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Study focus: Information on the potential future impacts of climate change on river flows is
necessary for adaptation planning. There have been many such studies for Great Britain, but
fewer for NI. Here, a grid-based hydrological model is configured for NI, and used to investigate
changes in seasonal mean, extreme high and extreme low flows.

New Hydrological Insights: When driven by observed climate data, the model shows good perfor-
mance for a wide range of catchments, particularly where artificial influences are limited. When
driven by ensemble data from the UKCP18 Regional (12 km) projections, model performance for
the baseline period (1981-2010) is similar to that using observed data, especially when using a
simple precipitation bias-correction. Model projections for a future time-slice (2051-2080)
generally suggest decreases in spring-autumn mean flows, especially in summer (median —44%),
but possible increases in winter mean flows (median 9%), with some variation between ensemble
members, particularly in winter when some show large increases to the west. Consistent with this
are large projected reductions in 10-year return period low flows everywhere (median —45%),
and large increases in 10-year return period high flows for some locations and ensemble members
(median 16%). Future applications could include expanding the range of climate data applied.

1. Introduction

Information on the potential future impacts of climate change on river flows is necessary to enable appropriate planning and
adaptation (Huntjens et al., 2012). There is already evidence of increases in floods in north-west Europe and the UK (Bloschl et al.,
2019), but changes in hydrological droughts are less clear (Hanel et al. 2018, Rudd et al. 2017). Broad-scale modelling studies suggest
that parts of north-west Europe will continue to see increases in floods, with possible decreases in low flows and increases in drought
duration in western/southern regions (Marx et al., 2018, Thober et al., 2018, Roudier et al. 2016).

A large number of studies have looked at the potential impacts of climate change on river flows in Great Britain (GB) using the UK
Climate Projections 2009 (UKCP09; Murphy et al., 2009), which provided a number of products giving information on potential future
changes in a range of climatic variables up to 2100. Examples include investigating changes in; seasonal mean flows (Prudhomme
et al., 2012); average, low and high flows (Cloke et al., 2010, Charlton and Arnell, 2014); floods (Kay and Jones, 2012, Cloke et al.
2013, Smith et al. 2014, Kay et al., 2014, Bell et al., 2016); water resources (Christierson et al., 2012, Harris et al., 2013); both floods
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and droughts (Collet et al., 2018). Some studies concentrate on a single catchment or small number of catchments (e.g. Cloke et al.,
2010, Smith et al. 2014, Harris et al. 2013) while others cover a large number of catchments or use distributed modelling (e.g.
Prudhomme et al., 2012, Collet et al., 2018, Bell et al., 2016). Studies used a range of different UKCP09 products, including proba-
bilistic projections, a perturbed parameter ensemble (PPE) of a Regional Climate Model (RCM), and a weather generator.

Studies including the potential impacts of climate change on river flows in Northern Ireland (NI) using UKCP09 are more limited.
For example, a water resources assessment including five catchments in NI alongside 65 in GB (Christierson et al., 2012), and a study of
seasonal runoff covering the whole of the UK (Sanderson et al., 2012). Studies using other climate projection data for Northern Ireland
include an investigation of compound hydro-hazards for 239 catchments across the UK (~10 in NI; Visser-Quinn et al., 2019), and an
assessment of changes in annual and seasonal runoff across the whole of Ireland (Charlton et al., 2006). Further studies cover only
catchments in the Republic of Ireland (Rol) (e.g. Bastola et al., 2011b, Steele-Dunne et al., 2008). Studies typically suggest future
increases in winter flows and flood magnitude but decreases in summer flows in NI; similar to GB. However, a study of historical flow
observations for a set of near-natural catchments spread across the whole of Ireland shows trends that are not entirely consistent with
the changes expected under climate change (Murphy et al., 2013).

The UK Climate Projections 2018 (UKCP18; Lowe et al., 2018) provide an update to UKCP09, again giving information on potential
future changes in a range of climatic variables via a number of products. A small number of studies have so far been published looking
at the potential impacts on flows in GB using these updated projections, focussing on changes in average, low and high flows for 10
catchments (Kay et al., 2020), seasonal mean flows across GB (Kay, 2021), floods and low flows across GB (Arnell et al., 2021; Kay
etal., 2021a; Lane and Kay, 2021), and the feasibility of inter-basin water transfers to support water supplies in SE England (Khadem
et al., 2021).

