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The WRF model domains. The d01, d02 and d03 domains have 54-km, 18-km and 6-km horizontal
resolution, respectively

The topography of Ireland and the UK as resolved by the EC-Earth GCM and the CLM RCM for
different spatial resolutions. (a) EC-Earth 125-km resolution; (b) CLM 50-km resolution; (¢) CLM
18-km resolution; (d) CLM 4-km resolution

A schematic diagram of the probability density function of the ensemble of projected changes in
temperature. The red vertical line shows the likely increase in temperature

Distributions of past and future temperature data. (a) Cumulative density function; (b) probability

density function

Annual 2-m temperature for the period 1981-2000. (a) Observations; (b) CLM-ERA 4km data;
(¢) CLM-ERA minus observations (bias)

Seasonal 2-m temperature for 1981-2000. The first, second and third columns contain observations,
CLM-ERA data and the bias, respectively. The colour scale is kept fixed for each column and is
included in the last row

Annual mean temperature anomalies for each of the five emission scenarios, averaged across every
grid point over Ireland. (a) Time series of the annual mean temperature anomalies. The dashed coloured
lines are lines of regression fitted using the least-squares method. (b) Seasonal mean temperature
anomalies for winter (December—February), spring (March—-May), summer (June—August) and
autumn (September—November). The boxplots represent the spread of each group; the bottom and
top whiskers represent the minimum and maximum group values, respectively, the bottom and top
of the box represent the group’s first and third quartiles, respectively, and the middle line represents
the group’s median. For both figures, the future period 2041-2060 is compared with the past period
1981-2000

Projected changes in annual mean temperature for the (a) medium- to low-emission and (b) high-
emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000. The numbers included on each plot are the minimum and maximum projected changes,

displayed at their locations

Projected changes in seasonal mean temperature for the (a) medium- to low-emission and (b) high-
emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000

The “very likely” annual increase in temperature for the (a) medium- to low-emission and (b) high-
emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000. The numbers included on each plot are the minimum and maximum “very likely”
increases, displayed at their locations

The “very likely” seasonal increase in temperature for the (a) medium- to low-emission and (b) high-
emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000
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The “likely” annual increase in temperature for the (a) medium- to low-emission and (b) high-emission
scenarios. In each case, the future period 2041-2060 is compared with the past period 1981-2000.
The numbers included on each plot are the minimum and maximum “likely” increases, displayed at

their locations

The “likely” seasonal increase in temperature for the (a) medium- to low-emission and (b) high-
emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000

Projected changes in the top 5% of maximum daytime summer temperatures for the medium- to
low-emission and high-emission scenarios. In each case, the future period 2041-2060 is compared
with the past period 1981-2000. The numbers included on each plot are the minimum and maximum
increases, displayed at their locations

Projected changes in the lowest 5% of night-time winter temperatures for the medium- to low-
emission and high-emission scenarios. In each case, the future period 2041-2060 is compared with
the past period 1981-2000. The numbers included on each plot are the minimum and maximum
increases, displayed at their locations

Annual frost day statistics. (a) Projected percentage change in annual number of frost days for the
medium- to low-emission and high-emission scenarios. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. (b) The observed mean annual number of frost days, over
land, for 1981-2000

Annual ice day statistics. (a) Projected percentage change in annual number of ice days for the
medium- to low-emission and high-emission scenarios. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. (b) The observed mean annual number of ice days, over
land, for 1981-2000

Empirical density functions illustrating the distribution of past (black), medium- to low-emission (blue)
and high-emission (red) mean daily temperatures over Ireland. (a) Winter; (b) spring; (¢) summer;
(d) autumn. Each dataset has a size greater than 80 million. The distributions are created using
histogram bins of size 0.5°C. A measure of overlap indicates how much the future distributions have
changed relative to the past (0% indicating no common area, 100% indicating complete agreement).
Means are shown for historical (black vertical line), medium- to low-emission (blue vertical line) and
high-emission (red vertical line) densities

Seasonal projected changes in the standard deviation of mean daily temperature. (a) Medium- to
low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected changes, displayed at their locations

Annual projected changes in the standard deviation of mean daily temperature. (a) Medium- to low-
emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared
with the past period 1981-2000

The standard deviation of mean daily temperature for the past period 1981-2000. (a) Annual; (b) winter;
(c) spring; (d) summer; (e) autumn. The figures were generated using all RCM ensemble member data
for the control period. The numbers included on each plot are the minimum and maximum values,

displayed at their locations

Projected changes the length of the growing season (days per year). (a) Medium- to low-emission
scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared with the
past period 1981-2000
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Land use statistics. (a) Coordination of Information on the Environment (CORINE) land cover map
of Ireland. The colours represent the land cover in 2006. (Image reproduced with permission from
Dwyer, 2012.) (b) Observed annual length of growing season for the period 1981-2000. (Temperature
data from Walsh, 2012.)

“Very likely” increase in the length of the growing season (days per year). (a) Medium- to low-
emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared
with the past period 1981-2000

“Likely” increase in the length of the growing season (days per year). (a) Medium- to low-emission
scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared with the
past period 1981-2000

Mean annual precipitation for 1981-2000. (a) Observations; (b) CLM—EC-Earth 4-km data; (c) CLM—
EC-Earth minus observations (error)

Seasonal precipitation for 1981-2000. The first, second and third columns contain observations,
CLM-EC-Earth data and the error, respectively. The colour scale is kept fixed for each column and is
included in the last row

Annual and seasonal mean precipitation errors (%). (a) Overall bias; (b) overall MAE metrics. Each
RCM past ensemble member is compared with observations for the 20-year period 1981-2000.
The boxplots represent the spread of errors; the bottom and top whiskers represent the minimum
and maximum, respectively, the bottom and top of the box represents the first and third quartiles,
respectively, and the middle line represents the median error

Projected change (%) in annual precipitation. (a) Medium- to low-emission scenario; (b) high-emission
scenario. In each case, the future period 2041-2060 is compared with the past period 1981-2000. The
numbers included on each plot are the minimum and maximum changes, displayed at their locations

Projected changes (%) in seasonal precipitation. (a) Medium- to low-emission scenario; (b) high-
emission scenario. In each case, the future period 2041-2060 is compared with the past period
1981-2000

“Likely” change (%) in precipitation. (a) Annual; (b) spring. In each case, the future period 2041-2060
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Projected change (%) in summer precipitation. (a) “Likely”; (b) “very likely”. In each case, the future
period 2041-2060 is compared with the past period 1981-2000

“Likely” change (%) in the number of dry periods. (a) Annual; (b) autumn. In each case, the future
period 2041-2060 is compared with the past period 1981-2000

Projected change (%) in number of summer dry periods. (a) “Likely”; (b) “very likely”. In each case,
the future period 2041-2060 is compared with the past period 1981-2000

The observed number of dry periods averaged over the 20-year period 1981-2000. (a) Annual;
(b) autumn; (c) summer. Note the different scale for the annual figure

The “likely” increase in number of winter and autumn wet days (rainfall >20mm) for the high-
emission scenario. In each case, the future period 2041-2060 is compared with the past period
1981-2000

The “likely” increase in number of annual and autumn very wet days (rainfall >30mm) for the
high-emission scenario. In each case, the future period 2041-2060 is compared with the past period
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The observed number of wet days (rainfall >20 mm) averaged over the 20-year period 1981-2000.
(a) Annual; (b) winter; (c) autumn. Note the different scale for the annual figure

The observed number of very wet days (rainfall >30mm) averaged over the 20-year period 1981—
2000. (a) Annual; (b) winter; (c) autumn. Note the different scale for the annual figure

Empirical density functions illustrating the distribution of past (black), medium- to low-emission
(blue) and high-emission (red) daily precipitation over Ireland. (a) Winter; (b) spring; (c) summer;
(d) autumn. Each dataset has a size greater than 80 million. The distributions are created using
histogram bins of size | mm. A measure of overlap indicates how much the future distributions have
changed relative to the past (0% indicating no common area, 100% indicating complete agreement).
Means are shown for historical (black vertical line), medium- to low-emission (blue vertical line) and
high-emission (red vertical line) densities

Empirical density functions illustrating the distribution of past (black), medium- to low-emission
(blue) and high-emission (red) daily precipitation over Ireland. (a) Annual; (b) annual with the
frequency displayed on a log scale. Each dataset has a size greater than 80 million. The distributions
are created using histogram bins of size 1 mm (a) and 4 mm (b)

Empirical density functions illustrating the distribution of past (black), medium- to low-emission
(blue) and high-emission (red) heavy precipitation over Ireland. (a) Autumn; (b) winter. The frequency
is displayed on a log scale. Each dataset has a size greater than 80 million. The distributions are

created using histogram bins of size 4 mm

Seasonal projected changes (%) in the standard deviation of daily precipitation. (a) Medium- to
low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected change, displayed at their location

Annual projected changes (%) in the standard deviation of daily precipitation. (a) Medium- to
low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected change, displayed at their locations

Comparing the observed 3-hourly 10-m winds at nine synoptic stations spanning Ireland with the
RCM ensemble members for the period 1981-2000. (a) Wind speed distribution; (b) wind speed
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Annual 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed data;
(b) CLM4-EC-Earth 4-km data

Annual diurnal 10-m mean cubed wind speed, averaged over nine station locations for 1981-2000.
(a) Observation; (b) CLM3-ECHAMS 7km (two ensemble members); (¢) CLM4-ECHAMS 7km
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4km (one ensemble member); (f) CLM4-HadGEM2-ES 4km (one ensemble member); (g) CLM4—
EC-Earth 4 km (three ensemble members); (h) RCM ensemble mean (12 members); (i) RCM ensemble
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The 10-m wind roses at Casement Aerodrome for 1981-2000. (a) Observed; (b) WRF-EC-Earth
ensemble (three members) 6-km resolution; (c) WRF-EC-Earth ensemble (three members) 18-km
resolution. Each sector shows the percentage breakdown of the wind speed in intervals of 2 m/s

The 10-m wind power roses at Casement Aerodrome for 1981-2000. (a) Observed; (b) CLM4-
EC-Earth ensemble (three members) 4-km resolution; (c) CLM4—EC-Earth ensemble (three members)
18-km resolution. The wind power rose shows the directional frequency (light blue segments), the
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Winter 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed data;
(b) CLM4-EC-Earth 4-km data

Spring 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed data;
(b) CLM4—EC-Earth 4-km data

Summer 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed data;
(b) CLM4—EC-Earth 4-km data

Autumn 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed data;
(b) CLM4—EC-Earth 4-km data

Annual 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed
data; (b) CLM4—EC-Earth 4-km data

Winter 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed
data; (b) CLM4—EC-Earth 4-km data

Spring 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed
data; (b) CLM4—EC-Earth 4-km data

Summer 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed
data; (b) CLM4—EC-Earth 4-km data

Autumn 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed
data; (b) CLM4—EC-Earth 4-km data

Ensemble projected change (%) in annual 60-m mean wind power. (a) Medium- to low-emission
scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared with the
past period 1981-2000. The numbers included on each plot are the minimum and maximum changes,

displayed at their locations

Projected changes (%) in seasonal 60-m mean wind power. (a) Medium- to low-emission scenario;
(b) high-emission scenario. In each case, the future period 2041-2060 is compared with the past
period 1981-2000

“Likely” decrease in 60-m mean wind power. (a) Annual; (b) spring. In each case, the future period
2041-2060 is compared with the past period 1981-2000

Projected decrease in summer 60-m mean wind power. (a) “Likely”; (b) “very likely”. In each case,
the future period 2041-2060 is compared with the past period 1981-2000

Annual diurnal 60-m mean cubed wind speed over Ireland and a small portion of the surrounding
sea. (a) Ensemble of past simulations, 1981-2000; (b) ensemble of high-emission future simulations,
2041-2060; (c) projected percentage change

Wind roses at 60-m at various locations spanning Ireland. (a) Winter ensemble of past simulations,
1981-2000; (b) winter ensemble of high-emission future simulations, 2041-2060; (c¢) summer
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ensemble of past simulations, 1981-2000; (d) summer ensemble of high-emission future simulations,
2041-2060

Wind power roses at 60-m at various locations spanning Ireland. (a) Winter ensemble of past
simulations, 1981-2000; (b) winter ensemble of high-emission future simulations, 2041-2060;
(c) summer ensemble of past simulations, 1981-2000; (d) summer ensemble of high-emission future
simulations, 2041-2060

Empirical density functions illustrating the distribution of past (black), medium- to low-emission
(blue) and high-emission (red) 60-m daily mean wind speed over Ireland. (a) Winter; (b) spring;
(c) summer; (d) autumn. Each dataset has a size greater than 80 million. The distributions are created
using histogram bins of size 1 m/s. A measure of overlap indicates how much the future distributions
have changed relative to the past (0% indicating no common area, 100% indicating complete
agreement). Means are shown for historical (black vertical line), medium- to low-emission (blue
vertical line) and high-emission (red vertical line) densities

Seasonal projected changes (%) in the standard deviation of daily mean 60-m wind speed. (a) Medium-
to low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected change, displayed at their locations

Annual projected changes (%) in the standard deviation of daily mean 60m wind speed. (a) Medium-
to low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected change, displayed at their locations

Empirical density functions illustrating the distribution of past (black), medium- to low-emission (blue)
and high-emission (red) 60-m daily maximum wind speeds over Ireland. (a) Winter; (b) annual. The
frequency is displayed on a log scale. Each dataset has a size greater than 80 million. The distributions

are created using histogram bins of size 1 m/s

Location of a local MSLP minimum. Here the point (i, j) is defined as a low-pressure centre, since all
MSLP values of the surrounding 80 grid points are greater than p(i, j))=938 hPa

Tracks of storms with a core MSLP of less than 940hPa and with a lifetime of at least 12 hours.
(a) Past RCM 18-km simulations (1981-2000); (b) RCP8.5 RCM 18-km simulations (2041-2060)

Tracks of storms with a core MSLP of less than 940hPa and with a lifetime of at least 12 hours.
(a) Past RCM 50-km simulations (1981-2000); (b) RCP8.5 RCM 50-km simulations (2041-2060)

RCM average MSLP. (a) Past simulations (1981-2000); (b) RCP4.5 simulations (2041-2060);
(c) RCP8.5 simulations (2041-2060)

The “likely” increase in annual average MSLP for the RCP4.5 and RCP8.5 simulations. In each case,
the future period 2041-2060 is compared with the past period 1981-2000
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Executive summary

This report provides an analysis of the impacts of
global climate change on the mid-21st-century climate
of Ireland. The projections are based on the output of
an ensemble of high-resolution regional climate models
(RCMs).

The impact of rising greenhouse gas emissions and
changing land use on climate can be simulated using
global climate models (GCMs). However, since GCMs
are computationally expensive to run, long climate
simulations are currently feasible only with horizontal
resolutions of 50 km or coarser. Since climate fields such
as precipitation and wind speed are closely correlated
with the local topography, this resolution is inadequate
for the simulation of the detail and pattern of climate
change on the scale of a region the size of Ireland. To
overcome this limitation, the RCM method dynamically
downscales the coarse information provided by the
global models and provides high-resolution information
on a subdomain covering Ireland. The computational
cost of running the RCM, for a given resolution, is con-
siderably less than that of a global model. The RCMs
of the current study were run at high spatial resolution,
up to 4 km, thus allowing a better evaluation of the local
effects of climate change. Since RCMs have a better
representation of coastlines and general topography,
the resulting model output is more useful for focused cli-
mate impact studies. An additional advantage is that the
physically based RCMs explicitly resolve more smaller
scale atmospheric features than the coarser GCMs.

In this work, projections for the future Irish climate were
generated by embedding or “nesting” two RCMs within
a set of GCM simulations, and so providing high-resolu-
tion local detail over Ireland. The RCMs used in this work
are the COnsortium for Small-scale MOdeling—Climate
Limited-area Modelling (COSMO-CLM) model and the
Weather Research and Forecasting (WRF) model. The
GCMs used are the Max Planck Institute’s ECHAMS5,
the UK Met Office’s HadGEM2-ES (Hadley Centre
Global Environment Model version 2 Earth System con-
figuration), the CGCM (Coupled Global Climate Model)
3.1 from the Canadian Centre for Climate Modelling
and the EC-Earth consortium GCM. Simulations were
run for a reference period 1981-2000 and future
period 2041-2060. Differences between the two peri-
ods give a measure of climate change. The future

xiii

climate was simulated using the Intergovernmental
Panel on Climate Change (IPCC) Special Report on
Emissions Scenarios (SRES) A1B, A2 and B1 and the
Representative Concentration Pathways (RCP) 4.5 and
8.5 (IPCC, Fifth Assessment Report) emission scenar-
ios. The RCP4.5 and the B1 scenario simulations were
used to create a “medium- to low-emission” ensemble
while the RCP8.5, A1B and A2 simulations were used
to create a “high-emission” ensemble. To address the
issue of uncertainty, a multi-model ensemble (MME)
approach was employed. Through the MME approach,
the uncertainty in RCM projections can be partially
quantified, thus providing a measure of confidence in
the predictions.

The RCMs were validated using 20-year simulations
of the past Irish climate (1981-2000), driven both
by European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-40 global re-analysis and the
GCM datasets and by comparing the output against Met
Eireann observational data. Extensive validations were
carried out to test the ability of the RCMs to accurately
model the climate of Ireland. Results confirm that the
output of the RCMs exhibits reasonable and realistic
features as documented in the historical data record.

Temperature projections

Projections for mid-century indicate an increase of
1-1.6°C in mean annual temperatures, with the largest
increases seen in the east of the country. Warming is
enhanced for the extremes (i.e. hot or cold days), with
the warmest 5% of daily maximum summer tempera-
tures projected to increase by 0.7-2.6°C compared with
the baseline period. The coldest 5% of night-time tem-
peratures in winter are projected to rise by 1.1-3.1°C.
Averaged over the whole country, the number of frost
days (days when the minimum temperature is less
than 0°C) is projected to decrease by over 50%. The
projections indicate an average increase in the length
of the growing season by mid-century of over 35 days
per year.

Rainfall projections

Significant decreases in average precipitation amounts
are projected for the spring and summer months as



Ensemble of regional climate model projections for Ireland

well as over the full year. These drier conditions are
projected to be more pronounced in the summer, with
“likely” reductions in rainfall ranging from 0% to 13%
and from 3% to 20% for the medium- to low-emis-
sion and high-emission scenarios, respectively.
Nevertheless, the frequencies of heavy precipitation
events show notable increases (approximately 20%)
over the year as a whole, and in the winter and
autumn months. The number of extended dry periods
(defined as at least 5 consecutive days for which the
daily precipitation is less than 1 mm) is also projected
to increase substantially by mid-century over the full
year and during autumn and summer. The projected
increases in dry periods are largest for summer, with
“likely” values ranging from 12% to 40% for both
The precipitation projections,
summarised above, were found to be robust, as over
66% of the ensemble members were in agreement.

emission scenarios.

Stormtrack and mean sea-level pressure projections

To assess the potential impact of climate change on
extreme cyclonic activity in the North Atlantic, an algo-
rithm was developed to identify and track cyclones as
simulated by the RCMs. Results indicate that the tracks
of intense storms are projected to extend further south
over Ireland than those in the reference simulation. In
contrast, the overall number of North Atlantic cyclones
is projected to decrease by approximately 10%. The
projected decrease in overall cyclone activity is con-
sistent with a projected increase in average mean
sea-level pressure (MSLP) of approximately 1.5hPa for
all seasons by mid-century.

