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Abstract
Climate change is likely to impact water quality, resource availability and riverine eco-
systems. While large ensembles are available to assess future impacts (e.g., the Coupled 
Model Intercomparison Projects (CMIP) and/or CORDEX) many countries have devel-
oped their own high-resolution ensembles. This poses a selection problem with robust ad-
aptation dependent on plausible ranges of change being adequately quantified. Therefore, 
it is important to compare projected changes from available ensembles. Here we assess 
future climate change impacts for 26 Irish catchments. Using a high-resolution national 
ensemble of climate models projected impacts in mean, low and high flows are assessed 
and uncertainties in future projections related to catchment size. We then compare future 
impacts from CORDEX and CMIP6 ensembles for a subset of catchments. Results sug-
gest increases in winter flows (-3.29 to 59.63%), with wide ranges of change simulated 
for summer (-59.18 to 31.23%), low (-49.30 to 22.37%) and flood (-19.31 to 116.34%) 
flows across catchments under RCP8.5 by the 2080s. These changes would challenge 
water management without adaptation. Smaller catchments tend to show the most extreme 
impacts and widest ranges of change in summer, low and flood flow changes. Both the 
ensemble mean and range of changes from the national ensemble were more modest and 
narrower than the CMIP6 and CORDEX ensembles, especially for summer mean and 
low flows, highlighting the importance of evaluating impacts across ensembles to ensure 
adaptation decisions are informed by plausible ranges of change.

Keywords Climate change · River flows · Hydrological model · Ensemble selection · 
Ireland
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1 Introduction

Understanding climate change impacts on catchment hydrology is critical for adaptation. 
However, which ensemble to use is a key scientific and policy conundrum. Robust assess-
ment of hydrological impacts requires understanding the spread among available projec-
tions (Cunha 2023), with research moving away from the use of small single simulation 
or small ensembles towards larger ensembles to better quantify the full range of plausible 
changes (Chegwidden et al. 2019; Tegegne and Melesse 2020).

Use of large ensembles is not always feasible for integrated assessments where multiple 
drivers of change are assessed simultaneously, complex modelling chains increase the com-
putation burden, or where high-resolution gridded datasets are necessary for impacts models 
(Smith et al. 2018). Despite availability of large ensembles such as the Coupled Model 
Intercomparison Projects (CMIPs) and/or regionally downscaled ensembles such as COR-
DEX, many countries advocate use of national ensembles. The latter often have increased 
salience and credibility among users (Vaughan and Dessai 2014). It is therefore important to 
evaluate differences in impacts and ranges of change projected across available ensembles 
to ensure robust adaptation decision-making.

Previous research investigating climate change impacts for Irish catchments has ranged 
from use of a small ensemble (x3) of statistically downscaled climate models (Charlton et al. 
2006) to a single, regionally downscaled model (Steele-Dunne et al. 2008), to assessments 
using larger ensembles (x12) from the CMIP6 archive to evaluate future impacts (Meresa 
et al. 2022). Recent research has established an ensemble of high resolution, regionally 
downscaled scenarios for Ireland (Nolan and Flanagan 2020) which has informed Ireland’s 
first sectoral adaptation plans. However, this ensemble has yet to be deployed to assess 
future impacts on catchment hydrology. Here we use the high-resolution ensemble produced 
by the Irish Centre for High End Computing (ICHEC) (Nolan and Flanagan 2020; hence-
forth the ICHEC ensemble) to evaluate climate change impacts for 26 catchments across 
the Republic of Ireland. For a subset of catchments for which projections from CORDEX 
and CMIP6 ensembles are available, we compare simulated changes from across all three 
ensembles to examine how the ICHEC ensemble represents the range of change across the 
flow regime. In addition to exploring projected changes across multiple ensembles, a key 
novelty of the work is linking projected ranges of change with catchment area.