Here, a fully distributed grid-based hydrological model, previously applied across GB, is configured for NI. Model performance is
assessed against available gauged river flows. Time-series data from the UKCP18 12 km RCM 12-member PPE are then used to drive the
model, to look at potential future changes in seasonal mean flows as well as extreme high and low flow flows, thus extending the GB
results of Kay (2021) and Lane and Kay (2021) to cover NI. The methods are described in Section 2, with results presented in Section 3,
a discussion in Section 4 and conclusions in Section 5.

2. Methods
2.1. Hydrological model setup

The Grid-to-Grid (G2G) is a national-scale hydrological model that typically runs on a 1 km x 1 km grid, at a 15-minute time-step,
and is parameterised using digital datasets (e.g. soil types, land-cover, flow directions) (Bell et al., 2009). It was originally configured
for application across GB, on a spatial domain aligned with the GB national grid. A version has now been configured to cover Northern
Ireland and sub-catchments in the Rol that drain to NI rivers, also on a spatial domain aligned with the GB national grid.

G2G has been shown to perform well for a wide range of catchments across GB (Bell et al., 2009, 2016; Formetta et al., 2018)
particularly those with more natural flow regimes as it does not routinely take account of the effect of artificial influences such as
abstractions and discharges on river flows. It has also been shown to perform well for low flows and for drought identification (Rudd
etal., 2017). The G2G generally uses spatial datasets for model configuration in preference to parameter identification via calibration,
and where model parameters are required (such as the kinematic wave speeds used in lateral routing) nationally-applicable values are
used.

Spatial data, such as flow-directions, land-cover and soils, used to configure G2G are as in Bell et al., (2009). The effect of urban and
suburban land-cover on runoff and downstream flows is accounted for in the model. But the impact of water bodies such as lakes and
reservoirs on downstream river flows is generally neglected at the national scale; lake storage and regulation is not accounted for, and
lake grid-cells are treated as though they were rivers. For NI, the hydrological landscape is dominated by Lough Neagh, a large
freshwater lake with an area of approximately 390 km?, as well as Lough Erne, which consists of two connected lakes (Upper and
Lower) with a combined area of approximately 144 km? located to the south-west of NI. Thus the exclusion of lake storage and
regulation is most likely to impact on model performance for river locations downstream of Lough Neagh (the Lower Bann river).

G2G requires input time-series of precipitation and potential evaporation (PE), as well as temperature data for the optional snow
module (Bell et al., 2016) which is applied here. Model outputs include gridded time-series of monthly mean flows, annual maxima of
daily mean flows, and 7-day minima of daily mean flows. In addition, time-series of daily mean river flows can be output for 1 km grid
boxes corresponding to specific catchments for which gauged flow data are available from the National River Flow Archive (NRFA;
www.ceh.ac.uk/data/nrfa/). Although ‘river flows’ are produced for every 1 km grid box, only data from non-tidal grid boxes with a
catchment area of at least 50 km? are analysed here. Pixels within Lough Neagh and Lough Erne are also excluded (if they are at least
70% water according to 25 m data from Land Cover Map 2015; Rowland et al., 2017). The remaining 1468 pixels are hereafter termed
‘1 km river pixels’, of which 1106 are within NI.

