projections, particularly for high flows,
assuming reliability of the climate simulations at much finer
scales. The analysis of Barnes et al. (2024) indicates that the
choice of GCM is a more important control on simulated
precipitation changes than the (12 km) RCM; whether this
holds for finer resolution CPMs would need to be assessed.

Another key source of uncertainty in climate projections
is natural internal climate variability (Deser 2020), “which
can result in apparent decadal trends that may be greater or
lower than the long-term underlying anthropogenic climate
change trend” (Martel et al. 2018). Subsequent hydrologi-
cal projections will be affected, particularly for extremes
(Gu et al. 2019, Kay and Jones 2012a). This may be one
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reason for the flow impacts not always changing monotoni-
cally given expanding gaps between time-slices, although
another factor could be nonlinear effects from combined
changes in precipitation and PE. The effect of natural vari-
ability could be investigated by using the other realisations
available for some EuroCORDEX-UK GCM/RCM combina-
tions (Table 1), although large initial-condition ensembles
are required for a proper assessment (Deser 2020; Jain et al.
2023).

Conclusions

Two very different ensembles of relatively high-resolution
climate change projections for Britain, one a perturbed
parameter ensemble from a single GCM/RCM combination
(from UKCP18) and one a multi-model ensemble of various
combinations of GCM and RCM (from Euro-CORDEX),
have been used to drive a national-scale grid-based hydro-
logical model (Grid-to-Grid). The simulated impacts on
seasonal mean flows and 5-year return period low and high
flows have been assessed. There are relatively consistent
increases in GB-median winter flows and high flows, but
the magnitude of GB-median decreases in summer flows is
more different between the two ensembles, as are reductions
in low flows. The signs of GB-median changes in spring and
autumn flows are less consistent. Spatial patterns of change
also show clear differences between ensemble members.
Flow changes assessed using fixed baseline and future
time-slices also differ from those using time-slices derived
by GCM-based levels of change in GMST from the pre-
industrial period. Which approach is preferred may depend
on the application. Direct adaptation planning (e.g. design-
ing flood defences) may still prefer to use fixed time-slices
(depending on the planning horizon) with an ‘appropriate’
emissions scenario (often one considered precautionary).
In contrast, studies aiming to assess the impacts avoided
by keeping GMST lower are clearly simplified by use of
time-slices based on warming levels, thus removing some
of the uncertainties around choice of emissions scenario and
improving comparability between different climate models.
Assuming the results from all models are plausible, adap-
tation planning for Britain should take account of impacts
from a range of climate models. However, Barnes et al.
(2024) note that “...neither the EuroCORDEX ensemble
nor the combined EuroCORDEX-UKCP regional ensem-
ble systematically samples a range of climate sensitivities,
so neither should be interpreted as representative of the
possible distribution of future scenarios, although the two
ensembles taken together are arguably more representative
than either one in isolation”. Ideally, hydrological model
uncertainty would also be included, particularly for low
flows. In addition, analyses using CPM-based MMEs could
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enable improved flood adaptation, and application of large
initial-condition ensembles can support more robust adap-
tation decision-making for water management than MMEs
alone (Mankin et al. 2020).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10113-025-02426-5.

Acknowledgements Thanks to Emma Robinson for help with PE
estimation.

Funding This work was supported by the Natural Environment
Research Council NE/X019063/1 (Hydro-JULES).

Data availability The river flows simulated using the UKCP18
Regional ensemble are available from EIDC (https://doi.org/10.5285/
18be3704-0a6d-4917-aa2e-bf38927321c5), while those simulated
using the EC-UK ensemble are available from the author upon reason-
able request.