Wind energy projections

Results show significant projected decreases in the
energy content of the wind for the spring, summer and
autumn months. Projected increases for winter were

X1V

found to be statistically insignificant. The projected
decreases were largest for summer, with “likely” values
ranging from 3% to 10% for the medium- to low-emis-
sion scenario and from 7% to 15% for the high-emission
scenario. Projections of wind direction show no substan-
tial change. The projected increase in extreme storm
activity over Ireland is expected to adversely affect the
future wind energy supply.

Future work and recommendations

Future validation work will focus on downscaling and
analysing the more up-to-date and accurate ERAInterim
dataset from ECMWEF, in place of ERA-40. Furthermore,
the individual RCM-GCM past simulations will be vali-
dated in detail.

It should be noted that the climate projections pre-
sented in this report are derived from the currently
available dataset of high-resolution climate simulations
for Ireland and that additional simulations and future
improvements in modelling will alter the projections,
as uncertainty is gradually reduced. Currently, there is
higher confidence in the temperature projections than
in the wind and rainfall projections. This is reflected in
a rather large spread, particularly at regional level, in
the wind and rainfall projections between the individual
RCM ensemble members. Future work will attempt to
address this issue by increasing the RCM ensemble size
and employing more up-to-date RCMs, GCMs and the
RCP2.6 and RCP6.0 emission scenarios. Furthermore,
the accuracy and usefulness of the predictions will be
enhanced by running the RCMs at a higher spatial
resolution.

As extreme storm events are rare, the storm-tracking
research needs to be extended. Future work will focus
on analysing a larger ensemble, thus allowing a robust
statistical analysis of extreme storm track projections.



1 Introduction

The main objective of the research presented herein is
to evaluate the effects of climate change on the future
climate of Ireland using the method of high-resolution
regional climate modelling. There is a lack of research
in dynamically downscaled high-resolution (finer than
10-km spatial resolution) climate modelling over Ireland,
for projections in the medium term. Existing studies
have focused on analysing relatively small ensembles
of regional climate model (RCM) simulations (McGrath
and Lynch, 2008; Nolan et al., 2011, 2014; Gleeson et
al., 2013), or have instead analysed a large ensemble
of relatively low-resolution RCM simulations (van der
Linden and Mitchell, 2009; Jacob et al., 2014). Other
studies have used statistical downscaling, which is not
based on physical principles, to provide projections of
the future climate of Ireland (Fealy and Sweeney, 2008).
The analysis presented in this report was undertaken to
address this lack of research by analysing the output
of three high-resolution RCMs over Ireland, driven by
four global climate models (GCMs), under five possible
future emission scenarios. Simulations were run for
a reference period, 1981-2000, and a future period,
2041-2060. Differences between the two periods pro-
vide a measure of climate change. Specifically, we will
focus on projections of temperature, precipitation, wind
energy resource and extreme storm events.

The current research consolidates and expands on
the RCM projections of previous studies (McGrath and
Lynch, 2008; Nolan et al., 2011, 2014; Gleeson et al.,
2013; O’Sullivan et al., 2015) by increasing the ensem-
ble size. This allows likelihood levels to be assigned
to the projections. In addition, the uncertainty of the
projections is more accurately quantified. It is envis-
aged that the research will inform policy and further the
understanding of the potential environmental impacts of
climate change in Ireland at a local scale.

1.1  Regional climate models

The RCMs used in this work are the COnsortium for
Small-scale MOdeling—Climate Limited-area Modelling
(COSMO-CLM, versions 3.2 and 4.0) model (both
Rockel et al., 2008) and the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2008).

Projections for the future Irish climate were generated
by downscaling four GCMs, under five different possi-
ble future scenarios (see sections 1.5 and 1.6 for a full
description).

The COSMO-CLM regional climate model is the
COSMO weather forecasting model in climate mode
(Rockel et al., 2008). It is applied and further developed
by members of the CLM Community (www.clm-commu-
nity.eu). The COSMO model (www.cosmo-model.org)
is the non-hydrostatic operational weather prediction
model used by the German Weather Service (DWD).
A detailed description of the COSMO model is given
by Doms and Schattler (2002) and Steppeler et al.
(2003). Henceforth, the COSMO-CLM model will be
referred to as the CLM model, with versions 3.2 and
4.0 referred to as CLM3 and CLM4, respectively.
The WRF model (www.wrf-model.org) is a numerical
weather prediction system designed to serve atmo-
spheric research, climate and operational forecasting
needs. The model serves a wide range of meteorolog-
ical applications across scales ranging from metres to
thousands of kilometres. The WRF simulations of the
present study adopted the Advanced Research WRF
(ARW) dynamical core, developed by the US National
Center for Atmospheric Research (NCAR) Mesoscale
and Microscale Meteorology Division (Skamarock et al.,
2008).

1.2 Downscaling to Ireland

The impact of greenhouse gases on climate change
can be simulated using GCMs. However, long climate
simulations using GCMs are currently feasible only with
horizontal resolutions of 50 km or coarser. Since climate
fields such as precipitation, wind speed and direction
are closely correlated to the local topography, this is
inadequate to simulate the detail and pattern of climate
change and its effects on the future climate of Ireland.
The RCM method dynamically downscales the coarse
information provided by the global models and provides
high-resolution information on a subdomain covering
Ireland. The computational cost of running the RCM, for
a given resolution, is considerably less than that of a
global model. The RCMs of the current study were run



Ensemble of regional climate model projections for Ireland

at high spatial resolution, up to 4km, thus allowing a
better evaluation of the local effects of climate change.
The resulting model output is more useful for focused
climate impact studies and allows a better representa-
tion of coastlines and general topography. An additional
advantage is that the physically based RCMs explicitly
resolve more smaller scale atmospheric features than
the coarser GCMs. In particular, numerous studies
have demonstrated the added value of RCMs in the
simulation of topography-influenced phenomena and
extremes with relatively small spatial or short temporal
character (Feser et al., 2011; Feser and Barcikowska,
2012; Shkol’nik et al., 2012; Flato et al., 2013). Other
examples of the added value of RCMs include improved
simulation of convective precipitation (Rauscher et al.,
2010) and near-surface temperature (Feser, 2006). The
IPCC have concluded that there is “high confidence
that downscaling adds value to the simulation of spatial
climate detail in regions with highly variable topography
(e.g., distinct orography, coastlines) and for mesoscale
phenomena and extremes” (Flato et al. 2013).

The RCMs of the current study were initially driven
by GCM boundary conditions (achieving a ~50-km
grid size), and were then nested twice in succession,
to achieve the finest resolution (ranging from 4-km to
7-km grid size). A brief overview of the GCMs used
in the current study is given in section 1.6. The CLM
simulations were run at 50-km, 18-km, 7-km and 4-km
resolutions. The WRF simulations were run at 54-km,
18-km and 6-km resolutions. The WRF model domains
are shown in Figure 1.1. The CLM domains are similar
(not shown). The advantage of high-resolution RCM
simulations is highlighted by Figure 1.2, which shows
how the surface topography is better resolved by the
high-resolution data.

(a) (b)

Figure 1.1. The WRF model domains. The d01, d02
and d03 domains have 54-km, 18-km and 6-km
horizontal resolution, respectively.

The climate fields of the RCM simulations were output
at 3-hour intervals. In addition, extra climate statistics
were calculated and archived for WRF data on a daily
temporal resolution. Table 1.1 presents the data as
archived by the WRF simulations. The CLM climate
data were output at 3-hour intervals and are similar to
the WRF 3-hour output (Table 1.1, column 1).

The RCM simulations were run on the Irish Centre
for High-End Computing (ICHEC) supercomputers.
Running such a large ensemble of high-resolution RCMs
was a substantial computational task and required
extensive use of the ICHEC supercomputer systems
over 3 to 4 years. This archive of data will be made
available to the wider research community and general
public through the EPA.

(c) (d)

Figure 1.2. The topography of Ireland and the UK as resolved by the EC-Earth GCM and the CLM RCM for
different spatial resolutions. (a) EC-Earth 125-km resolution; (b) CLM 50-km resolution; (c) CLM 18-km

resolution; (d) CLM 4-km resolution.
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Table 1.1. Output fields of the WRF simulations

3-hour WRF output

Daily WRF output

Terrain height m
Land-sea mask 0/1
Sea surface temperature K
Surface temperature K
2-m temperature K
Surface air pressure hPa
Mean sea-level pressure hPa
Specific humidity ka/kg
Humidity mixing ratio at 2m kg/kg
Eastward wind at 10m, U m/s
Northward wind at 10m, V m/s
Wind speed at 10m m/s
Wind speed at 60m m/s
Wind speed at 100m m/s
Friction velocity m/s
3-hour grid scale precipitation mm
3-hour convective precipitation mm
Snowfall mm
Snow height m
Surface snow amount kg/m?
Soil temperature (6 layers) K
Soil moisture (6 layers) ms3/m?
Surface runoff mm
Subsurface runoff mm
Surface downwelling SW flux W/m?
Surface upwelling SW flux W/m?
Surface downwelling LW flux W/m?
Surface upwelling LW flux W/m?
LW flux — outgoing at top of atmosphere W/m?
Surface upward sensible heat flux W/m?
Surface upward latent heat flux W/m?
Ground heat flux W/m?
Upward surface moisture heat flux kg/m?/s
Surface albedo 0-1
Surface emissivity 0-1
Sea ice (domain 1) 0-1

Daily mean 2-m temperature K

Daily min. 2-m temperature K

Daily max. 2-m temperature K

Daily mean skin temperature K

Daily min. skin temperature K

Daily max. skin temperature K
Standard deviation of 2-m temperature K
Standard deviation of skin temperature K

Daily time of min. 2-m temperature minute
Daily time of max. 2-m temperature minute
Daily time of min. skin temperature minute
Daily time of max. skin temperature minute
Mean 10-m U m/s
Max. 10-m U m/s
Standard deviation of 10-m U m/s
Mean 10-m V m/s
Max. 10-m V m/s
Standard deviation of 10-m V m/s
Mean 10-m wind speed m/s
Max. 10-m wind speed m/s
Standard deviation of 10-m wind speed m/s
Time of max. 10-m wind speed minute
Mean 2-m specific humidity ka/kg
Min. 2-m specific humidity kag/kg
Max. 2-m specific humidity kag/kg
Standard deviation of 2-m specific humidity ka/kg
Time of min. 2-m specific humidity minute
Time of max. 2-m specific humidity minute
Mean cumulus precipitation kg/m?/s
Max. cumulus precipitation kg/m?/s
Standard deviation of cumulus precipitation kg/m?/s
Time of max. cumulus precipitation minute
Mean grid scale precipitation kg/m?/s
Max. grid scale precipitation kg/m?/s
Standard deviation grid scale precipitation kg/m?/s
Time of max. grid scale precipitation minute

LW, longwave; SW, shortwave; U is the zonal velocity, i.e. the component of the horizontal wind towards east; V is the

meridional velocity, i.e. the component of the horizontal wind towards north.

1.3  Regional climate model evaluation

The RCMs were validated by running 20-year simula-
tions of the past Irish climate (1981-2000), driven by
both European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-40 global re-analysis and the
GCM datasets, and comparing the output against Met

Eireann observational data (Walsh, 2012). Extensive
validations were carried out to test the ability of the
RCMs to accurately model the climate of lIreland.
Results confirm that the output of the RCMs exhibits
reasonable and realistic features as documented in the
historical data record.
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14 Greenhouse gas emission scenarios

To estimate future changes in the climate we need to
have some indication of how global emissions of green-
house gases (and other pollutants) will change in the
future. In previous Intergovernmental Panel on Climate
Change (IPCC) reports this was handled using Special
Report on Emissions Scenarios (SRES) (Nakicenovi¢
et al., 2000), e.g. A1B scenario, that were based on
projected emissions, changes in land use and other
relevant factors. The more recent Representative
Concentration Pathways (RCPs) scenarios are focused
on radiative forcing — the change in the balance
between incoming and outgoing radiation via the atmo-
sphere caused primarily by changes in atmospheric
composition — rather than being linked to any specific
combination of socioeconomic and technological devel-
opment scenarios. Unlike SRES, they explicitly include
scenarios allowing for climate mitigation. There are
four such scenarios (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5), named with reference to a range of radiative
forcing values for the year 2100 or after, i.e. 2.6, 4.5,
6.0 and 8.5W/m?, respectively (Moss et al., 2010; van
Vuuren et al., 2011).

Table 1.2. Details of the ensemble of RCM simulations

Scenario/GCM
realisation

runs

Number of

The future climate simulations of the current study
used the A1B, A2 and B1 (SRES) and the RCP4.5 and
RCP8.5 emission scenarios. The RCP4.5 and the B1
scenario simulations were used to create a “medium- to
low-emission” ensemble while the RCP8.5, A1B and
A2 simulations were used to create a “high-emission”
ensemble.

1.5  Regional climate model projections

Projections for the future Irish climate were generated by
downscaling the Max Planck Institute’s ECHAM5 GCM
(Roeckner et al., 2003), the UK Met Office’s Hadley
Centre Global Environment Model version 2 Earth
System configuration (HadGEM2-ES) GCM (Collins et
al., 2011), the Coupled Global Climate Model (CGCM)
3.1 from the Canadian Centre for Climate Modelling
(Scinocca et al., 2008) and the EC-Earth consortium
GCM (Hazeleger et al., 2011). The future climate was
simulated using the A1B, A2 and B1 [SRES, Fourth
Assessment Report (AR4)] and RCP4.5 and RCP8.5
(ARS) emission scenarios (see section 1.5).

Number of Period Resolution
ensemble

comparisons

CLM3 ECHAM5 C20_1,C20_2 2 = 1961-2000 7km
CLM3 ECHAMS A1B_1,A1B_2, B1 3 6 2021-2060 7km
CLM4 ECHAMS5 C20_1,C20_2 2 = 1961-2000 7km*
CLM4 ECHAMS A1B_1,A1B_2 2 4 2021-2060 7km*
CLM4 CGCM31 C20 1 - 1961-2000 4km
CLM4 CGCM3.1 A1B, A2 2 2 2021-2060 4km
CLM4 HadGEM2-ES  C20 1 - 1961-2000 4km
CLM4 HadGEM2-ES  RCP4.5, RCP8.5 2 2 2021-2060 4km
CLM4 EC-Earth mei1, mei2, mei3 3 - 1981-2009 4km
CLM4 EC-Earth me41, me42, me43 6 18 2021-2060 4km

me81, me82, me83

WRF
WRF

6km
6km

EC-Earth
EC-Earth

1981-2009
2021-2060

mei1, mei2, mei3 & —
me41, me42, me43 6 18

me81, me82, me83

me41 refers to RCP4.5 run 1; me82 refers to RCP8.5 run 2; etc. *No precipitation data available.
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An overview of the simulations is presented in Table
1.2; the rows include information on the RCM used, the
corresponding downscaled GCM, the GCM realisations
and SRES/RCP used for future simulations, the number
of runs, the number of ensemble comparisons, the
time-slice simulated and the finest grid size achieved.
The GCM realisations result from running the same
GCM with slightly different conditions, i.e. the starting
date of historical simulations (Gleeson et al., 2013,
see chapter 1, “The path to climate information: global
to local scale”; O'Sullivan et al., 2015). Data from two
time-slices, 1981-2000 (the control) and 2041-2060,
were used for analysis of projected changes in the mid-
21st-century Irish climate. These periods were chosen
because these are the longest decadal time periods
common to all simulations. The historical period was
compared with the corresponding future period for all
simulations within the same group. This results in future
anomalies for each model run; that is, the difference
between future and past. In this way, biases of partic-
ular models will not skew results, and each anomaly
can be meaningfully compared with the other groups.
In addition, the method of cross-comparing simulations
within the same group helps identify the more robust
climate change signals. In total, there are 50 ensemble
comparisons available for analysis.

To create the large ensemble, the RCMs were regridded
to a common 7-km grid over Ireland. The simulations
carried out using RCP4.5 and the B1 scenario were
used to create a medium- to low-emission ensemble
while the RCP8.5, A1B and A2 simulations were used
to create a high-emission ensemble. This results in 29
high-emission ensemble comparisons and 21 medium-
to low-emission comparisons. The relatively large
ensemble size allows likelihood levels to be assigned
to the projections (see section 1.7). In addition, the
uncertainty of the projections can be more accurately
quantified.

1.6 Overview of uncertainty

Climate change projections are subject to uncertainty,
which limits their utility. Fronzek et al. (2012) suggest
that there are four main sources of uncertainty: (1) the
natural variability of the climate system, (2) uncertain-
ties due to the formulation of the models themselves,
(3) uncertainties in future regional climate due to the
coarse resolution of GCMs and (4) uncertainties in the
future atmospheric composition, which affects the radia-
tive balance of the Earth. The uncertainties arising from

(1) and (2) can be addressed, in part, by employing a
multi-model ensemble (MME) approach (Déqué et al.,
2007; van der Linden and Mitchell, 2009; Jacob et al.,
2014). The ensemble approach of the current project
uses three different RCMs, driven by several GCMs, to
simulate climate change. Through the MME approach,
the uncertainty in the projections can be quantified,
proving a measure of confidence in the predictions. The
uncertainty arising from (3) can be addressed by run-
ning the RCM simulations at high spatial resolution. To
account for the uncertainty arising from (4), the current
study uses a number of SRES (B1, A1B, A2) and RCP
(4.5, 8.5) emission scenarios to simulate the future cli-
mate of Ireland. Future studies will include additional
scenarios, such as RCP2.6 and RCP6, to better quan-
tify the uncertainty of the emission scenarios.

The current study analyses 29 high-emission and 21
medium- to low-emission RCM ensemble comparisons.
This relatively large ensemble size allows the construc-
tion of a probability distribution function (pdf) of climate
projections. Likelihood values can then be assigned to
the projected changes. Figure 1.3 presents a schematic
example of the pdf of projected temperature increases.
The figure shows the projected temperature increase
(red line) such that 66% of the RCM ensemble members
project greater increases. It follows that it is likely that
increases in temperature will be greater than or equal
to this value. In a similar manner, a likely projected
decrease in a climate field is defined as a projection
such that over 66% of RCM ensemble members project

Figure 1.3. A schematic diagram of the probability
density function of the ensemble of projected
changes in temperature. The red vertical line
shows the likely increase in temperature.
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Table 1.3. Likelihood terms and their associated
probabilities

Likelihood of a climate projection

(percentage of RCM ensemble members in

agreement)
Very likely > 90
Likely > 66

larger decreases. Table 1.3 presents an overview of the
likelihood values used throughout this report. Note that
the accuracy of these statistical descriptions is based
on the assumption that the ensemble members rep-
resent an unbiased sampling of the (unknown) future
climate. It should also be noted that the likelihood
values presented in this report are derived from the cur-
rently available dataset of high-resolution projections
for Ireland and that additional simulations and future
improvements in modelling will alter the projections, as
uncertainty is gradually reduced. Future work will focus
on reducing this uncertainty by increasing the ensemble
size and employing more up-to-date RCMs and GCMs.

In addition to the likelihood values, the large ensem-
ble size allows the uncertainty of the projections to be
more accurately quantified. For example, if all ensem-
ble members agree on a particular climate projection,
it follows that this projection can be assigned a high
level of confidence. Conversely, if a large spread exists
between the RCM ensemble members, the projection is
assigned low confidence.