2.2. Observation-based simulation

An observation-based simulation is performed for Dec 1980-Nov 2011 (hereafter termed SIMOBS) using the following gridded
datasets:


http://www.ceh.ac.uk/data/nrfa/
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Fig. 1. a) The 35 catchments used for the SIMOBS performance assessment (green shading, with nested catchments darker), along with main rivers
(blue lines) and Lough Neagh and Lough Erne (blue shading). Benchmark catchments are shown with an asterisk (*). b) NS, NSsqrt and NSlog values
for each catchment (left; filled circles/triangles indicate benchmark catchments suitable for high/low flows) and boxplots showing the performance
range across the set of catchments (right). Boxes show the 25th-75th percentile range, with the median marked by the line, whiskers show the 10th-
90th percentile range, and further markers show the overall min and max. ¢) Maps showing the spatial variation in each performance measure.
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e Daily 1 km grids of precipitation (CEH-GEAR; Tanguy et al., 2016). These data are on the Irish national grid (and cover the required
parts of the Rol), so have been re-projected to the GB national grid as a 50 m grid and the mean in each 1 km cell estimated. They are
then divided equally over each model time-step within a day.

e Monthly 40 km grids of PE for short grass (MORECS; Hough and Jones, 1997). These data are on the Irish national grid, so have
been re-projected to the 1 km GB national grid using the majority MORECS square in each 1 km cell. The data do not cover all the
required parts of the Rol, or indeed all of NI, so have been extended where necessary by copying from the nearest 1 km grid cell with
data. They are then divided equally over each model time-step within a month.

e Daily 1 km grids of min and max temperature (Met Office et al., 2019). These data are on the GB national grid but do not cover the
required parts of the Rol, so have been infilled from the nearest 1 km grid cell with data, using altitude information and a lapse rate.
They are then interpolated through the day using a sine curve.

The simulation is initialised using a states file saved at the end of a prior observation-based run (Jan 1970-Nov 1980) using the
same driving datasets as above.

2.3. Climate change simulations

The climate change simulations use daily precipitation, daily min and max temperature data and daily PE derived from the UKCP18
Regional (12 km) projections (Met Office Hadley Centre, 2018). These comprise a 12-member RCM PPE (nested in an equivalent GCM
PPE) covering Dec 1980-Nov 2080 under RCP8.5 emissions (Riahi et al., 2011). Ensemble member 01 uses the standard parame-
terisation. The data are available re-projected onto a 12 km grid aligned with the GB national grid.

Biases in the 12 km RCM precipitation (Murphy et al., 2018, Fig. 4.4) are adjusted using monthly correction factor grids, derived by
comparing baseline mean monthly precipitation totals (from each PPE member separately) against those from CEH-GEAR averaged up
to the RCM grid, with smoothing based on weighting in a 3 x 3 neighbourhood (Supp. Fig. 1; Guillod et al., 2018). The precipitation
data are then spatially downscaled using patterns derived from 1 km Standard Average Annual Rainfall data (1961-1990; Bell et al.,
2007), and temporally downscaled in the same way as for observed rainfall data (Section 2.2). The 12 km RCM temperature data are
downscaled to 1 km using a lapse rate with elevation data (Morris and Flavin, 1990), and temporally downscaled in the same way as for
observed temperature data (Section 2.2). The 12 km RCM PE is estimated from (re-projected) daily climate variables using a
formulation replicating that of MORECS as closely as possible, including an interception correction. Potential future increases in
stomatal resistance under higher atmospheric CO, concentrations are also included (Rudd and Kay, 2016, Guillod et al., 2018). PE is
only estimated for RCM boxes classed as ‘land’, with any other required 12 km boxes infilled by copying from the nearest 12 km box
with data. The 12 km RCM PE data are spatially and temporally downscaled in the same way as for observed data (Section 2.2).

The same state initialisation file is used for each RCM-based simulation (hereafter termed SIMRCM) as for SIMOBS (Section 2.2).

The central projection from the RCM PPE suggests typical decreases in summer precipitation of around —25% and increases in
winter precipitation of around 15% over NI by 2061-2080 (Murphy et al., 2018, Fig. 4.8 c¢,d). However, summer decreases can be as
much as —50% and winter increases as high as 30% for some NI locations in some ensemble members, and winter decreases of —10% or
more are possible in NI for some ensemble members. Temperature increases by ~2-5 °C in summer and ~1-4 °C in winter over NI by
2061-2080, depending on location and ensemble member (Murphy et al., 2018, Fig. 4.8 a,b). PE between spring and autumn typically
increases by ~7-15%, with increases of 20% or more in some locations for some ensemble members. Winter PE also generally in-
creases, by ~2% on average and up to ~19% in some locations for some ensemble members, but there are decreases of as much as
~—10% in places, although these are not likely to be important as winter PE is fairly low.