Declarations

Competing interests None.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arnell NW (2004) Climate change impacts on river flows in Britain:
the UKCIP02 scenarios. Water Environ J 18(2):112-117. https://
doi.org/10.1111/j.1747-6593.2004.tb00507.x

Arnell NW, Freeman A, Kay AL, Rudd AC, Lowe JA (2021) Indicators
of climate risk in the UK at different levels of warming. Environ
Res Commun 3(9):095005. https://doi.org/10.1088/2515-7620/
ac24c0

Barnes C (2023) EuroCORDEX-UK: regional climate projections for
the UK. NERC EDS Centre for Environmental Data Analysis,
date of citation. http://catalogue.ceda.ac.uk/uuid/4937e1d35a
7e4b03bf26d8fa3a30c590/. Accessed Nov 2023

Barnes CR, Chandler RE, Brierley CM (2024) A comparison of
regional climate projections with a range of climate sensitivities.
J Geophys Res: Atmos 129:€2023JD038917. https://doi.org/10.
1029/2023JD038917

Bell VA, Kay AL, Davies HN, Jones RG (2016) An assessment of the
possible impacts of climate change on snow and peak river flows
across Britain. Clim Change 136(3):539-553. https://doi.org/10.
1007/s10584-016-1637-x

Bell VA, Kay AL, Jones RG, Moore RJ, Reynard NS (2009) Use of
soil data in a grid-based hydrological model to estimate spatial
variation in changing flood risk across the UK. J Hydrol 377(3—
4):335-350. https://doi.org/10.1016/j.jhydrol.2009.08.031

Bennett B, Leonard M, Yu D, Westra S (2018) An empirical investiga-
tion into the effect of antecedent precipitation on flood volume. J
Hydrol 567:435-445. https://doi.org/10.1016/j.jhydrol.2018.10.
025

Berghuijs WR, Harrigan S, Molnar P, Slater LJ, Kirchner JW (2019)
The relative importance of different flood-generating mechanisms
across Europe. Water Resour Res 55:4582-4593. https://doi.org/
10.1029/2019WR024841

Caretta MA, Mukherji A, Arfanuzzaman M, Betts RA, Gelfan A et al
(2022) Water. In: Portner H-O, Roberts DC, Tignor M, Poloczan-
ska ES, Mintenbeck K, Alegria A, Craig M, Langsdorf S, Loschke
S, Méller V, Okem A, Rama B (eds) Climate change 2022:
impacts, adaptation and vulnerability. Contribution of Working
Group II to the sixth assessment report of the intergovernmental
panel on climate change. Cambridge University Press, Cambridge,
pp 551-712. https://doi.org/10.1017/9781009325844.006.

Christierson BV, Vidal J-P, Wade SD (2012) Using UKCPQ9 proba-
bilistic climate information for UK water resource planning. J
Hydrol 424-425:48-67. https://doi.org/10.1016/j.jhydrol.2011.
12.020

Deser C (2020) Certain uncertainty: the role of internal climate
variability in projections of regional climate change and risk
management. Earths Futur 8:e2020EF001854. https://doi.org/
10.1029/2020EF001854

Di Sante F, Coppola E, Giorgi F (2021) Projections of river floods
in Europe using EURO-CORDEX, CMIP5 and CMIP6 simu-
lations. Int J Climatol 41:3203-3221. https://doi.org/10.1002/
joc.7014

Evin G, Somot S, Hingray B (2021) Balanced estimate and uncer-
tainty assessment of European climate change using the
large EURO-CORDEX regional climate model ensemble,
Earth Syst. Dynam 12:1543-1569. https://doi.org/10.5194/
esd-12-1543-2021

Formetta G, Prosdocimi I, Stewart E, Bell V (2018) Estimating the
index flood with continuous hydrological models: an application
in Great Britain. Hydrol Res 49:123-133. https://doi.org/10.2166/
nh.2017.251

Fowler HJ, Kilsby CG, Stunell J (2007) Modelling the impacts of
projected future climate change on water resources in north-west
England. Hydrol Earth Syst Sci 11:1115-1126. https://doi.org/10.
5194/hess-11-1115-2007