(@)

1.7  Statistical significance analysis

A key purpose of this study is to establish the signifi-
cance level of any changes in the future temperature,
precipitation and wind speed climate fields. Considering
that wind speeds and precipitation are generally not
normally distributed, the non-parametric Kolmogorov—
Smirnov and Wilcoxon rank-sum tests were employed
to test for statistical significance of projected changes.
The Wilcoxon rank-sum tests the null hypothesis that
the past and future data are from continuous distribu-
tions with equal medians, against the alternative that
they are not. The Kolmogorov—Smirnov null hypothesis
states that the past and future data are from the same
continuous distribution. The alternative hypothesis is
that they are from different continuous distributions.
Small values of the confidence level p cast doubt on
the validity of the null hypothesis. Let @ be the level of
significance at which the null hypothesis is rejected. If
p <@, for small @, this indicates that the null hypothesis is
rejected, the alternative hypothesis is accepted and the
difference between the future and past climate fields is
statistically significant at the 100 % (1—¢)% confidence
level. Three different alternative hypotheses (Ha) are
chosen depending on the sign of the future projections.
The alternative hypotheses are as follows:

e Ha:F#P
- Wilcoxon rank-sum: the past (P) and future (F)
medians are not equal.
- Kolmogorov—Smirnov: the future and past cumu-
lative distribution functions (cdfs) are not equal.

(b)

Figure 1.4. Distributions of past and future temperature data. (a) Cumulative density function;

(b) probability density function.
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e Ha:F<P

- Wilcoxon rank-sum: the future median is less
than the past median.

- Kolmogorov—Smirnov: the future cdf is greater
than the past cdf, implying a decrease in the
future climate variable under analysis.

e Ha, F>P

- Wilcoxon rank-sum: the future median is greater
than the past median.

- Kolmogorov—Smirnov: the future cdf is less than
the past cdf, implying an increase in the future
climate variable under analysis.

Figure 1.4 presents the past and future cdfs and pdfs
of a sample of RCM temperature data at a location in
Ireland.” The figures illustrate that, if the future cdf is
less than the past cdf (i.e. if the curve shifts to the right),
this implies an increase in the future climate variable
under analysis (i.e. the future pdf of Figure 1.4b has
shifted to the right, clearly indicating a projection of
warmer conditions). The converse can also be shown.
It is also interesting to note, in this example, that the
shape of the pdf has widened, indicating greater vari-
ability in the projected future temperature regime. This
approach of examining the distribution in detail allows
a more complete understanding of the projections of
climate change.
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2 Impacts of climate change on Irish temperature

The impacts of climate change on air temperatures
over Ireland are assessed for mid-century using an
ensemble of downscaled climate simulations based on
medium- to low-emission and high-emission scenarios.
Projections indicate an increase of 1-1.6°C in mean
annual temperatures, with the largest increases seen
in the east of the country. The annual and seasonal
projected increases were found to be statistically signifi-
cant for both emission scenarios. Warming is enhanced
for the extremes (i.e. hot or cold days), with highest
daytime temperatures projected to rise by 0.7-2.6°C in
summer and lowest night-time temperatures to rise by
1.1-3°C in winter.

Averaged over the whole country, the number of frost
days (days when the minimum temperature is less
than 0°C) is projected to decrease by 50% for the
medium- to low-emission scenario and 62% for the
high-emission scenario. Similarly, the number of ice
days (days when the maximum temperature is less
than 0°C) is projected to decrease by 73% for the
medium- to low-emission scenario and 82% for the
high-emission scenario. The projections indicate an
average increase in the length of the growing season
by mid-century of 35 and 40 days per year for the
medium- to low-emission and high-emission scenarios,
respectively.

2.1 Introduction

The full impact of rising greenhouse gas concentrations
on the global climate is difficult to evaluate because
of the interactions and dependencies between the
numerous physical processes that make up the system.
However, basic physics provides a direct link between
temperatures and greenhouse gas concentrations. With
rising concentrations the atmosphere becomes more
opaque at infrared wavelengths, reducing the heat
lost to space; the net result is that the Earth is absorb-
ing more energy than it radiates and this imbalance
(0.59+0.15W/m? during the 6-year period 2005-2010)
warms the planet (Hansen et al., 2011). The warming is
evident in the Irish observational records; a recent study
shows a 0.5°C increase in observed mean annual air

temperature over Ireland during the period 1981-2010
compared with the 1961-1990 period (Walsh et al.,
2013; Met Eireann, n.d.).

2.1.1 Global and European climate projections

The heating effect is well marked in the global model
simulations when the radiative forcing associated with
greenhouse gases is increased. The IPCC estimates a
rise in global mean surface temperatures by the late
21st century of between 0.3°C and 4.8°C (Collins et
al., 2013). The warming is not regionally uniform and is
amplified at the Arctic latitudes, for example. Changes in
European mean temperatures are projected to exceed
the global mean. The authors project the median
temperature over Ireland for the period 2046-2065 to
increase by 1-1.5°C in summer, and by 0.5-1.5°C in
winter under the RCP4.5 scenario.

Heinrich and Gobiet (2012) used eight RCMs (all
approximately 25-km resolution) from the ENSEMBLES
project to analyse projected changes in mean tempera-
ture over Europe between 1961-1990 and 2021-2050.
Examining the multi-model mean change season-
ally, they found that warming is projected across all
seasons and all areas; these are most pronounced
in the north-east of Europe in winter and in southern
Europe in summer. Temperatures over Britain and
Ireland are projected to increase uniformly across all
areas and all seasons in that period by approximately
1-1.5°C, which is consistent with the findings to be
presented in this report. Jacob et al. (2014) compared
regional climate change patterns for Europe projected
by the regional climate change ensemble of EURO-
CORDEX (COordinated Regional climate Downscaling
Experiment) (RCP4.5 and RCP8.5 scenarios) with the
A1B projections of the ENSEMBLES project. They
found that the large-scale patterns of changes in mean
temperature are similar in all three scenarios, but they
differ in regional details, which can partly be related to
the higher resolution (~12.5km) of the EURO-CORDEX
simulations. The results “strengthen the previous find-
ings obtained from the ENSEMBLES data set” (Jacob
et al., 2014).
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2.1.2  Projections for Ireland

The Community Climate Change Consortium for Ireland
(C41) downscaled data from five GCMs over Ireland and
Britain, using all SRES scenarios, achieving a finest
horizontal resolution of 14km. They found that mean
seasonal temperatures for 2021-2060 are projected
to increase by 1.1-1.4°C, with the greatest increases
occurring during summer and autumn (1.2—1.4°C). The
warming was found to be greatest in the south and east
of the country (McGrath and Lynch, 2008). In 2013, the
Research Division at Met Eireann led a major study on
the future of Ireland’s climate. A subset of the ensem-
ble of RCM simulations used in the current study was
analysed and projected an increase of ~1.5°C in mean
temperatures by mid-century over Ireland (Nolan et
al., 2013). O’Sullivan et al. (2015) expanded upon this
research and concluded that “annual mean tempera-
tures are projected to rise between 0.4°C and 1.8°C
above control levels by mid-century”.

2.1.3  Projections of extreme temperature

In addition to changes in mean temperatures, climate
change will also have an impact on the extremes.
This is reflected in the Irish observational record in
recent decades (Met Eireann, n.d.) and is expected to
continue in the future with possible consequences for
human health and mortality (Seneviratne et al., 2012).
The IPCC has found that it is now “very likely” that
human-induced climate change has contributed “to the
observed changes in the frequency and intensity of daily
temperature extremes on the global scale” (Stocker et
al., 2013). This confirms what was already suggested
in both IPCC AR4 (Solomon et al., 2007) and an IPCC
special report: Managing the Risks of Extreme Events
and Disasters to Advance Climate Change Adaptation
(Field et al., 2012). The authors warn that short-term
projections suggest that increases in temperature
extremes are likely. In Europe, high-percentile summer
temperatures are projected to rise faster than mean
temperatures (Field et al., 2012).

Beniston et al. (2007) used the RCM output from the
Prediction of Regional scenarios and Uncertainties for
Defining EuropeaN Climate change risks and Effects
(PRUDENCE) project to examine how extreme tem-
perature events in Europe are projected to change
by the end of the 21st century (Beniston et al., 2007).
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They found that “the intensity of extreme temperatures
increases more rapidly than the intensity of more mod-
erate temperatures over the continental interior due to
increases in temperature variability”.

In their study of Northern Ireland, Mullan et al. (2012)
examined the projected changes in extremes of tem-
perature. They used the threshold approach to define
percentile values for the control period that depend on
each particular location; the 90th percentile of maxi-
mum temperature to examine changes in hot days and
the 10th percentile of minimum temperature to exam-
ine changes in cold nights. The projected changes in
these thresholds at each site were then calculated.
Both the hot-day threshold and the cold-night thresh-
old are projected to increase by similar amounts, and
show an increasing trend through the 2020s, 2050s
and 2080s. There is a large uncertainty range for both
changes, though all ranges are non-negative (Mullan
et al., 2012).

Results from the Met Eireann climate change report
of 2013 (Nolan et al., 2013) show that the expected
warming over Ireland was found to be enhanced for
the extremes, with the highest daytime temperatures
projected to rise by up to 2°C in summer and the lowest
night-time temperatures to rise by up to 3°C in winter.
These findings were confirmed by O’Sullivan et al.
(2015).

2.1.4  Current study

The current study aims to assess the impacts of climate
change on near-surface air temperatures over Ireland.
To address the issue of model uncertainty, a large
ensemble of simulations were run. The models were
run at high spatial resolution, up to 4km, thus allow-
ing a sharper assessment of the regional variations in
projected temperature increases. The current research
consolidates and expands on the RCM temperature
projections of a 2013 Met Eireann report (Nolan et al.,
2013) by increasing the ensemble size. This allows
likelihood levels to be assigned to the projections. In
addition, the uncertainty of the projections can be more
accurately quantified. Details of the different global
climate datasets, the greenhouse gas emission scenar-
ios and the downscaling models used to produce the
ensemble of climate projections for Ireland are sum-
marised in Chapter 1.
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Annual Observed Mean Temp. (1981-2000)

(a) (b)

Annual CLM-ERA Mean Temp. (1981-2000)

Annual Error (1981-2000)

(c)

Figure 2.1. Annual 2-m temperature for the period 1981-2000. (a) Observations; (b) CLM-ERA 4km data;

(c) CLM-ERA minus observations (bias).

2.2 Regional climate model temperature

validations

The RCMs were validated by performing 20-year sim-
ulations of the lIrish climate (1981-2000), driven by
ECMWF ERA-40 global re-analysis data and compar-
ing the output against observational data. Figure 2.1a
presents the observed 2-m temperature? averaged over
the 20-year period 1981-2000 (data from Walsh, 2012).
Figure 2.1b presents the downscaled ERA-40 data
as simulated by the CLM4 model at 4-km resolution
(denoted CLM-ERA). It is noted that the CLM-ERA data
accurately capture the magnitude and spatial charac-
teristics of the observed temperature climate. This is
confirmed by Figure 2.1c, which shows a small positive
bias, of mean value 0.21°C, over Ireland. Previous
studies have shown that the ERA-40 data exhibit a pos-
itive bias of approximately 1°C over Ireland (McGrath
et al., 2005).

The seasonal validations are presented in the rows of
Figure 2.2. The first, second and third columns present
the observed temperature, the CLM-ERA temperature
and the bias, respectively. The CLM-ERA simulation
data exhibit a positive bias for winter, spring and autumn
and a small negative bias for summer. The largest bias,
of approximately ~0.6°C, is noted for winter.

The validations were repeated for the different RCMs
of the ensembile. In general, it was found that, while the

2 The observed gridded dataset has an estimated mean
absolute error of 0.19°C and a root mean square error of
0.41°C.
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accuracy decreased with lower model resolution, the
output of the RCMs exhibited reasonable and realistic
features as documented in the historical data record.
Future validation work will focus on downscaling and
analysing the more up-to-date and accurate ERAInterim
dataset from ECMWEF, in place of ERA-40.

2.3
2.3.1

Temperature projections for Ireland
Mean temperature projections

Figure 2.3a presents the time series of annual mean tem-
perature anomalies, relative to the 1981-2000 mean,
for the five greenhouse gas scenarios for 2041-2060.
These are calculated using values averaged over all
grid points covering Ireland. The dashed lines are lines
of regression, calculated by the least-squares algorithm
to show the linear trend over the two decades. There
is a broad range of values for temperature changes
projected across the five emission groups. Group B1
shows the least warming (its mean anomaly is 0.66°C)
and the greatest interannual variability. Its large spread,
seen through its annual mean anomalies ranging from
-0.4°C to greater than 1.4°C, is most likely from its being
composed of a single-member ensemble. The remain-
ing four emission scenarios show greater warming
than B1, with A2, A1B and RCP45 having large areas
of overlap, and similar 20-year means (1.1°C, 1.2°C
and 1.24°C, respectively). RCP85 shows the greatest
warming, with a trend line always exceeding the other
groups (its mean anomaly is 1.56°C). As expected,
there is a general upward trend in temperature, which
is more pronounced for the high-emission scenarios.
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Winter Observed Mean Temp. (1981-2000) Winter CLM-ERA Mean Temp. (1981-2000) Winter Error (1981-2000)
Spring Observed Mean Temp. (1981-2000) Spring CLM-ERA Mean Temp. (1981-2000) Spring Error (1981-2000)
Summer Observed Mean Temp. (1981-2000) Summer CLM-ERA Mean Temp. (1981-2000) Summer Error (1981-2000)
Autumn Observed Mean Temp. (1981-2000) Autumn CLM-ERA Mean Temp. (1981-2000) Autumn Error (1981-2000)

Figure 2.2. Seasonal 2-m temperature for 1981-2000. The first, second and third columns contain
observations, CLM-ERA data and the bias, respectively. The colour scale is kept fixed for each column
and is included in the last row.
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(a)

(b)

Figure 2.3. Annual mean temperature anomalies for each of the five emission scenarios, averaged

across every grid point over Ireland. (a) Time series of the annual mean temperature anomalies. The
dashed coloured lines are lines of regression fitted using the least-squares method. (b) Seasonal mean
temperature anomalies for winter (December—February), spring (March—-May), summer (June—August) and
autumn (September—November). The boxplots represent the spread of each group; the bottom and top
whiskers represent the minimum and maximum group values, respectively, the bottom and top of the box
represent the group’s first and third quartiles, respectively, and the middle line represents the group’s
median. For both figures, the future period 2041-2060 is compared with the past period 1981-2000.

Note, however, the large variability over short periods;
the warming trend is essentially superimposed on the
background, or natural variability, of the climate, which
is expected to continue in the presence of rising green-
house gas concentrations.

Since annual trends can hide or smooth larger sea-
sonal trends, seasonal temperature anomalies were
also examined. It was found that (1) the RCMs simulate
interannual and seasonal variability in a manner con-
sistent with the observed climate, including cold events,
and (2) warming is evident for all scenarios across all
seasons. The box and whisker plots for each emission
scenario group are presented in Figure 2.3b for winter
(December—February), spring (March—May), summer
(June—August) and autumn (September—November).
The whisker ends mark the maximum and minimum
values, while the box marks the median value (central
line) and the first and third quartile values (lower and
upper sides, respectively). The seasonal anomalies in
Figure 2.3b again illustrate that uncertainty exists in the
future projections, both within each season and within
each emission scenario group. Within summer, for
example, temperature anomalies range from ~—1°C in
one particular year (group B1) to almost 6°C in another
(RCP45). The anomalies below 0°C are indicative of
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the natural variability inherent in the climate system.
A particularly cold spring projected in group A1B, for
example, has a seasonal temperature anomaly below
-2°C. However, the overall trend of an increase in
temperature is evident across all seasons. With the
exception of group B1 in spring and summer, all first
quartiles across all seasons exceed 0°C, suggesting
a definitive upward shift in temperature, relative to the
period 1981-2000, across all groups and all seasons.
There are also clear differences between results across
the different emission scenario groups. The largest
summer increases are noted for group RCP85, whereas
the largest winter increases are noted for groups A1B
and A2. It should be noted that, for the above analysis
(Figure 2.3), the individual RCMs within the same group
were not cross-compared as described in section 1.6
and Table 1.2. While this results in a smaller ensem-
ble, it allows for comparison with similar studies. It was
found that the magnitude of the results for group RCP45
(shown in Figure 2.3b) broadly agrees with a study on
a larger ensemble analysed in IPCC AR5 (Collins et al.,
2013), which projected the median temperature over
Ireland to increase by 1-1.5°C in future summers, and
by 0.5-1.5°C in future winters under RCP4.5, for the
period 2046—-2065.
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Figure 2.4 presents the spatial distribution of annual tem-
perature changes for 2041-2060 relative to 1981-2000.
As explained in Chapter 1, the RCM projections are
regridded onto a common 7-km grid and grouped into a
medium- to low-emission scenario and a high-emission
scenario. The mean annual temperature is projected to
increase by 1-1.3°C and 1.2-1.6°C for the medium- to
low-emission scenario and the high-emission scenario,
respectively. The warming is greatest in the east.

Medium-Low Emission

(a)

The seasonal temperature projections for the medium-
to low-emission and high-emission ensembles are
presented in Figure 2.5. Winter temperatures show
increases ranging from 1°C in the south-west to 1.3°C
in the north for the medium- to low-emission scenario
(1.2°C in the south-west and 1.7°C in the north for
the high-emission scenario). Summer temperatures,
on the other hand, show increases from 0.9°C in the
north-west to 1.3°C in the south-east for the medium- to

High Emission

(b)

Figure 2.4. Projected changes in annual mean temperature for the (a) medium- to low-emission and
(b) high-emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000. The numbers included on each plot are the minimum and maximum projected changes,

displayed at their locations.

(a)

Medium-Low Emission: Seasonal Mean Temperature Change

(b)

Figure 2.5. Projected changes in seasonal mean temperature for the (a) medium- to low-emission and
(b) high-emission scenarios. In each case, the future period 2041-2060 is compared with the past period

1981-2000.
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low-emission scenario (1.1°C in the north-west and
1.7°C in the south-east for the high-emission scenario).
The temperature increment gradient is therefore from
north-west to south-east in summer but from south-
west to north-east in winter.

The patterns are different for spring and autumn. Spring
shows a projected increase in temperature of approxi-
mately 1°C for both the medium- to low-emission and
high-emission scenarios, with more warming projected
in the east than in the west. Autumn shows a similar
east—west pattern, but with greater warming: up to
1.3°C and 1.7°C for the medium- to low-emission and
high-emission scenarios, respectively.

Figure 2.6 shows the spatial distribution of the projected
“very likely” annual increases in temperature. As out-
lined in Chapter 1, a “very likely” projection is defined
as one in which over 90% of the ensemble members
agree. From Figure 2.6, it can be seen that over 90%
of the ensemble members project an annual increase in
temperature of 0.7°C to 1°C for the medium- to low-emis-
sion scenario and 0.8°C to 1.2°C for the high-emission
scenario. That is to say, it is “very likely” that increases
in annual temperature will be greater than or equal to
these values. The “very likely” seasonal increases, pre-
sented in Figure 2.7, range from a minimum of 0.4°C for
spring to a maximum of 1.3°C for winter.

Similarly, the “likely” (over 66% of the ensemble
members agree) annual and seasonal increases in
temperature are presented in Figures 2.8 and 2.9,
respectively.