2.4. Analysis of simulated flows

A 30-year time-slice is used to assess performance of the G2G river flow simulations, comparing the SIMOBS run against gauged
flows (Section 2.4.1) and comparing the SIMRCM runs against the SIMOBS run (Section 2.4.2). These performance assessments use the
time-slice 1981-2010.

A 30-year future time-slice is compared against a 30-year baseline time-slice for the SIMRCM runs, to assess potential future
changes in flows (Section 2.4.3). The precise time-slices differ slightly depending on the flows under consideration; the periods Dec
1980-Nov 2010 and Dec 2050-Nov 2080 are used for seasonal mean flows and low flows (to fit most closely with the available RCM
data; Section 2.3), but the periods Oct 1981-Sep 2011 and Oct 2050-Sep 2080 (i.e. 30 water years) are used for high flows (Section
2.4.3).

2.4.1. Performance using observed data

Three time-series performance measures are used to quantify different aspects of the agreement between simulated and observed
flows, for 35 catchments (those NRFA catchments with an area of at least 50 km? and no more than 20% missing flow data in the
baseline period; Fig. 1a). Eight of these are designated as benchmark catchments (UKBN2; Harrigan et al., 2018); a set of catchments
across the UK where human disturbance to flows is considered minimal and flow gauging is generally considered reliable (although
there are additional flags highlighting gauging issues for high/low flows). Information on the 35 catchments is provided in Supp.
Table 1.

The three performance measures are based on the model efficiency criterion of Nash and Sutcliffe (1970), including versions
adapted to focus on average flows (using the square root) and low flows (using logarithms). Specifically, the measures are defined as
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where Q; are the observed flows, M; are the modelled flows, ¢ is a small value (usually taken to be the observed mean flow divided by
100) and t is time. An NS, NSsqrt or NSlog value of 1 indicates a perfect fit, whilst a negative value indicates that the fit is worse than
the mean flow. The results are presented in Section 3.1.

2.4.2. Performance using baseline climate model data

Assessment of the performance using baseline climate model data uses measures derived from flow duration curves, thus
comparing statistical characteristics of flows rather than day-to-day equivalence (because weather events in the RCM PPE will not
follow the observed weather over the baseline period; Kay, 2021).

The analysis uses gauged flows for 35 catchments (Section 2.4.1) and compares these with simulated daily mean flows for cor-
responding locations from the SIMOBS run, from each SIMRCM run individually, and from pooling the 12 SIMRCM runs together (both
with and without bias correction). The analysis involves three measures, quantifying the percentage bias for different parts of the flow
duration curve; low flow volume (Ifv_70-95; bias in the 70th-95th quantiles), median flow (mdf; bias in the 50th quantile), and high
flow volume (hfv_5-30; bias in the 5th-30th quantiles). The results are presented in Section 3.2.

2.4.3. Future changes in flows using climate model data
To assess potential future changes in flows, for each SIMRCM run the following analyses are performed:

e Gridded time-series of monthly mean flows are used to derive seasonal mean flows for each time-slice, using the standard seasons
(winter: December—February, spring: March-May, summer: June-August, autumn: September—November) (as for GB; Kay, 2021).

e Gridded time-series of the annual maxima of daily mean flows are used to derive flood frequency curves for each time-slice. The
generalised logistic distribution is fitted to the 30 annual maxima for each time-slice using the method of L-moments (Hosking,
1996; Robson & Reed, 1999), to produce flood frequency curves covering 1- to 25-year return period events (as for GB; Lane and
Kay, 2021).

e Gridded time-series of the annual minima of 7-day mean flows are used to derive low flow frequency curves for each time-slice. A
generalised extreme value distribution is applied to the 7-day annual minimum flows using the method of L-moments (Hosking,
1996; Zaidman et al., 2002), to produce low flow frequency curves (as for GB; Lane and Kay, 2021).