2 Data and Methods

2.1 Catchments and Data

Climate change impacts are evaluated for 26 catchments (Fig. 1), selected to be of inter-
est from a range of management perspectives, including water quality, ecology and water 
resource management. Selected catchments are representative of different hydrological 
characteristics, with a range of sizes (3.3 to 2460 km2) and good quality, long-term flow 
records. For each catchment daily gridded (1 km × 1 km) temperature and precipitation 
data (Walsh 2012) (catchment averaged for the reference period1976–2005) were used as 
inputs to a hydrological model and as a reference series for bias correcting climate model 
output. Daily Potential Evapotranspiration (PET) was calculated from temperature using 
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the method of Oudin et al. (2005). Daily discharge data was obtained from the Office of 
Public Works (https://waterlevel.ie/hydro-data/), the Environmental Protection Agency 
(https://epawebapp.epa.ie/hydronet/#Water%20) and the Teagasc Agricultural Catchments 
Programme (https://www.teagasc.ie/environment/water-quality/agricultural-catchments/).

2.2 Climate Model Ensembles

Three climate model ensembles are employed and detailed below. A full list of models 
comprising each is provided in Supplementary Information (SI). The ICHEC ensemble is 
used to examine future changes across all catchments. To evaluate differences in projected 
changes across each ensemble we focus on a subset of six catchments.

2.2.1 ICHEC Ensemble

Nolan and Flanagan (2020) developed high resolution climate scenarios for Ireland using 
the regional climate model COSMO-CLIM Version 5 to downscale five CMIP5 models (see 
Table S1) (HadGEM2, EC-Earth, CNRM-CM5, MIROC5, MPI-ESM-LR). Downscaled 
GCM simulations were treated as independent and given equal weight. Regionalisation 
was undertaken for two emissions pathways – RCP4.5, an intermediate pathway, whereby 
global emissions peak around 2040, then decline and RCP8.5, a fossil fuel intensive future. 
COSMO-CLIM was driven by GCM boundary conditions with a one-way nesting strategy 
to obtain a horizontal resolution of 4 km, with projections derived for historical (1975–

Fig. 1 Location of the 26 catchments
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2005) and future (2006–2100) time periods. Nolan et al. (2017) and Nolan and Flanagan 
(2020) evaluated the ability of COSMO-CLIM to simulate Irish climate variables, finding 
that the model does well at simulating the magnitude and spatial variability of precipitation 
and temperature. Nolan and Flanagan (2020) used the Penman–Monteith FAO-56 method 
to compute daily potential evapotranspiration (PET in mm) for historical and future simu-
lations (see Werner et al. (2019) for full methods and evaluation). Gridded simulations of 
daily precipitation, temperature and PET were extracted and averaged for each catchment. 
Following Morrisey et al. (2021) we do not further bias correct the ICEHC ensemble before 
application.

2.2.2 CORDEX Ensemble

Euro-CORDEX provides a high resolution (12.5 km) dynamically downscaled regional cli-
mate change ensemble for Europe forced with RCP4.5 and RCP8.5 (Jacob et al. 2014). 
Eleven CORDEX members (6 GCMs downscaled by different RCMs) were extracted and 
bias corrected at a national scale before corrected precipitation was extracted for each catch-
ment. National scale daily temperature and precipitation data for the period 1976–2005 
(Walsh 2012) were re-gridded to match the CORDEX resolution. For precipitation, bias 
correction was undertaken using Double Gamma Quantile Mapping (DGQM) following 
Meresa et al. (2021). For every N year, we excluded zero precipitation days before fitting a 
gamma distribution to the lower/upper 75% of daily precipitation as follows;

 Pcorr = F−1
dg (Fdg (Praw (t) , raw, raw) , Obs, Obs) (1)

where Pcorr represents the bias-corrected daily precipitation, Praw  is the raw climate model 
precipitation. Fdg is the inverse cdf of raw climate model precipitation. dg subscripts repre-
sent the Gamma distributions and the shape (α ) and scale (β ) parameters.