Giuntoli I, Vidal J-P, Prudhomme C, Hannah DM (2015) Future hydro-
logical extremes: the uncertainty from multiple global climate
and global hydrological models, Earth Syst. Dynam 6:267-285.
https://doi.org/10.5194/esd-6-267-2015

Gu L, Chen J, Chong-Yu Xu, Kim J-S, Chen H et al (2019) The con-
tribution of internal climate variability to climate change impacts
on droughts. Sci Total Environ 684:229-246. https://doi.org/10.
1016/j.scitotenv.2019.05.345

Hulme M, Jenkins GJ, Lu X, Turnpenny JR, Mitchell TD, et al. (2002)
climate change scenarios of the united kingdom: the UKCIP02
scientific report. School of Environmental Sciences, University of
East Anglia, Tyndall Centre for Climate Change Research

Jacob D, Petersen J, Eggert B et al (2014) EURO-CORDEX: new
high-resolution climate change projections for European impact
research. Reg Environ Change 14(2):563-578. https://doi.org/10.
1007/s10113-013-0499-2

Jain S, Scaife AA, Shepherd TG et al (2023) Importance of internal
variability for climate model assessment. NPJ Clim Atmos Sci
6:68. https://doi.org/10.1038/s41612-023-00389-0

James R, Washington R, Schleussner C, Rogelj J, Conway D (2017)
Characterizing half-a-degree difference: a review of methods for
identifying regional climate responses to global warming targets.
Wires Clim Change 8:e457. https://doi.org/10.1002/wcc.457

@ Springer


https://doi.org/10.1007/s10113-025-02426-5
https://doi.org/10.5285/18be3704-0a6d-4917-aa2e-bf38927321c5
https://doi.org/10.5285/18be3704-0a6d-4917-aa2e-bf38927321c5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1747-6593.2004.tb00507.x
https://doi.org/10.1111/j.1747-6593.2004.tb00507.x
https://doi.org/10.1088/2515-7620/ac24c0
https://doi.org/10.1088/2515-7620/ac24c0
http://catalogue.ceda.ac.uk/uuid/4937e1d35a7e4b03bf26d8fa3a30c590/
http://catalogue.ceda.ac.uk/uuid/4937e1d35a7e4b03bf26d8fa3a30c590/
https://doi.org/10.1029/2023JD038917
https://doi.org/10.1029/2023JD038917
https://doi.org/10.1007/s10584-016-1637-x
https://doi.org/10.1007/s10584-016-1637-x
https://doi.org/10.1016/j.jhydrol.2009.08.031
https://doi.org/10.1016/j.jhydrol.2018.10.025
https://doi.org/10.1016/j.jhydrol.2018.10.025
https://doi.org/10.1029/2019WR024841
https://doi.org/10.1029/2019WR024841
https://doi.org/10.1017/9781009325844.006
https://doi.org/10.1016/j.jhydrol.2011.12.020
https://doi.org/10.1016/j.jhydrol.2011.12.020
https://doi.org/10.1029/2020EF001854
https://doi.org/10.1029/2020EF001854
https://doi.org/10.1002/joc.7014
https://doi.org/10.1002/joc.7014
https://doi.org/10.5194/esd-12-1543-2021
https://doi.org/10.5194/esd-12-1543-2021
https://doi.org/10.2166/nh.2017.251
https://doi.org/10.2166/nh.2017.251
https://doi.org/10.5194/hess-11-1115-2007
https://doi.org/10.5194/hess-11-1115-2007
https://doi.org/10.5194/esd-6-267-2015
https://doi.org/10.1016/j.scitotenv.2019.05.345
https://doi.org/10.1016/j.scitotenv.2019.05.345
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1038/s41612-023-00389-0
https://doi.org/10.1002/wcc.457

89 Page 18 of 19

Regional Environmental Change (2025) 25:89

Kay AL (2021) Simulation of river flow in Britain under climate
change: baseline performance and future seasonal changes. Hydrol
Process 35(4):e14137. https://doi.org/10.1002/hyp.14137