Percentages changes from the baseline time-slice to the future time-slice are calculated for each SIMRCM run separately (Section
3.3). For flood/low flow frequency, the analysis focuses on 10-year return period events. Flow changes are mapped, but also sum-
marised for the three river-basin regions covering Northern Ireland; NW Ireland, Neagh Bann and NE Ireland (Supp. Fig. 2).

3. Results
3.1. Performance using observed data

The G2G shows good overall performance for the SIMOBS run (Fig. 1b-c). The model performs well across the flow range, with the
median performance across the set of catchments for the three performance measures (Section 2.4.1) being 0.71 for NS (high flows),
0.77 for NSsqrt (average flows) and 0.72 for NSlog (low flows) Fig. 1b). Some example hydrographs are shown in Fig. 2.

In Fig. 1b, the eight benchmark catchments are marked with an asterisk, with those specifically suitable for either high or low flows
having filled markers. The benchmark catchments show good model performance for all three scores, except for catchment 202002
(Faughan at Drumahoe) and 204001 (Bush at Seneirl Bridge; Fig. 2a), which have slightly poorer performance for low flows, and
catchment 203028 (Agivey at Whitehill), which has slightly poorer performance for high flows. Despite being benchmark catchments,
both 202002 and 204001 do have some abstractions and discharges, and 204001 has an upstream reservoir (NRFA, 2021); although
the effect of these on gauged flows is considered small, they could still affect model performance particularly for low flows.

Catchments not in the benchmark network show more scatter in the performance scores. The best performing non-benchmark
catchments are 203010 (Blackwater at Maydown Bridge; Fig. 2b), 205004 (Lagan at Newforge; Fig. 2¢) and 205011 (Annacloy at
Kilmore Bridge), which have values greater than 0.8 for all three performance measures. The NSsqrt values are at least 0.6 for all
catchments, but there are some catchments with NS and NSlog values less than 0.6, with the NSlog (low flow) values tending to be
worse. The simulated low flows for 201007 (Burn Dennet at Burndennet) tend to be too low (simulated Q70 about 57% of observed; not
shown), which could be due to difficulties in measuring low flow in the wide and shallow channel at this station (NRFA, 2021).
Catchment 203027 (Braid at Ballee) also has simulated low flows that are lower than the observed flows, which could be due to effluent
returns affecting the flow at this station, and the gauged low flows are affected by weed growth (NRFA, 2021). There are no obvious
reasons for the poorer simulation of low flows for catchment 201009 (Owenkillow at Crosh). Maps of the performance scores (Fig. 1c)
show that the lowest performing catchments are generally located to the north-west, with the highest performing catchments often
located to the south-east.

Catchment 203040 (Lower Bann at Movanagher) is the only gauged catchment located downstream of Lough Neagh, on the Lower
Bann River, and its poorer model performance for high flows is due to the regulation of Lough Neagh. The Department for
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Infrastructure (DfI) Rivers are required to regulate water levels in Lough Neagh within a specific range, to reduce the flood risk (DfI,
2021). This is achieved using flood gates at the head of the Lower Bann River, where it exits from Lough Neagh, with two additional
flood gates down the Lower Bann River which further control levels. The regulation heavily influences the observed flows by capping
high flows (Fig. 2d). Currently the G2G does not account for such flow regulation.

3.2. Performance using baseline climate model data
Boxplots summarising the three measures of fit of the flow duration curves (for low, median and high flows; Section 2.4.2) across

the set of 35 gauged catchments show that the bias correction makes the performance of the pooled SIMRCM ensemble more similar to
the performance of the SIMOBS run (Fig. 3). Maps of the measures (Supp. Fig. 3) indicate that a tendency for over-estimation of median
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Fig. 5. Boxplots showing the change in seasonal mean flows, 10-year return period high flows, and 10-year return period low flows summarised
over three regions of NI (Supp. Fig. 2). Each box indicates the 25th-75th percentile range, with the whiskers showing the 10th-90th percentile
range, and bars outside the whiskers showing the overall min and max.

and high flows has been reduced by the bias correction. There is a tendency towards under-estimation of low flows in most catchments
though, for the SIMOBS run as well as the SIMRCM runs.