To bias correct daily temperature, we employ empirical quantile matching using pair-
wise comparison between the empirical cdf (ecdf) of raw climate model and observed 
temperature for the period (1976–2005). Future temperature projections are then corrected 
using the inverse ecdf (ecdf−1) and fitted ecdf as follows;

 T cor
hst =

(
ecdf−1

obs

(
ecdfhst, (Thst,) ))  (2)

Where T cor
hst  is corrected temperature, hst is the raw climate model and obs is the observed 

temperature for the period 1976–2005. PET is estimated using the Oudin et al. (2005) 
method applied to bias corrected temperature. Bias correction results were evaluated using 
Percent Bias (PBIAS) for precipitation and absolute differences for temperature.

2.2.3 CMIP6 Ensemble

Phase 6 of the Coupled Model Intercomparison Project (CMIP6) forms the future climate 
evidence base of the Intergovernmental Panel on Climate Change (IPCC) sixth assessment 
report (O’Neill et al., 2016). Meresa et al. (2022) evaluated the impacts of climate change 
on Irish catchments using an ensemble of 12 CMIP6 models. We use the CMIP6 ensemble 
from Meresa et al. (2022) for six catchments overlapping with our sample (Brownsbarn, 
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Castleroberts, Glenamoy, Killavullen, Shrule Bridge, and Scarawalsh). Daily precipita-
tion and air temperature data for the period 1976–2100 were extracted from 12 CMIP6 
ensemble members (see Table S1) forced by the Shared Socioeconomic Pathway SSP585 (a 
fossil-fuel-dependent future analogous to RCP8.5). For each catchment, data were extracted 
from the closest land-based GCM grid. Bias-correction was undertaken using DGQM (pre-
cipitation) and EQM (temperature), as for the CORDEX ensemble, but applied to catchment 
average series. The Oudin et al. (2005) method was used to calculate PET.

2.3 Hydrological Model

Climate change projections were used to force the SMART hydrological model (see Mock-
ler et al. 2016; Hallouin et al. 2020 for full model description) to evaluate climate change 
impacts for each catchment. SMART is a lumped hydrological model and has been used 
for the assessment of climate change impacts on water quality (O’Driscoll et al. 2018) and 
changes in the flow regime (Meresa et al. 2022). The model, coded in Python, is freely 
available at https://github.com/ThibHlln/smartpy. Table S2 lists the model parameters and 
plausible ranges. To calibrate the model we employed memetic algorithms with local search 
chains (MA-LS-Chains) (Bergmeir et al. 2016). Given the objective of evaluating changes 
across the flow regime, SMART was calibrated independently using the Nash-Sutcliffe 
(NSE) and the logNSE objective functions, both widely used in the hydrologic literature 
(e.g., Tian et al. 2019). Using available observations, 70% of data were used for calibration 
and 30% for verification.

2.4 Hydrological Indices

The following indices were extracted for each catchment for the simulated reference period 
(1976–2005) and time-slices representing the 2020s (2010–2039), 2050s (2040–2069) and 
2080s (2070–2099) for both RCP4.5 and RCP8.5;

 ● Seasonal mean flows (winter [DJF], spring [MAM], summer [JJA] and autumn [SON]).
 ● Annual mean flow.
 ● Q95: flow exceeded 95% of the time.
 ● Q20 year: flow associated with a flood with a 20-year return period/5% annual exceed-

ance probability, estimated using a GEV distribution fitted to annual maxima series for 
historical and future periods using Maximum Likelihood Estimation (MLE).

Changes in Q20 year and winter, spring and annual flows were assessed using simulations 
calibrated using NSE, while changes in Q95 and summer and autumn flows were assessed 
using simulations calibrated using logNSE.

2.5 Relating Future Changes to Catchment area

We investigate relationships between catchment area (km2) and simulated changes across 
the catchment sample. Area was log-transformed and regressed onto the mean, upper/lower 
bound and the range of change simulated for each catchment in the 2080s under RCP8.5, 
assuming that the signal of change is greatest for this RCP and period. Given the relatively 
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small number of catchments we do not evaluate p-values, but highlight cases where area 
explains more than 10% of the variance in the predictand.