Kay AL (2022) Differences in hydrological impacts using regional
climate model and nested convection-permitting model data. Clim
Change 173(1-2):11. https://doi.org/10.1007/s10584-022-03405-z

Kay AL, Bell VA, Davies HN, Lane RA, Rudd AC (2023a) The
UKSCAPE-G2G river flow and soil moisture datasets: Grid-to-
Grid model estimates for the UK for historical and potential future
climates. Earth Syst Sci Data 15:2533-2546. https://doi.org/10.
5194/essd-15-2533-2023

Kay AL, Davies HN (2008) Calculating potential evaporation from cli-
mate model data: a source of uncertainty for hydrological climate
change impacts. J Hydrol 358:221-239. https://doi.org/10.1016/j.
jhydrol.2008.06.005

Kay AL, Griffin A, Rudd AC, Chapman RM, Bell VA, et al. (2021a)
Climate change effects on indicators of high and low river flow
across Great Britain. Adv Water Resour 151:103909. https://doi.
org/10.1016/j.advwatres.2021.103909

Kay AL, Jones DA (2012a) Transient changes in flood frequency and
timing in Britain under potential projections of climate change.
Int J Climatol 32(4):489-502. https://doi.org/10.1002/joc.2288

Kay AL, Jones RG (2012b) Comparison of the use of alternative
UKCPO09 products for modelling the impacts of climate change
on flood frequency. Clim Change 114(2):211-230. https://doi.org/
10.1007/s10584-011-0395-z

Kay AL, Rudd AC, Coulson J (2023b) Spatial downscaling of precipi-
tation for hydrological modelling: assessing a simple method and
its application under climate change in Britain. Hydrol Process
37(2):e14823. https://doi.org/10.1002/hyp.14823

Kay AL, Rudd AC, Fry M, Nash G, Allen S (2021b) Climate change
impacts on peak river flows: combining national-scale hydrologi-
cal modelling and probabilistic projections. Clim Risk Manag
31:100263. https://doi.org/10.1016/j.crm.2020.100263

Krysanova V, Vetter T et al (2017) Intercomparison of regional-scale
hydrological models and climate change impacts projected for
12 large river basins worldwide—a synthesis. Environ Res Lett
12:105002. https://doi.org/10.1088/1748-9326/aa8359

Lane RA, Coxon G, Freer J, Seibert J, Wagener T (2022) A large-sam-
ple investigation into uncertain climate change impacts on high
flows across Great Britain. Hydrol Earth Syst Sci 26:5535-5554.
https://doi.org/10.5194/hess-26-5535-2022

Lane RA, Kay AL (2021) Climate change impact on the magnitude and
timing of hydrological extremes across Great Britain. Front Water
3:684982. https://doi.org/10.3389/frwa.2021.684982

Lowe JA, Bernie D et al (2018) UKCP18 science overview report. Met
Office Hadley Centre, Exeter. https://www.metoffice.gov.uk/pub/data/
weather/uk/ukcp18/science-reports/UKCP18-Overview-report.pdf

Mankin JS, Lehner F, Coats S, McKinnon KA (2020) The value of
initial condition large ensembles to robust adaptation decision-
making. Earths Futur 8(10):e2012EF001610. https://doi.org/10.
1029/2020ef001610

Martel J-L, Mailhot A, Brissette F, Caya D (2018) Role of natural
climate variability in the detection of anthropogenic climate
change signal for mean and extreme precipitation at local and
regional scales. J Clim 31(11):4241-4263. https://doi.org/10.
1175/jcli-d-17-0282.1

Martinich J, Crimmins A (2019) Climate damages and adaptation
potential across diverse sectors of the United States. Nat Clim
Chang 9:397-404. https://doi.org/10.1038/s41558-019-0444-6

Marx A, Kumar R, Thober S, Rakovec O, Wanders N, et al. (2018)
Climate change alters low flows in Europe under global warming
of 1.5, 2, and 3 °C. Hydrol Earth Syst Sci 22:1017-1032. https://
doi.org/10.5194/hess-22-1017-2018