An additional assessment of the baseline monthly mean flows, flood frequency curves and low-flow frequency curves for the eight
benchmark catchments shows good agreement between the RCM and observation-based runs, with the SIMRCM ensemble generally
bounding the SIMOBS data (Supp. Fig. 4). There is a large spread in the SIMRCM ensemble for higher return period (>~15 years) flood
flows, which is unsurprising when estimating these rarer events from a relatively short 30-year flow time series. For low flows, there is
a tendency for the SIMRCM ensemble to over-estimate flows at low return periods (1-3 years), compared to the SIMOBS run.

3.3. Future changes in flows using climate model data

Maps of the seasonal mean flow changes from the SIMRCM ensemble, presented as the median and the 2nd lowest and 2nd highest
projection for each river pixel, almost exclusively show decreases in each season, especially for the ensemble median change (Fig. 4).
The exception is small increases in the ensemble median winter flows (median 9%), mainly to the south and west, and increases in the
2nd highest in winter and spring. In contrast, large reductions in summer flows are predicted by all ensemble members (median
—44%), and autumn decreases can also be large (median —13%), particularly to the south and east. Results for individual SIMRCM
ensemble members further show the variation between members (Supp. Fig. 5).

Maps of the 10-year low flow changes from the SIMRCM ensemble, again presented as the median and the 2nd lowest and 2nd
highest projection for each river pixel, show large reductions, with the ensemble median showing reductions of —25 to —64% across NI
(Fig. 4; overall median —45%). These widespread decreases in low flows are seen across all the SIMRCM ensemble members (Supp.
Fig. 6b). Alongside decreasing low flows there is also a trend towards annual minimum events occurring later in the year by up to
around 30 days, although these are only significant in a few of the ensemble members (Supp. Fig. 7b).

The sign of change for 10-year high flows is less clear. Maps summarising results from the SIMRCM ensemble show average changes
ranging from —7.5% to + 40% between the 2nd lowest and 2nd highest ensemble members (Fig. 4; overall median 16%). There is
much variation between the SIMRCM ensemble members, with some predicting large increases in high flows (e.g. 04, 11, 15), some
predicting overall decreases in high flows (e.g. 01, 12), and others showing a more mixed picture (Supp. Fig. 6a). This results in the
particularly large ensemble range for changes to high flows, when compared to the low flow or seasonal changes (Fig. 4). Analysis of
the dates of occurrence of AMAX showed few significant changes in timing (Supp. Fig. 7a).

Summary distributions of seasonal mean flow, high flow, and low flow changes for three regions clearly show the differences in
response for different ensemble members, seasons, and regions (Fig. 5). There are clear differences between ensemble members in all
regions and seasons (with it being possible to select pairs of ensemble members with no or very little overlap in response in all cases),
although for NE Ireland in autumn there are broader ranges of change for most ensemble members, and thus often more overlap
between them. The difference between ensemble members is most stark for the high flow changes, where there are large differences
between ensemble members for both the flow change values and ranges.

4. Discussion

The application of a national-scale grid-based hydrological model for Northern Ireland with observed driving data has shown
generally good performance for catchments across the country and across the flow range. The exception is flows downstream of Lough
Neagh, where flood regulation essentially caps the observed river flows. Since the hydrological model currently does not include any
artificial influences on flows, so essentially simulates natural flows, the pattern of observed flows downstream of Lough Neagh cannot
be replicated in the simulations. However, it may be possible to enhance the model to include such regulation. It would also be
possible, provided appropriate datasets were available, to incorporate abstraction and discharges into the model, and to use estimates
of open-water PE for the lake pixels.