3 Results

3.1 Hydrological Model Calibration and bias Correction

Calibration and verification results for SMART are shown in Table 1 with scatter plots of 
observed and simulated flows for selected catchments shown in Fig. S1. Results indicate 
the ability of SMART to capture the flow regime of each catchment. Across catchments 
the median calibration scores are 0.84 and 0.80 for NSE and LogNSE, respectively. For 
verification, median scores are 0.83 (NSE) and 0.82 (LogNSE). Some smaller catchments 
return among the lowest scores, especially for LogNSE, (e.g., Ballycanew and Timoleague).

Results from bias correction of the CORDEX ensemble are shown in Fig. 2 with no con-
sistent pattern of bias across models for either variable. CM5 and CM6 underestimate tem-
perature in the midlands and east, while CM1 and CM10 overestimate temperature in the 
west. For precipitation, CM6 underestimates precipitation by approximately 5% in uplands 
of the southwest, west, and east, but performs well elsewhere. CM2 returns the highest 

Catchment Area 
(Km2)

NSE 
Cal

NSE 
Ver

LogNSE 
Cal

LogNSE 
Ver

Slane Castle 2460.3 0.92 0.94 0.89 0.91
Suir 2143.7 0.90 0.93 0.91 0.93
Brownsbarn 2119.7 0.89 0.90 0.86 0.86
Killavullen 1253.6 0.90 0.89 0.85 0.83
Moystown 1188.4 0.94 0.91 0.86 0.84
Pass Bridge 1111.7 0.85 0.90 0.81 0.83
Scarawalsh 1035.4 0.76 0.83 0.74 0.78
Shrule Bridge 985.8 0.92 0.96 0.91 0.95
Castleroberts 801.9 0.89 0.87 0.85 0.83
Ballysadare 638.3 0.93 0.93 0.93 0.93
Mansfieldtown Bridge 327.4 0.89 0.85 0.87 0.87
Dinin Bridge 300.3 0.82 0.82 0.75 0.72
Boleany 154.8 0.76 0.80 0.70 0.83
Tolka 135.6 0.82 0.80 0.71 0.73
Sandy Mills 113.0 0.79 0.82 0.71 0.74
Waldrons Bridge 95.1 0.75 0.67 0.71 0.60
Mountnugent Bridge 84.5 0.80 0.80 0.79 0.82
Glenamoy 75.6 0.76 0.81 0.74 0.79
ConeyBurrow Bridge 56.9 0.76 0.69 0.68 0.56
Bundorragha 48.8 0.85 0.82 0.80 0.77
Annalecka* 14.9 0.57 0.50 0.41 0.38
Ballycanew* 11.9 0.79 0.72 0.58 0.49
Castledockrell 11.2 0.87 0.83 0.81 0.82
Dunleer* 9.4 0.71 0.82 0.53 0.75
Timoleague* 7.5 0.72 0.68 0.62 0.57
Corduff* 3.3 0.48 0.62 -0.12 0.20

Table 1 Calibration (Cal) and 
verification (Ver) results. * 
indicates catchments where poor 
results were obtained during cali-
bration and/or verification
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PBIAS for precipitation, even after correction, with large underestimates across the island 
(~ 10–20%). For the CMIP6 ensemble, bias correction results can be found in Meresa et 
al. (2022). In summary, raw climate model outputs underestimated precipitation in most 
catchments. Bias correction improved the agreement between observed and simulated data 
in each catchment.