Medium-Low Emission

(a)

The warming gradients of Figures 2.4 and 2.5 are also
evident in the “likely” projections of Figures 2.8 and 2.9
and, to a lesser extent, the “very likely” projections of
Figures 2.6 and 2.7. For example, the annual west—east
warming gradient is clearly evident in both the mean
and “very likely” projections. Furthermore, the annual
and seasonal warming gradients are similar for both
emission scenarios. This agreement increases the
confidence in the regional projections of temperature.
There are many possible factors which could have
influenced the contrasting seasonal warming gradients,
such as a change in storm tracks or the North Atlantic
Oscillation (NAO) relative to the control period, 1981—
2000. However, further investigation of these factors
is necessary to attribute causation, and is beyond the
scope of this study.

2.3.2  Projections of extreme temperature and

frost/ice days

Changes in the daily maximum and daily minimum
temperatures are arguably of more immediate impor-
tance, since extreme events have an abrupt and much
larger impact on lives and livelihoods than a gradual
change in mean values (Easterling et al., 2000). A
sustained increase in the daily maximum temperature
is associated with heatwaves whereas an increase
in the daily minimum temperature will typically imply
warmer nights. Figure 2.10 shows how the warmest 5%
of daily maximum summer temperatures are projected
to change (TMAX 95%). A stronger warming is evident,
which is greater than the projected mean summer

High Emission

(b)

Figure 2.6. The “very likely” annual increase in temperature for the (a) medium- to low-emission and
(b) high-emission scenarios. In each case, the future period 2041-2060 is compared with the past period
1981-2000. The numbers included on each plot are the minimum and maximum “very likely” increases,

displayed at their locations.
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(a)

Medium-Low Emission: “Very Likely” Seasonal Temperature Increase

(b)

High Emission: “Very Likely” Seasonal Temperature Increase

Figure 2.7. The “very likely” seasonal increase in temperature for the (a) medium- to low-emission and
(b) high-emission scenarios. In each case, the future period 2041-2060 is compared with the past period

1981-2000.

Medium-Low Emission

(a)

High Emission

(b)

Figure 2.8. The “likely” annual increase in temperature for the (a) medium- to low-emission and (b) high-
emission scenarios. In each case, the future period 2041-2060 is compared with the past period 1981-
2000. The numbers included on each plot are the minimum and maximum “likely” increases, displayed at

their locations.

increase (Figure 2.5), and ranges from 0.7°C to 2°C for
the medium- to low-emission scenario and from 1.3°C
to 2.6°C for the high-emission scenario. Warming is
greater in the south than in the north.

Figure 2.11 shows how the coldest 5% of night-
time temperatures in winter are projected to change
(TMIN 5%). Both the medium- to low-emission and
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high-emission scenarios lead to greater warming in the
north than in the south, with minimum temperatures
projected to increase by 1.1°C in the south-west and
by 2.5°C in the north for the medium- to low-emission
scenario (1.4°C in the south-west and 3.1°C in the north
for the high-emission scenario). The TMAX and TMIN
temperature gradients of Figures 2.10 and 2.11 are
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(a)

Medium-Low Emission: “Likely” Seasonal Temperature Increase

(b)

High Emission: “Likely” Seasonal Temperature Increase

Figure 2.9. The “likely” seasonal increase in temperature for the (a) medium- to low-emission and
(b) high-emission scenarios. In each case, the future period 2041-2060 is compared with the past period

1981-2000.

Medium-Low Emission

High Emission

Figure 2.10. Projected changes in the top 5% of maximum daytime summer temperatures for the medium-
to low-emission and high-emission scenarios. In each case, the future period 2041-2060 is compared
with the past period 1981-2000. The numbers included on each plot are the minimum and maximum

increases, displayed at their locations.

also evident in the “very likely” projections (not shown),
thus increasing confidence in the regional variations of
extreme temperature projections.

With mean night-time temperatures expected to rise
faster than mean daytime temperatures, there is likely
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to be a reduction in winter mortality in Ireland but this
may be offset by an increase in the frequency and
severity of heatwaves (Nolan et al., 2013).

The large projected decrease in cold nights (TMIN 5%)
implies a decrease in the number of frost and ice days
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Medium-Low Emission

High Emission

Figure 2.11. Projected changes in the lowest 5% of night-time winter temperatures for the medium- to
low-emission and high-emission scenarios. In each case, the future period 2041-2060 is compared
with the past period 1981-2000. The numbers included on each plot are the minimum and maximum

increases, displayed at their locations.

by mid-century. This is confirmed by Figures 2.12a and
2.13a, which present the projected annual change in
frost and ice days, respectively. Averaged over the
whole country, the number of frost days (days when the
minimum temperature is less than 0°C) is projected to
decrease by 50% for the medium- to low-emission sce-
nario and 62% for the high-emission scenario. Similarly,
the number of ice days (days when the maximum
temperature is less than 0°C) is projected to decrease
by 73% for the medium- to low-emission scenario and

(a)

Medium-Low Emission

High Emission

82% for the high-emission scenario. For comparison,
the observed annual mean numbers of frost and ice
days for 1981-2000 are presented in Figures 2.12b and
2.13b, respectively (data from Walsh, 2012). Note that
the observed number of ice days is small. It is worth
noting that periods of frost and ice are important envi-
ronmental drivers which trigger phenological phases in
many plant and animal species. Changes in the occur-
rence of these weather types may disrupt the life cycles
of these species.

(b) Obervations (1981-2000)
Mean Annual Number of Frost Days

Figure 2.12. Annual frost day statistics. (a) Projected percentage change in annual number of frost days
for the medium- to low-emission and high-emission scenarios. In each case, the future period 2041-2060
is compared with the past period 1981-2000. (b) The observed mean annual number of frost days, over

land, for 1981-2000.
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(a)

Medium—-Low Emission

High Emission

Obervations (1981-2000)
Mean Annual Number of Ice Days

(b)

Figure 2.13. Annual ice day statistics. (a) Projected percentage change in annual number of ice days for
the medium- to low-emission and high-emission scenarios. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. (b) The observed mean annual number of ice days, over land,

for 1981-2000.

2.3.3  Changes in the shape of the future

temperature distribution

A more comprehensive step in moving from analysing
mean values to the examination of extreme events is to
consider the distribution function of a quantity. The distri-
bution of a quantity involving discrete data (as here) can
be represented by its empirical density function. Figure
2.14 presents the seasonal density functions (hereaf-
ter, density) of mean daily temperature anomalies at
every grid point over Ireland. For each past simulation,
the anomalies are calculated by subtracting the mean
temperature over the 20-year period 1981-2000 from
the daily mean temperature.® Similarly, the future daily
anomalies (2041-2060) are calculated by subtracting
the historical mean temperature (1981-2000) from
each future ensemble member within the same group
(see Table 1.2).

The density of the past period is shown in black, with
the densities of the medium- to low-emission and
high-emission scenarios in blue and red, respectively.
An overlap score was calculated, which assesses the
similarity between the group’s past and future (adapted
from a methodology described by Perkins et al., 2007).
The overlap score is given by:

0

score

=100ximin(2pas,,z (2.1)
1

future )

3 This results in two slightly different past densities
(corresponding to the two future emission scenario groups).
As the differences were found to be very small, the medium-
to low-emission past densities are excluded from Figure 2.14.
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where n is the number of bins used to calculate the
pdf, Z,.is the frequency of values in a given bin from
the past data and Z,,  is the frequency of values in a
given bin from the future data. This score is between
0% and 100%, with 100% indicating perfect agreement
(climate completely unchanged) and 0% indicating no
agreement (past and future climates have no values in

common).

Figure 2.14 shows temperature increases across all
seasons, with each future density mean (blue and red
vertical lines) shifted to the right of the historical dis-
tribution mean (black vertical line). In addition to this
mean increase, the future density values across the
entire range are shifted to the right, strengthening the
evidence from all previous analysis of increases in both
the mean values and the tails of the temperature distri-
bution. The overlap scores range from 73% in summer
(showing the largest increase across the distribution)
to 88% in spring (showing the least change between
historical and future densities). This result confirms the
projected mean increases shown in Figure 2.5, where
large increases are projected for summer and the
smallest increases are projected for spring.

2.3.4  Statistical significance of temperature
changes

Since all projections show a definite increase in
temperature over lIreland for all seasons, the Ha,
alternative hypothesis is tested for the future tem-
perature distributions of Figure 2.14. Here, the
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(@)
Winter, Overlap (Medium-Low, High) = (86%, 81%)
Past
Future Medium-Low
Future High
(c)

Past
Future Medium-Low
Future High

(b)

Spring, Overlap (Medium—Low, High) = (88%, 87%)

Past
Future Medium-Low
Future High

(d)

Past
Future Medium-Low
Future High

Figure 2.14. Empirical density functions illustrating the distribution of past (black), medium- to low-
emission (blue) and high-emission (red) mean daily temperatures over Ireland. (a) Winter; (b) spring;

(c) summer; (d) autumn. Each dataset has a size greater than 80 million. The distributions are created
using histogram bins of size 0.5°C. A measure of overlap indicates how much the future distributions
have changed relative to the past (0% indicating no common area, 100% indicating complete agreement).
Means are shown for historical (black vertical line), medium- to low-emission (blue vertical line) and high-

emission (red vertical line) densities.

alternative hypothesis states that the future tempera-
tures (Kolmogorov—Smirnov) and the future median
values (Wilcoxon rank-sum) are greater than the past.
Both the Kolmogorov—Smirnov and Wilcoxon rank-sum
tests show high levels of significance (p=0) for the
medium- to low-emission and high-emission scenarios
across all seasons. We therefore conclude that the
increase in future temperatures over Ireland is statisti-
cally significant.
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2.3.5 Projected changes in the shape of
temperature distribution

The temperature distributions of Figure 2.14 suggest
that, while the future mean daily temperatures will
increase significantly for all seasons, the changes in
the shape of the spring and autumn distributions are
small. This is consistent with Figure 2.15, which shows
relatively small seasonal changes in the standard devi-
ation of spring and autumn mean daily temperature for
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(a)

Medium-Low Emission: Seasonal Change in Standard Deviation of Temperature

(b)

High Emission: Seasonal Change in Standard Deviation of Temperature

Figure 2.15. Seasonal projected changes in the standard deviation of mean daily temperature.

(a) Medium- to low-emission ensemble; (b) high-emission ensemble. In each case, the future period
2041-2060 is compared with the past period 1981-2000. The numbers included on each plot are the
minimum and maximum projected changes, displayed at their locations.

Medium-Low Emission

(a)

High Emission

(b)

Figure 2.16. Annual projected changes in the standard deviation of mean daily temperature. (a) Medium-
to low-emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is

compared with the past period 1981-2000.

both the medium- to low-emission and high-emission
scenarios. The largest changes are noted for winter
and summer. This is consistent with the distributions
and low overlap scores of Figure 2.14a and c. The
annual change in the standard deviation (Figure 2.16)
shows small changes of between —0.1°C and 0.1°C for
both the medium- to low-emission and high-emission
scenarios.
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To accurately interpret the projected changes of stan-
dard deviation, the annual and seasonal standard
deviation of mean daily temperature for the control
period are presented in Figure 2.17. The figures were
generated using the entire RCM dataset for 1981-2000.
As expected, the largest spread in temperature is noted
over the entire year. Large variations in temperature are
also noted during the spring and autumn months.
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Annual Daily T2M Std. Dev. (1981-2000)

(a)

Winter Daily T2M Std. Dev. (1981-2000)

(b)

Spring Daily T2M Std. Dev. (1981-2000)

(c)

Summer Daily T2M Std. Dev. (1981-2000)

(d)

Autumn Daily T2M Std. Dev. (1981-2000)

(e)

Figure 2.17. The standard deviation of mean daily temperature for the past period 1981-2000. (a) Annual;
(b) winter; (c) spring; (d) summer; (e) autumn. The figures were generated using all RCM ensemble
member data for the control period. The numbers included on each plot are the minimum and maximum

values, displayed at their locations.

2.3.6  Growing season projections

Arecent report (Flood, 2013) projects that the total eco-
nomic costs of climate change to Ireland’s agriculture
sector will be in the region of €1-2 billion per annum by
mid-century. This figure represents 8.2% of the current
contribution of the agricultural sector to the national
economy annually, and at the upper level is greater
than the Harvest 2020 targeted increase of €1.5 bil-
lion in primary output. The report states that “the most
significant climate change impacts on Irish agriculture
relate to pests and diseases, crop yields, flooding,
plant and animal stress factors, drought effects and the
ability to provide sufficient resources for animals during
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extreme events”. These adverse effects of climate
change on the agriculture sector may be somewhat
offset by a projected increase in the length of the Irish
growing season. Within a period of 12 months, the ther-
mal growing season length is officially defined as the
number of days between the first occurrence of at least
6 consecutive days with daily mean temperature >5°C
and the first occurrence of at least 6 consecutive days
with daily mean temperature <5°C.

Figure 2.18 shows a large projected increase in the
average length of the growing season over Ireland
by mid-century. Averaged over the whole country, the
medium- to low-emission and high-emission scenarios
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Medium—Low Emission High Emission

(a) (b)

Figure 2.18. Projected changes the length of the growing season (days per year). (a) Medium- to low-
emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared

with the past period 1981-2000.

(a)

(b)

Observed Growing Season Length (1981-2000)

Figure 2.19. Land use statistics. (a) Coordination of Information on
the Environment (CORINE) land cover map of Ireland. The colours
represent the land cover in 2006. (Image reproduced with permission
from Dwyer, 2012.) (b) Observed annual length of growing season for
the period 1981-2000. (Temperature data from Walsh, 2012.)
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Medium-Low Emission

(a)

High Emission

(b)

Figure 2.20. “Very likely” increase in the length of the growing season (days per year). (a) Medium-
to low-emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is

compared with the past period 1981-2000.

Medium-Low Emission

(a)

High Emission

(b)

Figure 2.21. “Likely” increase in the length of the growing season (days per year). (a) Medium- to low-
emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared

with the past period 1981-2000.

project increases of 35 and 40 days per year, respec-
tively. It should be noted that not all areas presented in
Figure 2.18 are suitable for agriculture and/or forestry.
The projections should therefore be considered in the
context of an observed soil/grass map as presented in
Figure 2.19a. In addition, the observed mean length
of the growing season for 1981-2000 is presented in
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Figure 2.19b. The “very likely” and “likely” increases in
the mean length of the growing season are presented
in Figures 2.20 and 2.21, respectively. It is worth noting
that, in some parts of the country, the limitation to the
increase in the number of growing days is because the
conditions in these areas approach a potential all-year
growth.
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2.4 Conclusions

An ensemble of downscaled high-resolution climate
simulations, based on medium- to low-emission and
high-emission scenarios, was employed to assess the
impacts of climate change on mid-century air tempera-
tures over Ireland.

The RCMs were validated by performing 20-year sim-
ulations of the past Irish climate (1981-2000), driven
by ECMWF ERA-40 data and comparing the output
against observational data. Results confirm that the
RCMs are able to capture the essential features of
the temperature climate of Ireland. Although there
is evidence of systematic errors in the simulation of
temperature, they are not regarded as serious enough
to compromise the ability of the RCMs to simulate the
future climate of Ireland. The biases may be partly
attributed to deficiencies in the ERA-40 re-analysis data
used to drive the RCMs; the observation-based ERA-40
driving data, although generally regarded as providing
a very accurate description of the atmosphere, are not
free from error. Future validation work will focus on
downscaling and analysing the more up-to-date and
accurate ERAInterim dataset from ECMWEF, in place of
ERA-40. Furthermore, the individual RCM-GCM past
simulations will be validated in detail.

The future climate was simulated using both medium- to
low-emission and high-emission scenarios. The future
period 2041-2060 was compared to the past period
1981-2000. Projections indicate a rise of 1-1.6°C in
mean annual temperatures, with the largest changes
seen in the east of the country. The annual and sea-
sonal projected increases were found to be statistically
significant for both emission scenarios. Warming is
greater for the extremes (i.e. hot or cold days): the
warmest 5% of daily maximum summer temperatures
are projected to increase by 0.7-2.6°C from the base-
line period; the coldest 5% of night-time temperatures
in winter are projected to rise by 1.1-3.1°C. While mean
temperatures are expected to rise across all seasons,
the changes in the shape of the temperature distribution
are projected to be small, particularly for the spring and
autumn months.

The projected changes in temperatures are consistent
with the findings from previous studies (e.g. McGrath
and Lynch, 2008; Nolan et al., 2013; O’Sullivan at
al., 2015). The current research consolidates and
expands on the RCM projections of previous studies
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by increasing the ensemble size. This allows likelihood
levels to be assigned to the projections. In addition, the
uncertainties of the projections are more accurately
quantified.

The number of frost days (days when the minimum tem-
perature is less than 0°C) is projected to decrease, on
average, by 50% for the medium- to low-emission sce-
nario and 62% for the high-emission scenario. Similarly,
the number of ice days (days when the maximum
temperature is less than 0°C) is projected to decrease
by 73% for the medium- to low-emission scenario and
82% for the high-emission scenario. The projections
indicate an average increase in the length of the grow-
ing season by mid-century of 35 and 40 days per year
for the medium- to low-emission and high-emission
scenarios, respectively.
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The impacts of climate change on precipitation over
Ireland are assessed for mid-century using an ensemble
of downscaled climate simulations based on medium-
to low-emission and high-emission scenarios.

Results show significant projected decreases in mean
annual, spring and summer precipitation amounts by
mid-century. The projected decreases are largest for
summer, with “likely” reductions ranging from 0% to
13% and from 3% to 20% for the medium- to low-emis-
sion and high-emission scenarios, respectively. The
frequencies of heavy precipitation events show notable
increases (approximately 20%) during the winter and
autumn months. The number of extended dry periods
is projected to increase substantially by mid-century
during autumn and summer. The projected increases in
dry periods are largest for summer, with “likely” values
ranging from 12% to 40% for both emission scenarios.
Regional variations of projected precipitation change
remain statistically elusive.

3.1 Introduction

3.1.1 Observed precipitation

Precipitation amounts in Ireland exhibit a large degree
of spatial and temporal heterogeneity. On average, most

Annual Observed Rainfall (1981-2000)

(a) (b)

Annual CLM-EC-Earth Rainfall (1981-2000)

Impacts of climate change on Irish precipitation

of the eastern half of the country experiences between
750mm and 1000mm of rainfall per year. Rainfall in
the west generally averages between 1000 mm and
1250 mm per year. In many mountainous districts, rain-
fall exceeds 2000 mm per year. The wettest months, in
almost all areas, are December and January. April is the
driest month generally across the country. However, in
many southern parts, June is the driest. Hail and snow
contribute relatively little to the precipitation measured
(Met Eireann, n.d.). The 1981-2000 mean annual pre-
cipitation is presented in Figure 3.1a (data from Walsh,
2012).

An analysis of annual rainfall totals, carried out by Met
Eireann, shows there was a small increase in average
annual national rainfall of approximately 60mm (or
5%) in 1981-2010, compared with the 30-year period
1961-1990 (Walsh and Dwyer, 2012). The same study
shows an increase in the frequency of wet (>10mm)
and very wet (>20 mm) days over 1961-2010. However,
the trends for rainfall do not show the same level of
confidence as those for temperature; there is large
regional variation and occasionally conflicting trends
from stations that are relatively close geographically.
In addition, the observed change in precipitation may
be because of natural variability as opposed to climate
change.