@ Springer

Met Office Hadley Centre (2018) UKCP18 Regional Projections on a
12km grid over the UK for 1980-2080. CEDA, September 2019.
catalogue.ceda.ac.uk/uuid/589211abeb844070295d061c8cc7f604

Moore RJ (2007) The PDM rainfall-runoff model. Hydrol Earth Syst
Sci 11:483-499. https://doi.org/10.5194/hess-11-483-2007

Miiller OV, McGuire PC, Vidale PL, Hawkins E (2024) River flow
in the near future: a global perspective in the context of a high-
emission climate change scenario. Hydrol Earth Syst Sci 28:2179-
2201. https://doi.org/10.5194/hess-28-2179-2024

Murphy JM, Harris GR et al (2018) UKCP18 land projections: science
report. Met Office Hadley Centre, Exeter. https://www.metoffice.
gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-
Land-report.pdf

Murphy JM, Sexton DMH et al (2009) UK Climate Projections Science
Report: climate change projections. Met Office Hadley Centre, Exeter

Pennell C, Reichler T (2011) On the effective number of climate mod-
els. J Climate 24(9):2358-2367. https://doi.org/10.1175/2010]
CLI3814.1

Pichelli E, Coppola E, Sobolowski S et al (2021) The first multi-
model ensemble of regional climate simulations at kilometer-
scale resolution part 2: historical and future simulations of pre-
cipitation. Clim Dyn 56:3581-3602. https://doi.org/10.1007/
s00382-021-05657-4

Prudhomme C, Young A, Watts G, Haxton T, Crooks S, Williamson
J, Davies H, Dadson S, Allen S (2012) The drying up of Britain?
A national estimate of changes in seasonal river flows from 11
regional climate model simulations. Hydrol Process 26:1115-
1118. https://doi.org/10.1002/hyp.8434

Rameshwaran P, Bell VA, Brown MJ, Davies HN, Kay AL et al (2022)
Use of abstraction and discharge data to improve the perfor-
mance of a national-scale hydrological model. Water Resour Res
5(1):2021WR029787. https://doi.org/10.1029/2021WR029787

Reynard N, Brown S, Crooks S, Kay A (2003) Climate change and
flood frequency in the UK: an appraisal of the 20% allowance
in the light of the UKCIP02 scenarios. In: 38th Defra Flood and
Coastal Management Conference 2003, Keele University, 16-18
July 2003. Defra, London, UK

Riahi K, Rao S, Krey V et al (2011) RCP 8.5—A scenario of com-
paratively high greenhouse gas emissions. Clim Change 109:33.
https://doi.org/10.1007/s10584-011-0149-y

Robinson EL, Brown MJ, Kay AL, Lane RA, Chapman R, et al.
(2023) Hydro-PE: gridded datasets of historical and future Pen-
man-Monteith potential evaporation for the United Kingdom.
Earth Syst Sci Data 15:4433-4461. https://doi.org/10.5194/
essd-15-4433-2023

Robock A (2003) Hydrology | Soil Moisture. Encycl Atmos Sci :987—
993. https://doi.org/10.1016/B0-12-227090-8/00169-X

Rudd AC, Bell VA, Kay AL (2017) National-scale analysis of simu-
lated hydrological droughts (1891-2015). J Hydrol 550:368-385.
https://doi.org/10.1016/j.jhydrol.2017.05.018

Rudd AC, Kay AL, Sayers PB (2023) Climate change impacts on flood
peaks in Britain for a range of global mean surface temperature
changes. J Flood Risk Manag 16(1):e12863. https://doi.org/10.
1111/jfr3.12863

Sanderson MG, Wiltshire AJ, Betts RA (2012) Projected changes
in water availability in the United Kingdom. Water Resour Res
48:W08512. https://doi.org/10.1029/2012WR011881