The use of the G2G model with driving data from the UKCP18 Regional projection ensemble shows that performance for a baseline
period is similar to that of observed driving data, especially after application of a simple bias correction to climate model precipitation.
Comparison of ensemble modelling results for a future time-slice, compared to the baseline time-slice, generally suggests future de-
creases in seasonal mean flows, especially in summer and autumn. There is some variation between ensemble members, particularly in
winter when some show large increases in flows to the west. Consistent with this, the analysis of 10-year return period low flows shows
large reductions across the country, and the analysis of 10-year return period high flows shows large increases for some locations and
ensemble members. These flow changes are consistent with the typical decreases in summer precipitation, increases in winter pre-
cipitation, and increases in PE (Section 2.3), and similar to the flow changes simulated for north-west England (Kay, 2021; Lane & Kay,
2021).

Decreasing summer and autumn flows, with possible small increases to winter flows, are broadly consistent with previous climate
impact studies to have included NI catchments (Christierson et al., 2012, Sanderson et al., 2012, Arnell et al., 2021). Christierson et al.
(2012) also indicated reductions in summer flows for five catchments in NI. However, by using the UKCP09 probabilistic projections
they were better able to sample modelling uncertainties, finding that increases in summer flows were also within the ensemble spread
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of their projections. Sanderson et al. (2012) also found that whilst the ensemble mean change in runoff showed summer reductions, a
reduction in summer flows was not unanimously predicted by all models by the 2050s. Whilst few studies have focused on changes to
extreme flows for Northern Ireland, the increases in flood flows found here are consistent with projections of increasing 5-100 year
return period flows for Irish catchments (Bastola et al., 2011b), and results for Ireland within a European analysis of changing high and
flood flows (Thober et al., 2018). Declining summer flows, which may also indicate a reduction in discharge associated with low flow
extremes, are consistent with studies of Irish catchments (Bastola et al., 2011a, Steele-Dunne et al., 2008).

Since the model essentially simulates natural river flows, the climate change impact modelling does not account for potential future
changes in artificial influences such as abstractions or discharges. Neither does it allow for potential future changes in land-use or land-
cover. Also, only one global/regional climate model is applied (albeit as a perturbed parameter ensemble), under only one emissions
scenario (RCP8.5). The climate model is typically considered the largest source of uncertainty in hydrological impact modelling (Vetter
etal., 2017, Roudier et al., 2016), although the hydrological model can be particularly important for low flows (Giuntoli et al., 2015).
The RCP8.5 emissions scenario is considered a high scenario, and lower pathways should give lesser impacts (e.g. Kay et al., 2020).
Further sources of uncertainty include the estimation of future PE (Kay and Davies, 2008, Dallaire et al., 2021) and the choice of bias
correction approach (e.g. Lafon et al., 2013).

5. Conclusions

Developing a national-scale grid-based hydrological model for NI, and the parts of the Republic of Ireland that drain into NI, has
enabled the simulation of river flows across the country (at gauged and ungauged locations). The model builds on one used extensively
for modelling river flows across Great Britain, and takes advantage of digital datasets to enable the simulation of varying hydrological
responses due to spatial differences in landscape characteristics. The model performance is good for a wide range of catchments,
provided flows are not heavily affected by artificial influences (e.g. river regulation, abstractions or discharges). Although such models
may not perform as well as calibrated catchment models at specific locations, they have the advantage of simulating flows across a
wide area in a consistent way.

Analysis of the potential impacts of climate change on river flows across NI, using the UKCP18 Regional projections, suggests
significant impacts on seasonal mean flows and extreme flows. Such information is vital to enable the development of appropriate
adaptation strategies, particularly for flood risk management and drought and water resource management.

Potential future uses of the model could include the application of a sensitivity-based approach to estimating the impacts of climatic
change on flood peaks, which can be combined with the UKCP18 Probabilistic projections to provide information for a broader range
of climate model and emissions uncertainty than covered here (Kay et al., 2021b). Such an approach would enable NI to move away
from the current blanket + 20% allowance for climate change impacts on peak river flows (Wasko et al. 2021), by developing regional
or location-specific values as for England, Wales and Scotland (Reynard et al., 2017). Other applications could include river flood
forecasting and warning (Cranston et al., 2012, Price et al., 2012), surface water flood and impact forecasting (Cole et al., 2016,
Aldridge et al., 2020) and investigating the potential impacts of climate change on surface water flood hazard and risk (Rudd et al.,
2020).
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