Annual Error (1981-2000)

(c)

Figure 3.1. Mean annual precipitation for 1981-2000. (a) Observations; (b) CLM-EC-Earth 4-km data;

(c) CLM—EC-Earth error (%).
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3.1.2  Global projections

The IPCC Fifth Annual Assessment Report (ARS5)
states that the output of global models shows “it is vir-
tually certain that, in the long term, global precipitation
will increase with increased global mean surface tem-
perature”. Precipitation amounts are “likely [to] increase
by 1 to 3%°C" for scenarios other than RCP2.6.”
Furthermore, “in many mid-latitude and subtropical dry
regions, mean precipitation will likely decrease, while
in many mid-latitude wet regions, mean precipitation
will likely increase by the end of this century under the
RCP8.5 scenario.” Over most of the mid-latitude land
masses, extreme precipitation events are very likely to
be more intense and more frequent in a warmer world
(Collins et al., 2013).

There are different physical mechanisms behind the
changes; at the high latitudes the effects are linked to
the ability of a warmer atmosphere to hold more mois-
ture. Basic physical arguments (Trenberth et al., 2003)
indicate that water vapour content should increase by
~7% for every 1°C rise in temperature but not all of the
extra moisture goes into precipitation; other constraints
suggest an increase in precipitation of 1-3%/1°C warm-
ing (Wild and Leipert, 2010; O’Gorman et al., 2012).
For short-period extreme precipitation events, there
is some evidence that the increase is much larger,
perhaps double the 7% projection (Lenderink and Van
Meijgaard, 2008). At a local scale, and over relatively
small geographical regions, there is likely to be consid-
erable variation in the climate change pattern.

3.1.3  Simulating precipitation

The simulation of precipitation, and the effects of a warm-
ing climate, is a major challenge for GCMs because of
the nature of the interacting physical processes that
lead to precipitation, and the lack of sufficient resolution
in the models (Ma et al., 2013). The latter leads to a
sacrificing of the fine details by introducing simplified
“parameterisation” physical schemes; it also smooths
the influence of surface features in forcing precipitation.
In addition, cloud processes (which are linked to con-
vection) and interactions with the boundary layer are a
major source of uncertainty for the models.

3.1.4 Downscaling

Dynamical downscaling attempts to remedy some of
these problems by employing a regional, and usually
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quite different, climate model with a higher spatial res-
olution that processes input from the global model. The
approach has its flaws: all models have errors, which
are cascaded in this technique, and new errors are
introduced via the flow of data through the boundaries
of the regional model. Nevertheless, high-resolution
RCMs demonstrate improved ability to simulate precip-
itation (Lucas-Picher et al., 2012; Kendon et al., 2012,
2014). The higher resolution RCMs have been shown
to improve the simulation of topography-influenced
phenomena and extremes with relatively small spatial
or short temporal character (Feser et al., 2011; Feser
and Barcikowska, 2012; Shkol'nik et al., 2012; Flato et
al., 2013). An additional advantage is that the physically
based RCMs explicitly resolve more smaller scale
atmospheric features and provide a better representa-
tion of convective precipitation (Rauscher et al., 2010)
and extreme precipitation (Kanada et al., 2008).

To correctly resolve small-scale weather extremes
such as extreme downpours, it is necessary to run the
RCMs at a higher spatial resolution than is commonly
employed. For example, the CORDEX simulations have
a maximum horizontal resolution of 0.11° (~12.5km),
while extreme precipitation events often have a scale
of 1km or less. Furthermore, low-resolution RCMs
use the hydrostatic approximation with parameterised
cloud schemes, implying that the heaviest precipitation
events (convective systems on hot summer days) are
not adequately represented in the simulations (Prein et
al., 2013; Kendon et al., 2014). Comparing results from
an 11-km RCM and a 1.5-km weather model, Kendon
et al. (2014) showed that the latter projects signifi-
cantly larger changes of heavy precipitation than the
former over the south of England. This work has been
expanded upon by Chan et al. (2014), who concluded
that the summer “uncertainty estimates have become
narrower with the use of the 1.5 km RCM”.

3.1.5 Downscaled projections for Europe and

Ireland

The average forecast from the ENSEMBLES project
(van der Linden and Mitchell, 2009), based on 12 cli-
mate simulations, is for an increase in the late autumn
(November) rainfall over Ireland of about 8% in 2021-
2050, rising to about 15% in 2071-2100 (both figures
relative to the reference climate period of 1961-1990).
However, compared with the expected temperature
changes, there is less confidence in future projections
of rainfall. This is reflected in a rather large spread,
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particularly at regional level, between the individual
simulation forecasts.

Heinrich and Gobiet (2012) used eight RCMs from the
ENSEMBLES project to analyse changes in dry and
wet conditions in Europe by the middle of the 21st cen-
tury under the A1B emission scenario. They conclude
that the study “adds confidence to the expectation that
southern Europe is most probably facing an increased
risk of longer, more frequent, severe, and widespread
droughts, while northern Europe is facing increased risk
of intensified wet events. These changes are expected
to be particularly pronounced with regard to extreme
events” (Heinrich and Gobiet, 2012).

Jacob et al. (2014) compared regional climate change
patterns for Europe projected by the high-resolution
regional climate change ensemble of EURO-CORDEX
(RCP4.5 and 8.5 scenarios) with the A1B projections
of the ENSEMBLES project. They found that the
large-scale patterns of changes in precipitation are
similar in all three scenarios. The projected seasonal
mean changes in heavy precipitation for the three
emission scenarios are also relatively similar, but some
regional differences are noted. The largest differences
are attributed to the increased regional detail in the
CORDEX simulations, which is related to the higher
horizontal resolution of ~12.5km compared with 25km
for the A1B ENSEMBLES data, for which more homoge-
neous changes are calculated. The agreement between
the ENSEMBLES and CORDEX results “strengthen the
previous findings obtained from the ENSEMBLES data
set” (Jacob et al., 2014).

In 2013, the Research Division at Met Eireann led a
maijor study on the future of Ireland’s climate. A subset
of the ensemble of RCM simulations used in the current
study was analysed and indicated that, while the aver-
age annual precipitation shows only a slight decrease
by mid-century, there are substantial seasonal changes
predicted with wetter winters and drier summers (Nolan
et al., 2013). However, the projections of mean precipi-
tation for winter exhibited great uncertainty as reflected
in a large spread between the individual ensemble
members. The frequencies of heavy precipitation
events showed notable increases, particularly in winter.

3.1.6  Current study

The chaotic nature of weather and climate (natural
variability), which is particularly noticeable in precipi-
tation, requires an ensemble approach to support the
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statistical significance of climate modelling results. Not
only are the models imperfect, as well as handling the
physical processes in different ways, but there is also
uncertainty in future concentrations of greenhouse
gases and aerosols. The current study addresses this
uncertainty, in part, by employing an MME approach.
The ensemble approach used several different RCMs,
driven by several GCMs, to simulate climate change. In
addition, a number of possible future greenhouse gas
scenarios are considered. Through the MME approach,
the uncertainty in the projections can be partially
quantified, providing a measure of confidence in the
predictions. The models were run at high spatial res-
olution, up to 4km, thus allowing sharper estimates of
the regional variations in precipitation changes. Details
of the different global climate datasets, the greenhouse
gas emission scenarios and the downscaling models
used to produce the ensemble of climate projections for
Ireland are summarised in Chapter 1.

The current research consolidates and expands on the
RCM rainfall projections of the Met Eireann report of
2013 (Nolan et al., 2013) by increasing the ensemble
size. This allows likelihood levels to be assigned to the
projections. In addition, the uncertainty of the projec-
tions can be more accurately quantified.

3.2 Regional climate model precipitation

validations

Figure 3.1a presents the annual observed precipi-
tation averaged over the 20-year period 1981-2000
(data from Walsh, 2012). Figure 3.1b presents the
downscaled EC-Earth mei1 data (see Table 1.2) as sim-
ulated by the CLM4 model at 4-km resolution (denoted
CLM-EC-Earth). It is noted that the CLM-EC-Earth
simulation accurately captures the magnitude and spa-
tial characteristics of the historical precipitation climate.
Figure 3.1c shows that the percentage errors range
from approximately -20% to approximately +20%. The
percentage error at each grid point (i, j) is given by:

RCM(i,j) -0OBSii))

3.1
OBSii 1)

per_err, , = 100 x

where the RCMW) and OBS(,.J.) terms represent the RCM
and observed values, respectively, at grid point (i, j),
averaged over the period 1981-2000.

To quantify the overall bias evident in Figure 3.1c,
the mean was calculated over all grid points covering
Ireland, resulting in an overall bias of +2%. The bias
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metric allows for the evaluation of the systematic errors
of the RCMs but can hide large errors, as positive and
negative values can cancel. For this reason, the per-
centage mean absolute error (MAE) metric was also
used to evaluate the RCM precipitation errors. This
metric is given by:

RCM;i) -OBSj

per _MAE,
OBSii

-100x (3.2)

(i)

Again, the mean was calculated over all grid points
covering Ireland, resulting in an overall MAE of 9.4%.

The seasonal validations are presented in the rows of
Figure 3.2. The first, second and third columns present
the observed precipitation, the CLM-EC-Earth mei1
precipitation and the percentage error, respectively. In
general, the CLM-EC-Earth simulation data exhibit a
positive bias for summer, a negative bias for autumn
and a mixed signal for winter and spring. The largest
errors were noted for summer, with overall bias and
overall MAE values of 12% and 15%, respectively.

The above validations were repeated for each of the 10
past RCM ensemble members, as outlined in Table 1.2.
The RCM overall bias values, separated by season,
are presented in Figure 3.3a. The central line within
each box is the median, the edges of the box are the
25th and 75th percentiles, the whiskers extend to the
most extreme data points not considered outliers, and
outliers are plotted individually. In general, the RCMs
tend to overestimate precipitation for all seasons with
median error values ranging from 8% (winter) to 17.6%
(spring). Similarly, the RCM overall MAE values, sep-
arated by season, are presented in Figure 3.3b. The
median MAE values range from 15.1% (autumn) to
22.9% (summer).

It was found that, while the accuracy generally
decreased with lower model resolution, the output of
the RCMs exhibits reasonable and realistic features
as documented in the historical data record. It should
be noted that the observed precipitation dataset has a
margin of error of approximately +10%, so the above
validations should be considered within this context.

3.3
3.3.1

Precipitation projections for Ireland
Ensemble mean rainfall projections

Figure 3.4 presents the mean annual percentage
change in precipitation for the medium- to low-emission

30

and high-emission scenarios. The future period 2041-
2060 is compared with the past period 1981-2000.
There is an indication of a reduction in the overall
annual precipitation of 0-10% for the medium- to
low-emission ensemble and 1-8% for the high-emis-
sion ensemble.

Figure 3.5a presents the seasonal change (%) in pre-
cipitation for the medium- to low-emission scenario; the
corresponding plots for high emissions are presented
in Figure 3.5b. The strongest signals are a projected
decrease for summer, with the largest impacts for the
high-emission scenario. The summer reductions range
from 2% to 17% for the medium- to low-emission
scenario and from 9% to 24% for the high-emission
scenario. The future spring months are also projected
to be drier, with decreases ranging from 1% to 13% and
from ~0% to 10% for the medium- to low-emission and
high-emission scenarios, respectively. The spring and
summer projected drying is analysed in more detail in
section 3.3.2.

The drying signal for autumn is less robust. A projected
increase in mean precipitation is noted for winter over
most of Ireland for the high-emission scenario. However,
the projections for autumn and winter exhibit great
uncertainty, as reflected in a large spread between the
individual ensemble members (not shown). The projec-
tions of mean precipitation for winter and autumn should
therefore be viewed with a low level of confidence (how-
ever, projections of increases in heavy precipitation for
autumn and winter are robust, as outlined in section
3.3.4).

The projected precipitation changes vary greatly
between ensemble members, much more so than for the
temperature projections. The regional details of Figures
3.4 and 3.5 are therefore not reliable. Furthermore, the
disagreement between RCM projections can result in
large individual outliners skewing the mean ensemble
projection. For this reason, the “likelihood” projections
are considered in the following sections. Recall from
Chapter 1 that a “very likely” projection is defined as
one in which over 90% of the ensemble members
agree. Similarly, a “likely” projection is defined as one
in which over 66% of the ensemble members agree.
The likelihood values are calculated at each grid point
using the full RCM ensemble of projections as outlined
in Table 1.2.
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Winter Observed Rainfall (1981-2000) Winter CLM-EC-Earth Rainfall (1981-2000) Winter Error Rainfall (1981-2000)
Spring Observed Rainfall (1981-2000) Spring CLM-EC-Earth Rainfall (1981-2000) Spring Error (1981-2000)
Summer Observed Rainfall (1981-2000) Summer CLM-EC-Earth Rainfall (1981-2000) Summer Error (1981-2000)
Autumn Observed Rainfall (1981-2000) Autumn CLM-EC-Earth Rainfall (1981-2000) Autumn Error (1981-2000)

Figure 3.2. Seasonal precipitation for 1981-2000. The first, second and third columns contain
observations, CLM-EC-Earth data and the error, respectively. The colour scale is kept fixed for each
column and is included in the last row.
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(a) (b)

Precipitation Error (Bias) of RCM Ensemble Members (1981-2000) Precipitation Error (MAE) of RCM Ensemble Members (1981-2000)

Figure 3.3. Annual and seasonal mean precipitation errors (%). (a) Overall bias; (b) overall MAE metrics.
Each RCM past ensemble member is compared with observations for the 20-year period 1981-2000.
The boxplots represent the spread of errors; the bottom and top whiskers represent the minimum

and maximum, respectively, the bottom and top of the box represents the first and third quartiles,
respectively, and the middle line represents the median error.

Medium—-Low Emission High Emission

(a) (b)

Figure 3.4. Projected change (%) in annual precipitation. (a) Medium- to low-emission scenario; (b) high-
emission scenario. In each case, the future period 2041-2060 is compared with the past period 1981—
2000. The numbers included on each plot are the minimum and maximum changes, displayed at their

locations.
3.3.2  Robust mean rainfall projections (annual, Figure 3.6, which presents the “likely” annual and
spring and summer) spring projected decreases in rainfall, indicates a drying

is “likely” to occur over most of the country by mid-cen-
tury. The drying is more prominent for the medium- to
low-emission scenario, with values ranging from ~0% to
8% (annual) and from 0% to 11% (spring). It follows it is
“likely” that decreases in annual and spring precipitation

As the mean annual, spring and summer projections of
section 3.3.1 are negative, the analysis of this section
focuses on the likelihood of decreases. Furthermore,
only robust projections are presented.
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(a) Medium-Low Emission: Seasonal Precipitation Change

High Emission: Seasonal Precipitation Change

(b)

Figure 3.5. Projected changes (%) in seasonal precipitation. (a) Medium- to low-emission scenario;
(b) high-emission scenario. In each case, the future period 2041-2060 is compared with the past period

1981-2000.

(a)

Medium-Low Emission High Emission

(b)

Medium-Low Emission High Emission

Figure 3.6. “Likely” change (%) in precipitation. (a) Annual; (b) spring. In each case, the future period
2041-2060 is compared with the past period 1981-2000.

will be greater than or equal to these values. A projected
decrease is not evident at the very likely level (annual
and spring), implying that at least 10% of the ensemble
members are in disagreement (not shown).

Figure 3.7a shows that the projected summer drying
signal is larger, with “likely” values ranging from 0%
to 13% and from 3% to 20% for the medium- to
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low-emission and high-emission scenarios, respec-
tively. It follows it is “likely” that reductions in summer
precipitation will be greater than or equal to these
values. The “very likely” summer projections, pre-
sented in Figure 3.7b, show that over 90% of the
high-emission ensemble members project a decrease
(or small change of ~0%) in precipitation over most of
the country.
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(a)

Medium-Low Emission High Emission

(b)

Medium-Low Emission High Emission

Figure 3.7. Projected change (%) in summer precipitation. (a) “Likely”; (b) “very likely”. In each case, the
future period 2041-2060 is compared with the past period 1981-2000.

Note that the accuracy of these statistical descriptions
is based on the assumption that the ensemble mem-
bers represent an unbiased sampling of the (unknown)
future climate.

3.3.3  Robust increase in number of dry periods

(annual, summer and autumn)

To quantify the potential impact of climate change on
future drought events, the change in the number of dry
periods was analysed. Adry period is defined as at least
5 consecutive days for which the daily precipitation is
less than 1mm. In this section, robust projections of
future dry periods are presented.

Figure 3.8 presents the ‘likely” annual and autumn
percentage changes in the number of dry periods. The
figures indicate a “likely” increase in the number of

(a)

Medium-Low Emission High Emission

annual and autumn dry periods over most of the coun-
try by mid-century. The increases are more prominent
for the medium- to low-emission scenario, with values
ranging from 7% to 28% (annual) and from 3% to 39%
(autumn). It follows it is “likely” that increases in annual
and autumn dry periods will be greater than or equal to
these values (medium- to low-emission scenario).

Figure 3.9a shows that the projected increase in
the number of dry periods for summer is larger, with
“likely” values ranging from ~12% to 40% for both the
medium- to low-emission and high-emission scenarios.
It follows it is “likely” that the percentage increases
in summer dry periods will be greater than or equal
to these values. The “very likely” summer projec-
tions, presented in Figure 3.9b, show that over 90%
of the ensemble members project an increase in dry
periods over most of the country for the medium- to

(b)

Medium-Low Emission High Emission

Figure 3.8. “Likely” change (%) in the number of dry periods. (a) Annual; (b) autumn. In each case, the
future period 2041-2060 is compared with the past period 1981-2000.
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(a)

Medium-Low Emission High Emission

(b)

Medium-Low Emission High Emission

Figure 3.9. Projected change (%) in number of summer dry periods. (a) “Likely”; (b) “very likely”. In each
case, the future period 2041-2060 is compared with the past period 1981-2000.

low-emission scenario (values range from ~0% to
20%). The high-emission projections show a similar,
but weaker, signal.

The projected percentage increase in the number of
dry periods should be considered in the context of the
observed number of dry periods. Figure 3.10 presents
the annual, autumn and summer number of dry periods,
averaged over the 20-year period 1981-2000.

3.3.4  Robust increases in number of wet days
(annual, autumn and winter)

Changes in the occurrence of heavy rainfall events
are of particular importance because of the link with
flooding. In this section, robust mid-century projections

Mean Annual No. of Dry Periods (1981-2000)

(a) (b)

Mean Autumn No. of Dry Periods (1981-2000)

of “wet days” and “very wet days” are presented. A
“‘wet day” is defined as one on which the daily precipi-
tation amount is greater than 20mm. A “very wet day”
is defined as one on which the daily precipitation is
greater than 30 mm.

Figure 3.11 indicates a ‘likely” increase, under the
high-emission scenario, in the number of wet days for
the winter (mean value 24%) and autumn (mean value
18%) months. Figure 3.12 indicates a “likely” increase,
under the high-emission scenario, in the number of
annual (mean value 24%) and autumn (mean value
49%) very wet days. A “likely” increase in very wet days
of ~30% was also noted over most of the country for the
winter months under the high-emission scenario (not
shown).