3.2 Simulated Changes from the ICHEC Ensemble

3.2.1 Annual Mean Flows

Annual mean flows are projected to increase across most catchments under RCP8.5 (Fig. 3) 
with a substantial range of change. Across catchments the average of the ensemble mean 
shows increases of 3.43% for the 2020s, 6.68% for the 2050s and 13.09% for the 2080s. 
However, some catchments show modest decreases in the ensemble mean, including Wal-
dron’s Bridge and Annalecka. By the 2080s largest increases in the ensemble mean are for 
Castledockrell (23.76%). The simulated range of change across catchments spans − 5.27 
to 19.86% in the 2020s, -9.25 to 23.04% in the 2050s, and − 8.48 to 38.07% by the 2080s 
under RCP8.5.

For RCP4.5 simulations show increased annual mean flows, but less marked. Waldron’s 
Bridge and Annalecka show decreases in the ensemble mean. Averaged across catchments 
the ensemble mean increases are 4.34% for the 2020s, 4.20% for the 2050s and 5.37% for 
the 2080s. The ranges of change simulated are narrower than RCP8.5, ranging from − 5.09 
to 20.18% for the 2020s, -6.80 to 25.09% for the 2050s and − 8.74 to 23.74 for the 2080s.

Fig. 2 Bias correction results for 11 CORDEX members for the period 1976–2005 for annual mean tem-
perature (top) and precipitation (bottom)
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3.2.2 Seasonal mean Flows

Projected changes in winter [DJF] mean flows for RCP8.5 show increases for most catch-
ments (Fig. 4a), although for Waldron’s Bridge and Annalecka projected changes span a 
sign change, especially for the 2050s. Averaged across catchments the ensemble mean 
returns increases of 7.88% in the 2020s, 13.56% by the 2050s and 25.13% by the 2080s. 
Ranges of change are large, though for most catchments are positive in all future periods. 
Projected changes span − 2.04 to 21.65% in the 2020s, -9.67 to 31.76% in the 2050s and 
− 3.29 to 59.63% by the 2080s. By the end of the century under RCP8.5 most catchments 
show ensemble mean increases in winter mean flow > 20%, with some (Timoleague, Bal-
lycanew and Casteldockrell) showing increases > 30%. The latter are amongst the smallest 
catchments.

For RCP4.5 winter simulations also tend towards increases but are less pronounced than 
RCP8.5. Averaged across catchments, ensemble mean changes of 8.64% for the 2020s, 
10.43% for the 2050s and 14.92% for the 2080s are projected. The ranges of change simu-
lated are also narrower with changes across catchments spanning − 1.7 to 20.69% in the 
2020s, -2.84 to 37.03% in the 2050s and − 3.79 to 33.73% by the 2080s.

Fig. 3 Changes (percent) in annual mean flow from the ICEHC ensemble for each catchment for the 
2020s (blue), 2050s (green) and 2080s (red) under RCP4.5 and RCP8.5. Dots represent the ensemble 
mean for each catchment/period
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Fig. 4 Changes (percent) in a) winter and b) spring mean flows from the ICEHC ensemble for each catch-
ment for the 2020s (blue), 2050s (green) and 2080s (red) under RCP4.5 and RCP8.5. Dots represent the 
ensemble mean for each catchment/period
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For spring [MAM] mean flows the direction of change is uncertain for both RCPs and 
each future time period (Fig. 4b). Ensemble mean changes across catchments are modest; 
0.39, 0.29 and 3.37% for the 2020s, 2050 and 2080 s, respectively for RCP8.5. Ranges of 
change are wide for both RCPs. For the 2080s simulated changes across catchments span 
− 14.69 to 30.29%.

Summer [JJA] mean flows show a wide range of change (Fig. 5a). Ensemble mean 
changes range from 4.34% in the 2020s to -6.81% in the 2050s and − 6.48 by the 2080s. 
The full ensemble spans a sign change across most catchments and time periods. Ranges 
simulated under RCP8.5 span − 44.02 to 76.31% in the 2020s, -38.86 to 43.40 in the 2050s 
and − 59.18 to 31.23% in the 2080s. Largest reductions, whereby the lower range of change 
exceeds − 40% relative to the reference period are returned for Annalecka, Corduff, Dunleer 
and Ballycanew (all small catchments) 2020s, -32.99 to 32.89% for the 2050s and − 49.48 to 
21.94% by the 2080s. The same catchments show the most extreme changes as for RCP8.5.