Smith BA, Birkinshaw SJ, Lewis E, McGrady E, Sayers P (2024) Phys-
ically-based modelling of UK river flows under climate change.
Front Water 6:1468855. https://doi.org/10.3389/frwa.2024.14688
55

Sperna Weiland FC, Visser RD, Greve P, Bisselink B, Brunner L, et al.
(2021) Estimating regionalized hydrological impacts of climate
change over Europe by performance-based weighting of COR-
DEX projections. Front Water 3:713537. https://doi.org/10.3389/
frwa.2021.713537


https://doi.org/10.1002/hyp.14137
https://doi.org/10.1007/s10584-022-03405-z
https://doi.org/10.5194/essd-15-2533-2023
https://doi.org/10.5194/essd-15-2533-2023
https://doi.org/10.1016/j.jhydrol.2008.06.005
https://doi.org/10.1016/j.jhydrol.2008.06.005
https://doi.org/10.1016/j.advwatres.2021.103909
https://doi.org/10.1016/j.advwatres.2021.103909
https://doi.org/10.1002/joc.2288
https://doi.org/10.1007/s10584-011-0395-z
https://doi.org/10.1007/s10584-011-0395-z
https://doi.org/10.1002/hyp.14823
https://doi.org/10.1016/j.crm.2020.100263
https://doi.org/10.1088/1748-9326/aa8359
https://doi.org/10.5194/hess-26-5535-2022
https://doi.org/10.3389/frwa.2021.684982
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Overview-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Overview-report.pdf
https://doi.org/10.1029/2020ef001610
https://doi.org/10.1029/2020ef001610
https://doi.org/10.1175/jcli-d-17-0282.1
https://doi.org/10.1175/jcli-d-17-0282.1
https://doi.org/10.1038/s41558-019-0444-6
https://doi.org/10.5194/hess-22-1017-2018
https://doi.org/10.5194/hess-22-1017-2018
https://www.catalogue.ceda.ac.uk/uuid/589211abeb844070a95d061c8cc7f604
https://doi.org/10.5194/hess-11-483-2007
https://doi.org/10.5194/hess-28-2179-2024
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://doi.org/10.1175/2010JCLI3814.1
https://doi.org/10.1175/2010JCLI3814.1
https://doi.org/10.1007/s00382-021-05657-4
https://doi.org/10.1007/s00382-021-05657-4
https://doi.org/10.1002/hyp.8434
https://doi.org/10.1029/2021WR029787
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.5194/essd-15-4433-2023
https://doi.org/10.5194/essd-15-4433-2023
https://doi.org/10.1016/B0-12-227090-8/00169-X
https://doi.org/10.1016/j.jhydrol.2017.05.018
https://doi.org/10.1111/jfr3.12863
https://doi.org/10.1111/jfr3.12863
https://doi.org/10.1029/2012WR011881
https://doi.org/10.3389/frwa.2024.1468855
https://doi.org/10.3389/frwa.2024.1468855
https://doi.org/10.3389/frwa.2021.713537
https://doi.org/10.3389/frwa.2021.713537

Regional Environmental Change (2025) 25:89

Page190f19 89

Thompson JR, Gosling SN, Zaherpour J, Laizé CLR (2021) Increasing
risk of ecological change to major rivers of the world with global
warming. Earths Futur 9(11):e2021EF002048. https://doi.org/10.
1029/2021EF002048

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1029/2021EF002048
https://doi.org/10.1029/2021EF002048

	A comparison of hydrological impacts from two ensembles of regional climate projections with a range of climate sensitivities
	Abstract
	Introduction
	Methods
	Hydrological model
	Climate change projections and their application
	UKCP18 Regional
	EuroCORDEX-UK
	Applying the climate data

	Analysis of simulated flows
	Time-slices
	Seasonal mean flow changes
	High and low flow changes


	Results
	Seasonal mean flow changes
	High and low flow changes

	Discussion
	Conclusions
	Acknowledgements 
	References