Mean Summer No. of Dry Periods (1981-2000)

(c)

Figure 3.10. The observed number of dry periods averaged over the 20-year period 1981-2000.
(a) Annual; (b) autumn; (c) summer. Note the different scale for the annual figure.
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“Likely” Increase in Wet Days (> 20mm/day). High-emission Scenario

Figure 3.11. The “likely” increase in number of winter and autumn wet days (rainfall >20 mm) for the
high-emission scenario. In each case, the future period 2041-2060 is compared with the past period

1981-2000.

“Likely” Increase in Very Wet Days (> 30mm/day). High-emission Scenario

Figure 3.12. The “likely” increase in number of annual and autumn very wet days (rainfall >30 mm) for
the high-emission scenario. In each case, the future period 2041-2060 is compared with the past period

1981-2000.

The medium- to low-emission ensemble showed a
similar, but weaker signal, in the projected number of
wet and very wet days (not shown). The increased
frequency of heavy precipitation is well marked in
winter and autumn and over the full year, particularly
for the high-emission scenario, but the regional details
of Figures 3.11 and 3.12 are not reliable because of a
large spread in the ensembles.
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The projected increase in the number of wet days
should be considered in the context of the observed
number of wet days. Figure 3.13 presents the annual,
winter and autumn numbers of wet days, averaged over
the 20-year period 1981-2000. Similarly, the observed
annual, winter and autumn numbers of very wet days
are presented in Figure 3.14.
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Mean Annual No. of Wet Days (1981-2000)

(a) (b)

Mean Winter No. of Wet Days (1981-2000)

Mean Autumn No. of Wet Days (1981-2000)

(c)

Figure 3.13. The observed number of wet days (rainfall >20 mm) averaged over the 20-year period 1981-
2000. (a) Annual; (b) winter; (c) autumn. Note the different scale for the annual figure.

Mean Annual No. of Very Wet Days (1981-2000)

(a) (b)

Mean Winter No. of Very Wet Days (1981-2000)

Mean Autumn No. of Very Wet Days (1981-2000)

(c)

Figure 3.14. The observed number of very wet days (rainfall >30 mm) averaged over the 20-year period
1981-2000. (a) Annual; (b) winter; (c) autumn. Note the different scale for the annual figure.

3.3.5 Changes in the shape of the future rainfall

distribution

A more comprehensive step in moving from analysing
mean values to the examination of extreme events is to
consider the distribution function of a quantity. The dis-
tribution of a quantity involving discrete data (as here)
can be represented by its empirical density function.
Figure 3.15 presents the seasonal density functions
(hereafter, density) of daily precipitation anomalies,
at every grid point over Ireland. For each past simu-
lation, the anomalies are calculated by subtracting
the average daily precipitation total (calculated over
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the 20-year period 1981-2000) from the daily precip-
itation amounts.* Similarly, the future daily anomalies
(2041-2060) are calculated by subtracting the historical
average daily precipitation total (1981-2000) from each
future ensemble member within the same group (see
Table 1.2).

4 This results in two slightly different past densities
(corresponding to the two future emission scenario groups).
As differences were found to be very small, the medium- to
low-emission past densities are excluded from Figures 3.15,
3.16 and 3.17.
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(a)
Winter, Overlap (Medium-Low, High) = (97%, 98%)
Past
Future Medium-Low
Future High
(c)

Summer, Overlap (Medium-Low, High) = (93%, 90%)

Past
Future Medium-Low
Future High

(b)

Spring, Overlap (Medium—Low, High) = (97%, 98%)

Past
Future Medium-Low
Future High

(d)

Autumn, Overlap (Medium-Low, High) = (97%, 98%)

Past
Future Medium-Low
Future High

Figure 3.15. Empirical density functions illustrating the distribution of past (black), medium- to
low-emission (blue) and high-emission (red) daily precipitation over Ireland. (a) Winter; (b) spring;

(c) summer; (d) autumn. Each dataset has a size greater than 80 million. The distributions are created
using histogram bins of size 1 mm. A measure of overlap indicates how much the future distributions
have changed relative to the past (0% indicating no common area, 100% indicating complete agreement).
Means are shown for historical (black vertical line), medium- to low-emission (blue vertical line) and high-

emission (red vertical line) densities.

The density of the historical control period is shown in
black, with the density of the medium- to low-emission
scenario in blue and the high-emission scenario in
red. An overlap score was calculated which assesses
the similarity between the group’s past and future
(adapted from a process in Perkins et al., 2007; see
section 2.3.3 of the present report for a mathematical
description). This score is between 0% and 100%, with
100% indicating perfect agreement (climate completely
unchanged) and 0% indicating no agreement (past and
future climates have no values in common).
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With the exception of summer, Figure 3.15 shows only
small changes in the projected future precipitation
distributions. The future summer distributions show a
definite decrease in mean values (vertical lines) and
a decrease in the right side of the distribution tail,
strengthening the evidence from all the previous anal-
ysis of drying during summer. This result reinforces
the projected mean changes shown in Figure 3.5, with
large decreases projected for summer for both scenar-
ios. The overlap scores range from 90% in summer
(showing the largest changes across the distribution)
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(a) Annual, Overlap (Medium-Low, High) = (97%, 97%)

Past
Future Medium-Low
Future High

(b) Annual, Overlap (Medium-Low, High) = (97%, 97%)

Past
Future Medium-Low
Future High

Figure 3.16. Empirical density functions illustrating the distribution of past (black), medium- to low-
emission (blue) and high-emission (red) daily precipitation over Ireland. (a) Annual; (b) annual with the
frequency displayed on a log scale. Each dataset has a size greater than 80 million. The distributions are
created using histogram bins of size 1 mm (a) and 4mm (b).

to 97-98% for all other seasons (showing the least
change between historical and future densities). The
annual density distributions, presented in Figure 3.16a,
also show small changes with an overlap score of 97%
for both the medium- to low-emission and high-emis-
sion scenarios. However, when the annual frequency
is displayed on a log scale (Figure 3.16b), substantial
increases in heavy precipitation events are evident.
Similarly, the autumn and winter density distributions
are presented on a log scale in Figure 3.17, with sub-
stantial increases in heavy precipitation evident for both

(a) Autumn, Overlap (Medium—Low, High) = (97%, 98%)

Past
Future Medium-Low
Future High

seasons and both emission scenarios. Figures 3.16b
and 3.17 reinforce the results of section 3.3.4, showing
large projected increases in annual, winter and autumn
wet days. It should be noted that, although large pro-
jected increases in heavy rainfall events are evident in
Figures 3.16b and 3.17, the overlap scores are high
(implying small changes between historical and future
densities). This is because very heavy rainfall events
are rare, as is evident from the frequency percentage
values presented on the y-axis of the density function
figures.

(b) Winter, Overlap (Medium—Low, High) = (97%, 98%)

Past
Future Medium-Low
Future High

Figure 3.17. Empirical density functions illustrating the distribution of past (black), medium- to low-
emission (blue) and high-emission (red) heavy precipitation over Ireland. (a) Autumn; (b) winter. The
frequency is displayed on a log scale. Each dataset has a size greater than 80 million. The distributions

are created using histogram bins of size 4 mm.
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Medium-Low Emission: Seasonal Change in Standard Deviation of Precipitation

(a)

High Emission: Seasonal Change in Standard Deviation of Precipitation

(b)

Figure 3.18. Seasonal projected changes (%) in the standard deviation of daily precipitation. (a) Medium-
to low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected change, displayed at their location.

Figure 3.18 presents the seasonal projected changes
in the standard deviation of daily rainfall amounts. The
largest increases, of ~14%, are noted for autumn for
the high-emission scenario. This is consistent with the
results of the previous sections, showing a projected
increase in both dry periods (Figure 3.8b) and wet days
(Figures 3.11, 3.12 and 3.17a) for the autumn months.
A large increase of ~10% is also projected for the
high-emission winter standard deviation. This is con-
sistent with previous results showing small changes in
mean rainfall (Figure 3.5b) and large changes in heavy
rainfall (Figures 3.11 and 3.17b). A general decrease
in standard deviation is noted for summer, and is par-
ticularly evident for the high-emission scenario. This
result, along with the large mean decreases projected
in Figure 3.5, suggests the summer rainfall distribution
of daily precipitation anomalies is shifted to the left (in
the probability distribution) and has a smaller spread.
This is consistent with the projected drying for summer
(Figure 3.9) and the distributions and low overlap
scores of Figure 3.15c. The smallest projected change
in standard deviation is noted for spring. This is consis-
tent with the projected decrease in mean precipitation
(Figure 3.6b) and the similar past and future (slightly
shifted to the left) distributions of Figure 3.15b. Figure
3.19 shows that the annual standard deviation of daily
rainfall is projected to increase for the high-emission
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scenario. This is consistent with the projected annual
increase in both dry (Figure 3.8a) and wet days (Figures
3.12 and 3.16b).

3.3.6  Statistical significance of rainfall changes

As precipitation is generally not normally distributed, the
non-parametric Wilcoxon rank-sum and Kolmogorov—
Smirnov tests were employed to assess the statistical
significance of projected changes. The statistical signif-
icance of changes in the precipitation distributions of
Figure 3.15 was tested against Ha, as outlined in sec-
tion 1.8. Here, the alternative hypothesis states that the
future distributions (Kolmogorov—Smirnov) or the future
median values (Wilcoxon rank-sum) are different from
the past. Both the Kolmogorov—Smirnov and Wilcoxon
rank-sum tests show a high level of significance (p=0)
for the medium- to low-emission and high-emission
scenarios across all seasons. We therefore conclude
the projected changes in the future rainfall distributions
and medians are statistically significant.

To determine the statistical significance of projected
changes in a specific direction, the stronger Ha, and Ha,
one-tail tests were employed. The Wilcoxon rank-sum
Ha, test determined that the projected decreases for
spring, summer and autumn are statistically significant
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Medium-Low Emission

(a)

High Emission

(b)

Figure 3.19. Annual projected changes (%) in the standard deviation of daily precipitation. (a) Medium-
to low-emission ensemble; (b) high-emission ensemble. In each case, the future period 2041-2060 is
compared with the past period 1981-2000. The numbers included on each plot are the minimum and
maximum projected change, displayed at their locations.

(p<0.001) for both the medium- to low-emission and
high-emission scenarios. The Ha, Wilcoxon rank-sum
test determined that the projected increase during
winter for the high-emission scenario (see Figures 3.5b
and 3.15a) is not statistically significant at the 95% con-
fidence level.

34 Conclusions

The impact of simulated global climate change on rainfall
in Ireland was examined using the method of regional
climate modelling. In view of unavoidable errors due
to model (regional and global) imperfections, and the
inherent limitation on predictability of the atmosphere
arising from its chaotic nature, isolated projections of
precipitation are of very limited value. To address this
issue of uncertainty, an ensemble of RCMs was run.

The RCMs were validated using 20-year simulations of
the past Irish climate (1981-2000), driven by the GCM
datasets, and comparing the output against observa-
tional data. Extensive validations were carried out to
test the ability of the RCMs to accurately model the
precipitation climate of Ireland. Results confirm that
the output of the RCMs exhibit reasonable and realistic
features as documented in the historical data record.

The future climate was simulated using both medium-
to low-emission and high-emission scenarios. The
future period 2041-2060 was compared with the past
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period 1981-2000. Results show significant projected
decreases in mean precipitation during spring and
summer and over the entire year by mid-century. The
projected decreases are largest for summer, with “likely”
values ranging from 0% to 13% and from 3% to 20%
for the medium- to low-emission and high-emission
scenarios, respectively. The drying signal for autumn
is less robust. A projected increase in mean precipita-
tion for winter was noted over most of Ireland for the
high-emission scenario. However, the projections of
mean precipitation for autumn and winter exhibited great
uncertainty, as reflected in a large spread between the
individual ensemble members. The projections of mean
precipitation for winter and autumn should therefore be
viewed with a low level of confidence.

However, results show that heavy rainfall events are
projected to increase substantially (by approximately
20%) during the winter and autumn months. The number
of extended dry periods is also projected to increase
substantially during autumn and summer and over the
entire year by mid-century. The projected increases in
dry periods are largest for summer, with “likely” values
ranging from 12% to 40% for both emission scenarios.

Compared with the temperature projections of Chapter
2, there is less confidence in future projections of rainfall
and this is reflected in a rather large spread, particularly
at regional level, between the individual RCM ensemble
members. Future work will attempt to address this issue
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by increasing the RCM ensemble size and employing
more up-to-date RCMs, GCMs and the RCP2.6 and
RCP6.0 emission scenarios. Furthermore, the accu-
racy and usefulness of the rainfall predictions will be
enhanced by running the RCMs at a higher spatial
resolution.

The precipitation projections of this study could be
attributed to many possible factors, such as a change
in the NAO relative to the control period 1981-2000.
A preliminary analysis of the RCM ensemble of the
current report has shown that, while mean sea-level
pressure (MSLP) is projected to increase by mid-cen-
tury over Ireland, the number of intense storms is also
projected to increase (see section 4.4). The projected
increase in MSLP will probably lead to a decrease in
precipitation during the summer, when intense storms
are rare. Furthermore, the increase in very intense
storms will probably lead to an increase in heavy pre-
cipitation events during autumn and winter. However,
further investigation of these factors is necessary to
attribute causation to the rainfall projections, and was
beyond the scope of this study. Future work will attempt
to address this issue.

The research consolidated and expanded on the RCM
rainfall projections of a 2013 Met Eireann climate
change report (Nolan et al., 2013) by increasing the
ensemble size, allowing likelihood levels to be assigned
to the projections. In addition, the uncertainty of the
projections was more accurately quantified. The results
from both studies are broadly consistent.
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4

Downscaled global simulation data from several RCMs
were used to provide an assessment of the impacts of a
warming climate on the wind energy resource of Ireland
by mid-century. The future climate was simulated
using both medium- to low-emission (B1, RCP4.5) and
high-emission (A1B, A2, RCP8.5) scenarios. Results
show significant projected decreases in the energy
content of the wind for the spring, summer and autumn
months. Projected increases for winter were found to be
statistically insignificant. The projected decreases were
largest for summer, with “likely” values ranging from 3%
to 10% for the medium- to low-emission scenario and
from 7% to 15% for the high-emission scenario.

To assess the potential impact of climate change on
extreme cyclonic activity in the North Atlantic, an algo-
rithm was developed to identify and track cyclones as
simulated by the RCMs. Results indicate that the tracks
of intense storms are projected to extend further south
over Ireland relative to those in the reference simula-
tion. An increase in extreme storm activity is expected
to adversely affect the future wind energy supply.

4.1

There
ers and the energy industry in renewable energy
resources as a means of reducing carbon dioxide
emissions to minimise climate change (Solomon et al.,
2007). Within this context, it is desirable to increase
the share of electricity generation from renewable
sources such as wind and reduce the production
from fossil sources. Under the EU Directive on the
Promotion of the Use of Renewable Energy (2009/28/
EC), Ireland is committed to ensuring that 16% of the
total energy consumed in heating, electricity and trans-
port is generated from renewable resources by 2020

Introduction

is considerable interest among policymak-

(Department of Communications, Energy and Natural
Resources, 2010). The Irish Government has also set
a target of 40% electricity consumption from renew-
able sources by 2020. Wind energy is expected to
provide approximately 90% of this target (Department
of Communications, Energy and Natural Resources,
2010). In 2012, wind energy in Ireland accounted for
15.5% of our electricity needs (Sustainable Energy
Authority of Ireland, 2014).
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Impacts of climate change on Irish wind energy resource

From a climate perspective, Ireland is ideally located
to exploit the natural energy associated with the wind.
Mean annual speeds are typically in the range 6—-8.5m/s
at a 50-m level over land (Sustainable Energy Ireland,
2003): values that are sufficient to sustain commercial
enterprises with current wind turbine technology. There
is some evidence of a slight reduction in surface winds
over past decades over both land and coastal areas
around Ireland but the results are not robust (Vautard
et al., 2010, see chapter 2, ‘Other parameters’). A sep-
arate study of wind speed trends over northern Europe
showed a decrease in wind speed for 1990-2005
(Atkinson et al., 2006).

The wind energy potential of the past Irish climate has
been well documented (Troen and Petersen, 1989;
Sustainable Energy Ireland, 2003; Standen et al,
2013). However, climate change may alter the wind
patterns in the future; a reduction in speeds may reduce
the commercial returns or pose problems for the conti-
nuity of supply; an increase in the frequency of severe
winds (e.g. gale/storm gusts) may similarly impact on
supply continuity. Conversely, an increase in the mean
wind speed may have a positive effect on the available
power supply.

4.1.1 European wind climatology projections

Hueging et al. (2013) investigated the impact of climate
change on wind power generation potentials over Europe
by considering ensemble projections from two RCMs
driven by a GCM. They found that “over northern and
central Europe, the wind energy potential is projected to
increase, particularly in winter and autumn. In contrast,
energy potential over southern Europe may experience
a decrease in all seasons except for the Aegean Sea”
(Hueging et al., 2013). Pryor et al. (2005) showed that
for northern Europe there is evidence for increased wind
energy density in the projected climate change simula-
tions, particularly during the winter, whereas Pryor and
Barthelmie (2010) suggest no detectable change in the
wind resource or other external conditions that could
jeopardise the continued exploitation of wind energy.
Furthermore, Pryor et al. (2012) found a slight decline
in interannual variability of wind energy potential under
future climate conditions in northern Europe. Results
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for the UK (Harrison et al., 2008; Cradden et al., 2012)
indicate seasonal changes in potential wind production,
with winter production generally increasing whereas
summer production decreases.

4.1.2  Projections for Ireland

The C4l research group downscaled data from five
GCMs over Ireland and the UK, using all SRES sce-
narios, achieving a finest horizontal resolution of 14 km.
Looking at seasonal projections for 2021-2060, they
found the energy content of the wind is projected to
increase for winter and decrease for summer (McGrath
and Lynch, 2008). These results were confirmed
by Nolan et al. (2011, 2014). In 2013, the Research
Division at Met Eireann led a major study on the future
of Ireland’s climate. A subset of the ensemble of RCM
simulations used in the current study was analysed
and projected an overall increase (~0-8%) in the
energy content of the wind for the winter months and a
decrease (4—14%) during the summer months (Nolan
et al., 2013). Reductions were noted for spring, ranging
from ~0% to 6%.

4.1.3  European extreme wind and storminess

projections

Windstorms and associated high wind speeds are
a major source of natural hazard risk for Ireland and
many countries across Europe. Ireland and the UK
were severely affected by an exceptional run of storms
during the winter of 2013/2014, culminating in serious
coastal damage and widespread, persistent flooding.
Reports issued by the meteorological agencies of
Ireland and the UK have confirmed that records for
precipitation totals and extreme wind speeds were set
during this period (Met Eireann, 2014, n.d.; Met Office,
n.d.). A study by the Irish Climate and Research Unit at
the National University of Ireland Maynooth, in collabo-
ration with the Centre for Hydrological and Ecosystem
Science at Loughborough University, found that the
winter of 2013/2014 was the stormiest for at least 143
years, when storm frequency and intensity are consid-
ered together (Matthews et al., 2014). In addition to the
potential widespread flooding and structural damage
associated with storms, the wind energy supply can
be negatively affected as wind turbines are shut down
during periods of high wind speeds to prevent damage.