For RCP4.5 summer ensemble mean changes across catchments range from − 1.24% in 
the 2020s, 0.30% in the 2050s and − 6.33% by the 2080s. Ranges of change span increases 
and decreases for all catchments except Annalecka which shows decreases in each future 
period. Simulated changes across catchments range from − 44.16 to 52.59% in the.

Autumn [SON] mean flows show a tendency for increases under RCP8.5, but no clear 
signal of change for RCP4.5 (Fig. 5b). For RCP8.5, ensemble mean changes across catch-
ments are 0.66% for the 2020s, 9.47% for the 2050s and 14.85% for the 2080s. Largest 
increases are simulated for the 2080s with the upper bound ranging from 8.96% (Annal-
ecka) to 114% (Castledockrell). For the same period, the lower bound ranges from − 15.24% 
(Annalecka) to 11.03% (Ballysadare).

3.2.3 Low Flows

For low flows a tendency for decreases in Q95 for both RCPs is evident (Fig. 6). For RCP8.5 
ensemble mean changes across catchment are − 4.44 for the 2020s, -11.59 for the 2050s and 
− 15.94 for the 2080s. Ranges of change are also wide, spanning − 23.55 to 36.38 in the 
2020s, -32.28 to 9.10% in the 2050s and − 49.30 to 22.37% in the 2080s.

Reductions in the ensemble mean and range across catchments are less extreme under 
RCP4.5. Ensemble mean changes across catchments range from − 2.62% in the 2020s, 
-3.55% in the 2050s and − 10.80% in the 2080s. By the 2080s most catchments show clear 
reductions in Q95. Ranges of change across catchments span − 26.48 to 30.09% in the 
2020s, -30.04 to 18.45 in the 2050s and − 37.46 to 8.51% in the 2080s. Largest reductions 
are simulated for Timoleague, Slane Castle and Dunleer. Apart from Slane Castle, these are 
amongst the smallest catchments.

3.2.4 Floods

For RCP8.5 increases in Q20 year are simulated for the 2050 and 2080 s across most catch-
ments (Fig. 6). Ensemble mean changes across catchments are 8.47% for the 2020s, 18.14% 
for the 2050s and 27.01% for the 2080s. Largest ensemble mean changes (> 40% increase) 
are simulated for Glenamoy, Bundorragha, Castledockrell and Sandy Mills. For RCP8.5 
ranges of change span − 30.53 to 55.55% in the 2020s, -19.08 to 73.57 for the 2050s and 
− 19.31 to 116.34 for the 2080s.
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Fig. 5 Changes (percent) in a) summer and b) autumn mean flows from the ICEHC ensemble for each 
catchment for the 2020s (blue), 2050s (green) and 2080s (red) under RCP4.5 and RCP8.5. Dots represent 
the ensemble mean for each catchment/period
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Fig. 6 Changes (percent) in (a) Q95 and (b) Q20 year flows from the ICEHC ensemble for each catch-
ment for the 2020s (blue), 2050s (green) and 2080s (red) under RCP4.5 and RCP8.5. Dots represent the 
ensemble mean for each catchment/period.
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3.2.5 Relationship of Simulated Changes with Area

The role of catchment area in explaining variations in simulated changes was examined for 
the 2080s under RCP8.5. For Q95 the lower bound of changes is more extreme for smaller 
catchments (R2 0.16). For floods, catchment area explains 20% of the variance in the range 
simulated for Q20 year, with smaller catchments tending to show a wider range of change. 
The lower bound of changes in Q20 year tends to be higher and positive for larger catch-
ments (R2 0.10). For summer mean flows, area explains 20% of the variance in ensemble 
mean changes, with smaller catchments tending to show more extreme reductions. The 
range of change for summer mean flows also tends to be greater for smaller catchments (R2 
0.11), with the lower bound being more extreme (R2 0.12). For autumn flows area explains 
12% of the variance in the range of change, with larger catchments showing a narrower 
range.