Feser et al. (2014) conducted a review of studies
of storms over the North Atlantic and north-western
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Europe regarding the occurrence of potential long-term
trends. Storm trends derived from re-analysis data and
climate model data for the past were mostly limited to
the last four to six decades. They found that “the major-
ity of these studies find increasing storm activity north of
about 55-60°N over the North Atlantic with a negative
tendency southward”. Furthermore, “future scenarios
until about the year 2100 indicate mostly an increase
in winter storm intensity over the North Atlantic and
western Europe. However, future trends in total storm
numbers are quite heterogeneous and depend on the
model generation used.” Zappa et al. (2013) analysed
a Coupled Model Intercomparison Project phase 5
(CMIP5) ensemble of 19 GCMs and found a small,
but significant, increase in the number and intensity of
winter cyclones associated with strong wind speeds
over the UK by the end of the century. A recent study
with a very high-resolution version of the EC-Earth
model (Haarsma et al., 2013) suggests an increase in
the frequency of extreme wind storms affecting western
Europe in future autumn seasons because of climate
change.

4.1.4  Current study

The current study aims to assess the impacts of climate
change on the future wind energy resource of Ireland. In
addition, projected changes in the number and positions
of extreme storms are analysed. The inherent uncer-
tainty of climate predictions is partially addressed by
employing an MME approach. The ensemble approach
uses several different RCMs, driven by several GCMs,
to simulate climate change. In addition, a number of
possible future greenhouse gas scenarios are consid-
ered. Through the MME approach, the uncertainty in
the projections can be partially quantified, proving a
measure of confidence in the predictions.

As in the case of precipitation (see Chapter 3), near-sur-
face winds are strongly influenced by local features, e.g.
hills and valleys, and an accurate description of these
effects requires high-resolution climate modelling. To
address this issue, the RCMs were run at a spatial res-
olution of up to 4km, thus allowing sharper estimates
of the regional variations in the changes in wind speed
and direction. Details of the different global climate
datasets, the greenhouse gas emission scenarios and
the downscaling models used to produce the ensemble
of climate projections for Ireland are summarised in
Chapter 1. Numerous studies have demonstrated the
added value of high-resolution RCMs in the simulation
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of near surface wind speeds (e.g. Kanamaru et al.,
2007), particularly in coastal areas with complex topog-
raphy (Feser et al., 2011; Winterfeldt et al., 2011).

The current research consolidates and expands on
the RCM wind projections of the 2013 Met Eireann cli-
mate change report (Nolan et al., 2013) by increasing
the ensemble size. This allows likelihood levels to be
assigned to the projections. In addition, the uncertainty
of the projections can be more accurately quantified.

(a) Wind Speed Distribution 1981-2000

Observed
CLM3-ECHAMS5-7km
CLM4-ECHAMS5-7km
WRF-EC-Earth-6km
CLM4-CGCM3-4km
CLM4-HadGEM2ES-4km
CLM4-EC-Earth-4km
RCM Ensemble

C
(c) Monthly Mean Wind Speed 1981-2000

Observed
CLM3-ECHAMS5-7km
CLM4-ECHAMS5-7km
WRF-EC-Earth-6km
CLM4-CGCM3-4km
CLM4-HadGEM2ES-4km
CLM4-EC-Earth-4km
RCM Ensemble

4.2  Regional climate model wind
validations

4.2.1 Validation of 10-m wind speed

The RCMs were validated using 20-year simulations
of the past Irish climate (1981-2000), driven by both
ECMWF ERA-40 global re-analysis and the GCM data-
sets, and comparing the output against Met Eireann
observational data. Figure 4.1 compares observed
10-m wind speed data at nine synoptic stations span-
ning Ireland with the RCM ensemble members (12

(b) Wind Speed Percentiles 1981-2000

Observed
CLM3-ECHAMS5-7km
CLM4-ECHAMS5-7km
WRF-EC-Earth-6km
CLM4-CGCM3-4km
CLM4-HadGEM2ES-4km
CLM4-EC-Earth-4km
RCM Ensemble

d
(d) Diurnal Mean Wind Speed 1981-2000

Observed
CLM3-ECHAMS5-7km
CLM4-ECHAMS5-7km
WRF-EC-Earth-6km
CLM4-CGCM3-4km
CLM4-HadGEM2ES-4km
CLM4-EC-Earth-4km
RCM Ensemble

Figure 4.1. Comparing the observed 3-hourly 10-m winds at nine synoptic stations spanning Ireland

with the RCM ensemble members for the period 1981-2000. (a) Wind speed distribution; (b) wind speed
percentiles; (c) mean monthly wind speed; (d) mean diurnal cycle. The following RCM validation datasets
are considered: CLM3-ECHAMS5 7 km (two ensemble members), CLM4-ECHAMS5 7 km (two ensemble
members), WRF-EC-Earth 6 km (three ensemble members), CLM4-CGCM3.1 4km (one ensemble
member), CLM4-HadGEM2-ES 4km (one ensemble member), CLM4—-EC-Earth 4km (three ensemble
members) and the total RCM ensemble (12 members). For (c) and (d), the RCM dataset means are

considered.
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in total; see Table 1.2), for 1981-2000. The stations
are Belmullet, Casement Aerodrome, Cork Airport,
Claremorris, Dublin Airport, Mullingar, Rosslare,
Shannon Airport and Valentia Observatory. The
observed wind data for Rosslare station were limited
to the 16-year period 1981-1996. The observed wind
speeds are calculated each hour using the mean value
in the preceding 10 minutes. The locations of the sta-
tions (excluding Casement Aerodrome) can be seen in
the wind rose plot of Figure 4.2. Figure 4.1a presents
the observed and model wind speed distributions.
The CLM3-ECHAM5 7-km and WRF-EC-Earth 6-km
distributions show a positive bias in the probability of
obtaining higher wind speeds, whereas the remaining
simulations show a small negative bias. This is reflected
in Figure 4.1b, the wind speed percentiles, 4.1c, the
mean monthly wind speed, and 4.1d, the diurnal cycle,
where, although we have relatively good agreement,
the CLM3-ECHAMS 7-km and WRF-EC-Earth 6-km
data overestimate the wind speeds by approximately
18% and 30%, respectively. A wind speed percentile P
is defined as a wind speed, such that P% of all wind
speeds of the dataset are less than this value.

The WRF model is known to overestimate the wind
speed (Jimenez and Dudhia, 2012). Future work will
attempt to correct for this bias by adapting the topo_
wind parameterising scheme: a topographic correction
for surface winds to represent extra drag from subgrid
topography and enhanced flow at hill tops (Jimenez and
Dudhia, 2012).

Figure 4.1a shows that the full 12-member ensem-
ble dataset (plotted in red) provides the best fit with

(a)

observations for the probability distributions of low to
mid-range wind speeds. In addition, Figure 4.1b shows
that the ensemble dataset shows improvements over
the individual ensemble members for wind speed per-
centiles at the higher scale (P=75).

4.2.2  Validation of the energy content of the wind

To investigate the ability of the RCMs to simulate the
energy content of the wind, the cube of the 10-m wind
speed is analysed. Figure 4.3 shows a contour plot of
the diurnal cycle of mean cube 10-m wind speed per
month averaged over the nine synoptic station loca-
tions. As expected, the energy content of the wind is at
a maximum during the middle of the day in winter and
at a minimum during the night in summer. Again, the
CLM3-ECHAM5 7-km and WRF-EC-Earth 6-km sim-
ulations show a positive bias, whereas the remaining
RCMs show a negative bias because of their inabil-
ity to estimate wind speeds at the higher scale. The
most accurate representation of the energy content of
the wind is provided by the RCM ensemble mean as
presented in Figure 4.3h. Figure 4.3i shows that the
RCM ensemble percentage errors range from —=10% to
+40%.

4.2.3  Validation of wind direction

Near-surface winds are strongly influenced by local
features and an accurate description of these effects
requires high-resolution climate modelling. The
impacts of resolution are evident in Figure 4.4, which
shows the 10-m wind roses at Casement Aerodrome,

(b)

Figure 4.2. Annual 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed

data; (b) CLM4-EC-Earth 4-km data.
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(d) WRF—EC-Earth-6km

(g) CLM4—EC-Earth-4km

Figure 4.3. Annual diurnal 10-m mean cubed wind speed, averaged over nine station locations for 1981—
2000. (a) Observation; (b) CLM3-ECHAMS5 7 km (two ensemble members); (c) CLM4-ECHAMS5 7 km (two
ensemble members); (d) WRF-EC-Earth 6 km (three ensemble members); () CLM4-CGCM3.1 4km (one
ensemble member); (f) CLM4-HadGEM2-ES 4 km (one ensemble member); (g) CLM4-EC-Earth 4km (three
ensemble members); (h) RCM ensemble mean (12 members); (i) RCM ensemble percentage error.

(a) (b) (c)

Figure 4.4. The 10-m wind roses at Casement Aerodrome for 1981-2000. (a) Observed; (b) WRF-EC-
Earth ensemble (three members) 6-km resolution; (c) WRF-EC-Earth ensemble (three members) 18-km
resolution. Each sector shows the percentage breakdown of the wind speed in intervals of 2m/s.

located north of the Wicklow Mountains. The observed  high-resolution WRF-EC-Earth 6-km simulations
wind rose, presented in Figure 4.4a, demonstrates (Figure 4.4b), whereas the WRF—EC-Earth 18-km sim-
that the mountains act as a barrier, preventing south  ulations (Figure 4.4c) underestimate the south-westerly
and south-easterly winds. This is represented by the and easterly winds.
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(a) (b)

(c)

Figure 4.5. The 10-m wind power roses at Casement Aerodrome for 1981-2000. (a) Observed; (b) CLM4—
EC-Earth ensemble (three members) 4-km resolution; (c) CLM4-EC-Earth ensemble (three members)
18-km resolution. The wind power rose shows the directional frequency (light blue segments), the
contribution of each sector to the total mean wind speed (blue segments) and the contribution of each
sector to the total mean cube of the wind speed (red segments).

The importance of high-resolution wind modelling is
confirmed by Figure 4.5, which shows the 10-m wind
power roses at Casement Aerodrome. The wind power
rose shows the directional frequency (outer light blue
segments), the contribution of each sector to the total
mean wind speed (middle blue segments) and the con-
tribution of each sector to the total mean cube of the
wind speed (inner red segments). The CLM4—EC-Earth
4-km simulations (Figure 4.5b) are in good agreement
with observations (Figure 4.5a); the wind direction,
speed and power segments mostly have a south-south-
west to south-west contribution. The lower resolution
CLM4-EC-Earth 18-km simulations (Figure 4.5c) do
not capture these local features.

(a)

The observed and CLM4-EC-Earth 4-km annual 10-m
wind roses at eight synoptic stations for 1981-2000 are
presented in Figure 4.2a and 4.2b, respectively. The
stations are Belmullet, Cork Airport, Claremorris, Dublin
Airport, Mullingar, Rosslare, Shannon Airport and
Valentia Observatory. Similarly, the wind roses for winter,
spring, summer and autumn are presented in Figures
4.6 to 4.9. With the exception of Valentia Observatory
(located in the south-west), the model data provide an
accurate representation of the wind directions. The
relatively poor accuracy noted at Valentia is probably
because of the local heterogeneity of the topography;
the station is located in a coastal/mountainous region.
The observed and CLM4-EC-Earth 4-km 10-m wind

(b)

Figure 4.6. Winter 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed

data; (b) CLM4-EC-Earth 4-km data.
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(a) (b)

Figure 4.7. Spring 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland. (a) Observed
data; (b) CLM4-EC-Earth 4-km data.

(a) (b)

Figure 4.8. Summer 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland.
(a) Observed data; (b) CLM4—-EC-Earth 4-km data.

(a) (b)

Figure 4.9. Autumn 10-m wind roses at eight Met Eireann synoptic stations spanning Ireland.
(a) Observed data; (b) CLM4-EC-Earth 4-km data.
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power roses, presented in Figures 4.10 to 4.14, confirm
the ability of the RCM to accurately simulate wind direc-
tion with respect to mean wind speed and power.

The wind rose validations were repeated for all mem-
bers of the RCM ensemble. It was found that, while the
wind direction skill decreased with lower model reso-
lution, the output of the RCMs provided a good fit to
observed wind direction.

While the primary purpose of the wind rose figures (4.2
and 4.6 to 4.14) is to validate the RCMs, they also pro-
vide a useful source of information on the current wind
energy resource of Ireland.

(a)

4.3
4.3.1

Wind projections for Ireland

Ensemble mean 60-m wind power
projections

Since the typical height of wind turbines is approximately
60m, we focus on wind projections at this height. To
investigate the effects of climate change on the energy
content of the wind, the projected changes in the 60-m
mean cube wind speed are analysed.

Figure 4.15 shows the annual percentage change in
the 60-m mean cube wind speed for the medium- to
low-emission and high-emission scenarios. The future
period 2041-2060 is compared with the past period
1981-2000. The models project an annual reduction
in the energy content of the wind of 3-7% for the

(b)

Figure 4.10. Annual 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland.

(a) Observed data; (b) CLM4-EC-Earth 4-km data.

(a)

(b)

Figure 4.11. Winter 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland.

(a) Observed data; (b) CLM4-EC-Earth 4-km data.
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(a) (b)

Figure 4.12. Spring 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland.
(a) Observed data; (b) CLM4-EC-Earth 4-km data.

C)) (b)

Figure 4.13. Summer 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland.
(a) Observed data; (b) CLM4-EC-Earth 4-km data.

C)) (b)

Figure 4.14. Autumn 10-m wind power roses at eight Met Eireann synoptic stations spanning Ireland.
(a) Observed data; (b) CLM4-EC-Earth 4-km data.
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(a) Medium-Low Emission

(b)

High Emission

Figure 4.15. Ensemble projected change (%) in annual 60-m mean wind power. (a) Medium- to low-
emission scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared
with the past period 1981-2000. The numbers included on each plot are the minimum and maximum

changes, displayed at their locations.

medium- to low-emission ensemble and 3-6% for the
high-emission ensemble.

Figure 4.16a presents the seasonal change (%) in the
energy content of the 60-m wind under the medium- to

(a)

Medium-Low Emission: Seasonal 60m Wind Power Change (%)

low-emission scenario, with the corresponding plots
for high emissions presented in Figure 4.16b. The
strongest signals are a projected decrease for summer,
with the largest impacts for the high-emission scenario.
The summer reductions range from 4% to 12% for the

(b)

High Emission: Seasonal 60m Wind Power Change (%)

Figure 4.16. Projected changes (%) in seasonal 60-m mean wind power. (a) Medium- to low-emission
scenario; (b) high-emission scenario. In each case, the future period 2041-2060 is compared with the

past period 1981-2000.
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medium- to low-emission scenario and from 10% to
18% for the high-emission scenario. The spring months
are also projected to have less available wind power,
with decreases ranging from 3% to 8% and from 3%
to 9% for the medium- to low-emission and high-emis-
sion scenarios, respectively. For autumn, a projected
decrease of 3-9% is noted for the medium- to low-emis-
sion scenario, while the signal for the high-emission
ensemble is small. The annual, spring, summer and
autumn projected decreases are analysed in more
detail in section 4.3.2.

The signals for winter (both emission scenarios) and
autumn (high-emission scenario) are less robust. A
small projected increase in the 60-m mean cube wind
speed is noted for winter over most of Ireland for the
high-emission scenario. Small reductions are noted
for autumn (high emission) and winter (medium to low
emission). However, the projections for autumn and
winter exhibit great uncertainty, as reflected in a large
spread between the individual ensemble members
(not shown here). The projections of the 60-m energy
content of the wind for winter (both emission scenarios)
and autumn (high emission) should therefore be viewed
with a low level of confidence.

The wind projections vary greatly between ensemble
members, much more so than for the temperature
projections. This can result in large individual outliners
skewing the mean ensemble projection. For this reason,
we consider the “likelihood” projections below. Recall
from Chapter 1 that a “very likely” projection is defined
as one in which over 90% of the ensemble members

(a)

Medium-Low Emission High Emission

agree. Similarly, a “likely” projection is defined as one in
which over 66% of the ensemble members agree.

4.3.2  Robust 60-m wind power projections
(annual, spring, summer and autumn)

Figure 4.17 presents the “likely” annual and spring
mean 60-m wind power projections. The figures indi-
cate reductions are “likely” to occur over most of the
country for the future spring months and over the full
year by mid-century. The reductions are small for the
high-emission annual data but are more prominent for
the other simulations, with values ranging from to 0% to
5% (annual, medium to low emission) and from 0% to
6% (spring, both scenarios). It follows it is “likely” that
decreases in annual and spring 60-m wind power will
be greater than or equal to these values. Robust pro-
jections were also noted for autumn for the medium- to
low-emission ensemble, with “likely” reductions ranging
from 1% to 9% (not shown). Figure 4.18a shows that
the projected summer reductions are larger, with “likely”
values ranging from 3% to 10% and from 7% to 15% for
the medium- to low-emission and high-emission sce-
narios, respectively. It follows it is “likely” that decreases
in summer 60-m mean wind power will be greater than
or equal to these values. The “very likely” summer pro-
jections, presented in Figure 4.18b, show that over 90%
of the ensemble members project a reduction over most
of the country, with values ranging from ~0% to 6% and
from 3% to 9% for the medium- to low-emission and
high-emission scenarios, respectively. Note that the
accuracy of these statistical descriptions is based on

(b)

Medium-Low Emission High Emission

Figure 4.17. “Likely” decrease in 60-m mean wind power. (a) Annual; (b) spring. In each case, the future
period 2041-2060 is compared with the past period 1981-2000.
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(a)

Medium-Low Emission High Emission

(b)

Medium-Low Emission High Emission

Figure 4.18. Projected decrease in summer 60-m mean wind power. (a) “Likely”; (b) “very likely”. In each
case, the future period 2041-2060 is compared with the past period 1981-2000.

the assumption that the ensemble members represent
an unbiased sampling of the (unknown) future climate.

4.3.3  Projected changes in monthly/diurnal 60-m

wind power

Figure 4.19 presents a contour plot of the diurnal cycle
of mean cube 60-m wind speed per month, over all grid
points covering Ireland and, for the purpose of offshore
wind farm research, a small portion of the surrounding
sea. The ensembles of past and future high-emission
simulations are presented in Figure 4.19a and 4.19b,
respectively. The 60-m energy content of the wind is at
a maximum during the middle of the day in winter and
minimum during the night in summer. The percentage
difference is presented in Figure 4.19c. Small increases
are noted during October, December and February,
with no obvious diurnal trend. However, as noted in
section 4.3.1, there is low confidence in the projections
for winter (both scenarios) and autumn (high-emission
scenario). The largest projected decreases are noted
during July and August, particularly during the after-
noon. There is high confidence in the summer and
spring projections, as outlined in section 4.3.2. The
medium- to low-emission projections were found to
have a similar, but weaker, signal.

4.3.4  Projected changes in 60-m wind direction

Since wind farms are designed and constructed to
make optimal use of the prevailing wind direction, it
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is important to assess the potential effects of climate
change on future wind directions over Ireland. Figure
4.20 presents 60-m wind roses at Arklow wind farm
and various locations spanning Ireland for (a) the past
winter ensemble of control runs (1981-2000), (b) the
winter ensemble of high-emission future simulations, (c)
the past summer ensemble of control runs and (d) the
summer ensemble of high-emission future simulations.
Although changes in wind speed are projected, the gen-
eral wind directions do not change substantially. For the
winter months, a small increase in south-westerly winds
is noted. For the summer months, the wind directions
show only minor changes. Given that near-surface wind
speeds are strongly influenced by the local topography,
it is not surprising that the projected change in wind
directions is small.