3.3 Comparison of ICHEC with CORDEX and CMIP6 Ensembles

Projected changes in hydrological indices for six sample catchments from CMIP6, COR-
DEX and ICHEC were compared using RCP8.5 and SSP585 for the 2080s. For winter and 
summer means the range of change is widest for CMIP6 and narrowest for ICHEC, reflect-
ing sample size of the respective ensembles (Fig. 7). For summer flows projected changes 
from each ensemble show uncertainty in the direction of change. The ensemble mean tends 
towards decreases, with greatest reductions for CMIP6 and CORDEX and more modest 
changes for ICHEC. For the 2080s ICHEC shows increases in summer flow for Castlerob-
erts and Glenamoy, and little change for Shrule Bridge, while both CMIP6 and CORDEX 
show decreases for these catchments. There are, therefore, considerable differences in pro-
jected changes in summer mean flows depending on ensemble selection.

Q95 changes (Fig. 7) from CMIP6 show the largest spread across catchments, followed 
by CORDEX, with the narrowest range simulated by ICHEC. For RCP8.5 the signal of 
change across each ensemble is towards reductions in Q95, becoming more notable as the 
century progresses. The ICHEC ensemble returns the most modest reductions in Q95 and 
CMIP6 the largest.

Changes in Q20 year flows for each ensemble shows increases in flood magnitude 
(Fig. 7). CMIP6 shows the widest range of change. Typically, but not always, ICHEC shows 
the narrowest range. Ensemble mean changes in Q20 year tend to be greatest for CMIP6, 
followed by ICHEC, with most modest changes simulated by CORDEX. However, there 
is variability on a catchment-by-catchment basis. Of note is the relatively narrow range in 
Q20 year projected by ICHEC for the 2080s relative to other ensembles.

4 Discussion

This study evaluated the impact of climate change for 26 Irish catchments using a high reso-
lution regionally downscaled ensemble produced by Nolan and Flanagan (2021) (ICHEC 
ensemble). This ensemble is widely used for adaptation planning in Ireland. Changes in 
hydrological indices representing low, mean and flood flows were assessed for RCP4.5 and 
RCP8.5. Results emphasise the wide range of changes expected for catchment hydrology. 
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Increases in annual/winter mean and flood (Q20 year) flows become more pronounced as 
the century progresses. Decreases in low flows (Q95) predominate with most catchments 
showing greatest decreases by the 2080s. For summer mean flows, changes span increases 
and decreases for most catchments and periods, however changes show a tendency towards 
reductions as the century progresses. For spring and autumn, the direction of future change 
is uncertain. For most indices both the magnitude (as inferred from the ensemble mean) and 
range of changes by the 2080s are less for RCP4.5 than for RCP8.5, indicating the impor-
tance of mitigation in avoiding the worst impacts of climate change.

For summer mean flows ensemble mean reductions tend to be greater for smaller catch-
ments, and the range of change wider due to a more extreme lower bound. For low flows 
(Q95) the lower bound of changes tends to be more extreme for smaller catchments. Small 
catchments are likely to be located at higher elevations, with lower groundwater storage 
and higher runoff coefficients, therefore, their greater sensitivity to changing precipitation 
inputs and evaporative losses makes sense. Catchment size was also found to explain up 
to 20% of the variance in the range of Q20 year changes, with wider ranges likely for 
smaller catchments. Future work could expand the catchment sample to more fully evaluate 
relationships between simulated changes and catchment characteristics. Such insight could 

Fig. 7 Projected changes in a) Q95, b) Q20yr and c) summer and winter mean flows for the 2080s simu-
lated by the CMIP6, CORDEX and ICHEC ensembles under a high emissions scenario (RCP8.5 and 
SSP585). Red horizontal line indicates a ratio of 1 or zero change
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facilitate more nuanced ensemble selection, process understanding (Lane et al. 2022) and 
regionalisation to ungauged catchments (Capell et al. 2013).

Results from the ICHEC ensemble are broadly consistent with previous research, indi-
cating higher winter flows and more severe low flows and floods (e.g., Charlton et al. 2006; 
Steele Dunne et al. 2008; Meresa et al. 2022). Such changes in extremes would result in 
increased flashiness, with implications for sediment and phosphorus delivery in catchments 
(Mellander and Jordan 2021). Future work should examine the impacts of climate change 
on nutrient dynamics in catchments. For a subset of six catchments, we compared changes 
from ICHEC with the larger CORDEX and CMIP6 ensembles. Results indicate the impor-
tance of ensemble choice to both the magnitude and range of change. The ICHEC ensemble 
was found to underestimate the range of change from both CORDEX and CMIP6 for winter 
and summer mean flows and for changes in low flows (Q95). Moreover, the magnitude of 
change in the ensemble mean was more moderate for ICHEC. For some catchments/indi-
ces even the direction of change indicated by the ensemble mean was different for ICHEC 
relative to the others. For floods, while the range of change using the ICHEC ensemble is 
less than for CMIP6, the ICHEC ensemble mean changes tend to be higher than CORDEX, 
despite its smaller sample size, and more representative of CMIP6. These results highlight 
the importance of ensemble selection and design for hydrological impacts and adaptation 
planning (Clarke et al. 2016; Chegwidden et al. 2019; Golian and Murphy 2021) and the 
inability to a priori generalise the influence of ensemble choice across hydrological indices.

Projected changes are likely to pose challenges for water management. For effective 
adaptation it is critical that the range of changes are assessed (Kundzewicz et al. 2018). Use 
of only the ensemble mean in adaptation planning is likely to result in underestimation of 
plausible future changes and maladaptation (Woodruff 2016). Underestimation of the range 
of change in summer mean and low flows by the ICHEC ensemble should be noted in future 
adaptation actions. All indices evaluated show large ranges of change, planning should 
leverage these ranges to stress test vulnerability and failure points in existing systems and to 
evaluate the robustness of adaptation options (e.g., Wilby 2022).

Projected changes are likely to underestimate plausible ranges of change as we do not 
include uncertainty in hydrological models (e.g., Wagener et al. 2022). Meresa et al. (2021) 
show how uncertainties in projected changes are sensitive not just to the choice of climate 
models, but hydrological model structure/parameters, bias correction technique and extreme 
value distribution used. Moreover, we do not assess the transferability of the SMART 
hydrological model to conditions outside those used for calibration and validation data-
set (Broderick et al. 2016). Our aim was to evaluate to evaluate impacts from the ICHEC 
ensemble and compare those against available CORDEX and CMIP6 ensembles. Despite 
the existence of biases in the ICHEC ensemble for the historical period (Nolan and Flanagan 
2020), we follow Morrissey et al. (2021) and refrain from bias correction. Finally, we note 
that some catchments are very small and challenge the application of climate change projec-
tions, even at high resolution.
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5 Conclusion

This study assessed climate change impacts for 26 Irish catchments using a high-resolution 
national ensemble and evaluated if uncertainties in future projections are related to catch-
ment size. Results suggest large changes in winter and summer mean flows, low flows and 
flood magnitude, which would pose significant challenges for water management. Uncer-
tainty ranges are large for all indices, especially summer mean flows. Catchment area is 
associated with both the ensemble mean and range of summer simulations with small catch-
ments tending to show the most extreme impacts and widest range of change. Similarly, 
smaller catchments were also found to show the widest range of change in flood magnitude. 
Despite being widely used for adaptation planning in Ireland, comparison of results from 
the national ensemble with CORDEX and CMIP6 show that the magnitude and range of 
changes are more modest and narrower, respectively, especially for summer and low flows. 
This has implications for adaptation where decisions should be informed by the plausible 
range of future changes.
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