Figure 4.21 shows 60-m wind power roses at Arklow
wind farm and various locations spanning Ireland for (a)
the past winter ensemble of control runs (1981-2000),
(b) the winter ensemble of high-emission future simu-
lations, (c) the past summer ensemble of control runs
and (d) the summer ensemble of high-emission future
simulations. Again, small changes in the 60-m wind
power roses are projected.

The wind rose analysis was repeated for the medium-
to low-emission simulations and results were found
to be similar. In addition, projections for spring and
autumn showed small changes for both scenarios (not
shown).
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Figure 4.19. Annual diurnal 60-m mean cubed wind speed over Ireland and a small portion of the
surrounding sea. (a) Ensemble of past simulations, 1981-2000; (b) ensemble of high-emission future
simulations, 2041-2060; (c) projected percentage change.

(a) (b) (c) (d)

Figure 4.20. Wind roses at 60-m at various locations spanning Ireland. (a) Winter ensemble of past
simulations, 1981-2000; (b) winter ensemble of high-emission future simulations, 2041-2060; (c) summer
ensemble of past simulations, 1981-2000; (d) summer ensemble of high-emission future simulations,
2041-2060.
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(a) (b)

(c) (d)

Figure 4.21. Wind power roses at 60-m at various locations spanning Ireland. (a) Winter ensemble of past
simulations, 1981-2000; (b) winter ensemble of high-emission future simulations, 2041-2060; (c) summer
ensemble of past simulations, 1981-2000; (d) summer ensemble of high-emission future simulations,

2041-2060.

4.3.5 Changes in the shape of the future 60-m

wind speed distribution

In addition to projected changes in the mean wind
speed and power, changes in the variability of the wind
speed and the shape of the wind speed distribution
are important for energy applications. The distribution
of a quantity involving discrete data (as here) can be
represented by its empirical density function. Figure
4.22 presents the seasonal density functions (hereafter,
density) of daily mean 60-m wind speed anomalies, at
every grid point over Ireland. For each past simulation,
the anomalies are calculated by subtracting the mean
wind speed over the 20-year period 1981-2000 from
the mean daily wind speed values.® Similarly, the future
daily anomalies (2041-2060) are calculated by sub-
tracting the historical mean wind speed (1981-2000)
from each future ensemble member within the same
group (see Table 1.2).

The density of the past period is shown in black, with
the densities of the medium- to low-emission and
high-emission scenarios in blue and red, respectively.
An overlap score was calculated which assesses
the similarity between the group’s past and future
(adapted from a process in Perkins et al., 2007; see
section 2.3.3 of the present report for a mathematical
description). This score is between 0% and 100%, with
100% indicating perfect agreement (climate completely
unchanged) and 0% indicating no agreement (past and
future climates have no values in common).

5 This results in two slightly different past densities
(corresponding to the two future emission scenario groups).
As differences were found to be very small, the medium- to
low-emission past densities are excluded from Figures 4.22
and 4.25.
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With the exception of summer, Figure 4.22 shows
only small changes in the projected 60-m daily mean
wind speed distributions. The annual distributions also
show small projected changes (not shown). The future
summer distributions show a definite decrease in mean
values (vertical lines) and a decrease in the right side
of the distribution tail, strengthening the evidence from
all previous analyses of large projected deductions in
wind power during summer. The overlap scores range
from 95% in summer (showing the largest changes
across the distribution) to 97-99% for all other seasons
(showing the least change between historical and future
densities). Although the projected annual, spring and
autumn wind speed distributions show small changes,
this can translate to relatively large changes in wind
power, as is evident from Figures 4.15 and 4.16.

Figures 4.23 and 4.24 show small projected changes
in the standard deviation of daily mean 60-m wind
speed for all seasons and the full year, respectively.
The largest decreases are projected for summer, with
values ranging from ~1% to 5% for the high-emission
scenario. This is consistent with the relatively large pro-
jected changes in the summer wind speed distributions
(Figure 4.22c).

4.3.6  Potential changes in extreme wind speeds

Figure 4.23 shows projected increases in the standard
deviation (spread) of daily mean 60-m wind speed
over most of Ireland during winter by mid-century. In
addition, the winter 60-m mean wind speed shows
small projected changes (~1%, not shown). This
projected small change in the mean, coupled with an
increase in the spread of wind speed, suggests an
increase in high (and low) wind speeds during future
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(a) Winter, Overlap (Medium-Low, High) = (97%, 99%) (b) Spring, Overlap (Medium-Low, High) = (99%, 98%)
Past Past
Future Medium-Low Future Medium-Low
Future High Future High
c d
( ) Summer, Overlap (Medium-Low, High) = (97%, 95%) ( ) Autumn, Overlap (Medium-Low, High) = (97%, 98%)
Past Past
Future Medium-Low Future Medium-Low
Future High Future High

Figure 4.22. Empirical density functions illustrating the distribution of past (black), medium- to low-
emission (blue) and high-emission (red) 60-m daily mean wind speed over Ireland. (a) Winter; (b) spring;
(c) summer; (d) autumn. Each dataset has a size greater than 80 million. The distributions are created
using histogram bins of size 1 m/s. A measure of overlap indicates how much the future distributions
have changed relative to the past (0% indicating no common area, 100% indicating complete agreement).
Means are shown for historical (black vertical line), medium- to low-emission (blue vertical line) and high-
emission (red vertical line) densities.

winters. This is confirmed by Figure 4.25a, the winter of 60-m winds was calculated for the medium- to
daily maximum 60-m wind speed anomaly distribution, low-emission and high-emission scenarios. Results
which shows increases in extreme wind speeds for show small projected increases in extreme wind speeds
both ensemble scenarios. A similar signal is evident over Ireland by mid-century. The signal is strongest for
for the annual maximum daily wind speed distribution  the high-emission ensemble, with the majority of the
(Figure 4.25b). simulations showing an increase of 3-4% in extreme

wind speeds over the south and east of Ireland by

To further quantify the projected change in extreme
9 y prol g mid-century (not shown).

wind speeds, the percentage change in the top 1%
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(a) (b)

Medium-Low Emission: Seasonal Change in Standard Deviation of 60m Wind Speed High Emission: Seasonal Change in Standard Deviation of 60m Wind Speed

Figure 4.23. Seasonal projected changes (%) in the standard deviation of daily mean 60-m wind speed.
(a) Medium- to low-emission ensemble; (b) high-emission ensemble. In each case, the future period
2041-2060 is compared with the past period 1981-2000. The numbers included on each plot are the
minimum and maximum projected change, displayed at their locations.

(@) Medium-Low Emission (b) High Emission

Figure 4.24. Annual projected changes (%) in the standard deviation of daily mean 60m wind speed.
(a) Medium- to low-emission ensemble; (b) high-emission ensemble. In each case, the future period
2041-2060 is compared with the past period 1981-2000. The numbers included on each plot are the
minimum and maximum projected change, displayed at their locations.
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(a)

Past
Future Medium-Low
Future High

(b)

Past
Future Medium-Low
Future High

Figure 4.25. Empirical density functions illustrating the distribution of past (black), medium- to low-
emission (blue) and high-emission (red) 60-m daily maximum wind speeds over Ireland. (a) Winter;
(b) annual. The frequency is displayed on a log scale. Each dataset has a size greater than 80 million.
The distributions are created using histogram bins of size 1m/s.

4.3.7  Statistical significance of wind speed and

wind power changes

The statistical significance of changes in the daily mean
60-m wind speed distributions of Figure 4.22 was tested
against Ha, as outlined in Chapter 1. Here, the alter-
native hypothesis states that the future distributions
(Kolmogorov—Smirnov) or the future median values
(Wilcoxon rank-sum) are different from the past. Both
the Kolmogorov—Smirnov and Wilcoxon rank-sum tests
show high level of significance (p=0) for the medium-
to low-emission and high-emission scenarios across all
seasons. We therefore conclude the projected changes
in the future 60-m wind speed distributions and medi-
ans are statistically significant.

The statistical significance of changes in the cube wind
speed was also analysed. The Wilcoxon rank-sum Ha,
test determined that the projected decreases for spring,
summer and autumn (see sections 4.3.1 and 4.3.2) are
statistically significant (p<0.001) for both the medium-
to low-emission and high-emission scenarios. The Ha,
Wilcoxon rank-sum test determined that the projected
increase during winter for the high-emission scenario
(see Figure 4.16b) is not statistically significant at the
95% confidence level.
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4.4 Projected changes in extreme storm

tracks and mean sea-level pressure

Given the large societal impacts of extreme storms,
there is considerable interest in the potential impact of
climate change on extreme cyclonic activity in the North
Atlantic. In addition to the potential widespread flooding
and structural damage associated with intense storms,
the wind energy supply can be negatively affected, as
wind turbines are shut down during periods of high wind
speeds to prevent damage. An algorithm was devel-
oped to identify and track cyclones as simulated by the
RCMs.

4.4.1 Storm-tracking algorithm

The simulated MSLP values of the RCMs are output
onto a horizontal grid of size NXXNy. For example, the
WRF 18-km domain size is 189 %204 (see Figure 1.1).
A surface grid point (i, j) is identified as a low-pressure
centre if the following criteria are met:

e The MSLP value, p(i, ), is less than a given thresh-
old, T, e.g. 940hPa.
e The pointis a local minimum of MSLP.

A point (i, j) is defined as a local minimum if p(/, j) is less
than the MSLP values of all 80 surrounding grid points
(Figure 4.26). Since for each point we examine the 80
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Figure 4.26. Location of a local MSLP minimum. Here the point (i, j) is defined as a low-pressure centre,
since all MSLP values of the surrounding 80 grid points are greater than p(i, j))=938 hPa.

surrounding grid points, the model domain boundaries
(i=1orN,j=1or Ny) and the three nearest points to the
boundaries are not considered for the storm-tracking
analysis.

For example, a grid point is defined as a cyclone centre
if p(i, )<t and

p(i, )<p(itk, j+I), Vk, I€{—4, ... +4} (k and | not both 0)
where 4<i<N -3 and 4<j<Ny—3.

To track the movement of the cyclones, the centres are
located at output times t and t+3 hours. A cyclone at
time t is considered to be the same cyclone identified
at time t+3 hours if the estimated speed of movement,
based on the great circle distance between the posi-
tions, is less than 120 km/hour.

The storm-tracking analysis focuses on the AR5 RCP
scenario simulations as outlined in Table 4.1. To exam-
ine the potential impact of climate change on intense
storms, only cyclones with core MSLP less than 940 hPa
are considered. In addition, only cyclones that exist for
at least 12 hours are considered.

4.4.2  Extreme storm track projections

The past (1981-2000) and future (2041-2060) RCP8.5
ensemble storm tracks, as simulated by the RCM
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Table 4.1. The RCM simulations used for the storm
tracking and MSLP analysis

Period/scenario Ensemble members

Past CLM4-EC-Earth, mei1, mei2, mei3
1981-2000 WRF-EC-Earth, mei1, mei2, mei3
CLM4-HadGEM2-ES

Future RCP4.5
2041-2060

CLM4-EC-Earth, me41, me42, me43
WRF-EC-Earth, me41, me42, me43
CLM4-HadGEM2-ES, RCP4.5

Future RCP8.5
2041-2060

CLM4-EC-Earth, me81, me82, me83
WRF-EC-Earth, me81, me82, me83
CLM4-HadGEMZ2-ES, RCP8.5

18-km resolution simulations, are presented in Figure
4.27. The simulations show that the tracks of intense
storms are projected to extend further south than those
in the reference simulation. This is confirmed by the
RCM 50-km simulation data, as presented in Figure
4.28. The analysis was repeated for the RCP4.5 emis-
sion simulations, and projections of future intense storm
tracks were found to have a similar, but weaker, signal.
The majority of the extreme storm events were found
to occur during the winter months for both the past and
future simulations.
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(a) Past storm tracks, 1981-2000, MSLP <940 hPa, RCM
18-km resolution

(b) RCP8.5 storm tracks, 2041-2060, MSLP <940 hPa, RCM
18-km resolution

Figure 4.27. Tracks of storms with a core MSLP of less than 940 hPa and with a lifetime of at least 12
hours. (a) Past RCM 18-km simulations (1981-2000); (b) RCP8.5 RCM 18-km simulations (2041-2060).

(a) Past storm tracks, 1981-2000, MSLP <940 hPa, RCM
50-km resolution

(b) RCP8.5 storm tracks, 2041-2060, MSLP <940 hPa, RCM
50-km resolution

Figure 4.28. Tracks of storms with a core MSLP of less than 940 hPa and with a lifetime of at least 12
hours. (a) Past RCM 50-km simulations (1981-2000); (b) RCP8.5 RCM 50-km simulations (2041-2060)."

1 Topographical mapping software from Bezdek and Sebera (2013).

It should be noted that extreme storms, as presented
in Figures 4.27 and 4.28, are rare events. Therefore,
the storm projections should be considered with a level
of caution. Future work will focus on analysing a larger
ensemble, thus allowing a robust statistical analysis of
extreme storm track projections.
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4.4.3  Projections of mean sea-level pressure

While the results of section 4.4.2 show a projected
increase in intense storms affecting Ireland by mid-cen-
tury, the overall number of cyclones is projected to
decrease. For example, the number of cyclones with
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core MSLP of 980hPa is projected to decrease by
approximately 10% for both emission scenarios (not
shown). This result is consistent with Figure 4.29,
which presents the average MSLP calculated over
the 20-year past (1981-2000) and future (2041-2060)
periods. Again, the MSLP analysis focuses on the AR5
RCP scenario simulations as outlined in Table 4.1.

Itis noted that the future simulations project an increase
in MSLP of approximately 2hPa over Ireland by
mid-century. The increase is slightly more pronounced

(a)

RCM Annual Average MSLP (1981-2000)

(b)

RCM Annual Average MSLP, RCP4.5 (2041-2060)

for the RCP8.5 projections. This result is robust, as is
evident from the “likely” projections of Figure 4.30. The
figures indicate that over 66% of the ensemble mem-
bers project an increase of at least ~1.2hPa (RCP4.5)
and ~1.6hPa (RCP8.5) over Ireland by mid-century.
Similarly, the “likely” MSLP projections for winter,
spring, summer and autumn are presented in Figures
4.31, 4.32, 4.33 and 4.34, respectively. The “likely” pro-
jected increases in average MSLP range from ~0.6 hPa
(winter, RCP4.5) to ~2.2hPa (summer, RCP8.5).

(c)

RCM Annual Average MSLP, RCP8.5 (2041-2060)

Figure 4.29. RCM average MSLP. (a) Past simulations (1981-2000); (b) RCP4.5 simulations (2041-2060);

(c) RCP8.5 simulations (2041-2060).

Figure 4.30. The “likely” increase in annual average MSLP for the RCP4.5 and RCP8.5 simulations. In
each case, the future period 2041-2060 is compared with the past period 1981-2000.
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Figure 4.31. The “likely” increase in winter average MSLP for the RCP4.5 and RCP8.5 simulations. In each
case, the future period 2041-2060 is compared with the past period 1981-2000.

Figure 4.32. The “likely” increase in spring average MSLP for the RCP4.5 and RCP8.5 simulations. In
each case, the future period 2041-2060 is compared with the past period 1981-2000.

4.5 Conclusions

The impact of simulated global climate change on the
wind energy resource of Ireland was assessed using
the method of regional climate modelling. In view of
unavoidable errors due to model (regional and global)
imperfections, and the inherent limitation on predictabil-
ity of the atmosphere arising from its chaotic nature,
isolated predictions are of very limited value. To address
this issue of model uncertainty, an ensemble of RCMs
was run. The RCMs were run at high spatial resolution,
up to 4km, thus allowing a better assessment of the
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local effects of climate change on the wind energy
resource of Ireland.

The RCMs were validated using 20-year simulations
of the past Irish climate (1981-2000), driven by both
ECMWF ERA-40 global re-analysis and the GCM data-
sets and comparing the output against observational
data. Extensive validations were carried out to test
the ability of the RCMs to accurately model the wind
climate of Ireland. Results confirm that the outputs of
the RCMs exhibit reasonable and realistic features as
documented in the historical data record.
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Figure 4.33. The “likely” increase in summer average MSLP for the RCP4.5 and RCP8.5 simulations. In
each case, the future period 2041-2060 is compared with the past period 1981-2000.

Figure 4.34. The “likely” increase in autumn average MSLP for the RCP4.5 and RCP8.5 simulations. In
each case, the future period 2041-2060 is compared with the past period 1981-2000.

The future climate was simulated using both medium- to
low-emission and high-emission scenarios. The future
period 2041-2060 was compared with the past period
1981-2000. Results for both scenarios show significant
projected decreases in the energy content of the wind
over the entire year and during the spring and summer
months, by mid-century. The medium- to low-emission
simulations show a significant projected decrease
during autumn. The projected decreases are largest for
summer, with “likely” values ranging from 3% to 10%
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for the medium- to low-emission scenario and from 7%
to 15% for the high-emission scenario. The projected
decreases are robust, as the majority of the ensemble
members are in agreement for both the medium- to
scenarios, thus
increasing the confidence in the projections. Projected
increases for winter were found to be statistically insig-
nificant. Small increases in extreme wind speeds are
projected over Ireland by mid-century. Projections of
wind direction show no substantial change.

low-emission and high-emission
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The research consolidates and expands on the RCM
projections of previous studies (McGrath and Lynch,
2008; Nolan et al., 2011, 2013, 2014) by increasing
the ensemble size. This allows likelihood levels to be
assigned to the projections. In addition, the uncertain-
ties of the projections are more accurately quantified.
The current study has shown that projected increases
in the energy content of the wind during winter, as
also noted by McGrath and Lynch (2008) and Nolan
et al. (2011, 2013, 2014), exhibit great uncertainty,
as reflected in a large spread between the individual
ensemble members. The projections outlined in the
current study agree with these previous studies in that
they all show substantial decreases in the future wind
energy resource during summer by mid-century.

To assess the potential impact of climate change on
extreme cyclonic activity in the North Atlantic, an algo-
rithm was developed to identify and track cyclones
as simulated by the RCMs. Results indicate that, by
mid-century, the tracks of intense storms are projected
to extend further south over Ireland than those in the
reference simulations. In contrast, the overall number
of North Atlantic cyclones is projected to decrease by
approximately 10%. The projected decrease in overall
cyclone activity is consistent with the projected increase
in average MSLP for all seasons by mid-century. A
plausible explanation put forward for similar projec-
tions of cyclone activity (Semmier et al., 2008) is that
a decreased meridional temperature gradient and the
associated reduced baroclinicity in the future climate
could be responsible for the decrease of the total number
of cyclones (Geng and Sugi, 2003). Furthermore, the
higher moisture supply due to a generally higher sea
surface temperature and the related increase in latent
heat fluxes could trigger strong-intensity cyclones (Hall
et al.,, 1994). Future storm-tracking work will focus on
analysing a larger ensemble, thus allowing a robust
statistical analysis of extreme storm track projections.

The MSLP and storm-tracking results are among many
possible factors that could be attributed to the wind
projections of this study. The projected increase in
MSLP will probably lead to a decrease in mean wind
speed (and wind power) during summer, spring and
autumn, when intense storms are rare. Furthermore,
the projected increase in very intense storms is likely
to be partially responsible for the projected increase in
extreme wind speeds during winter. The mixed signal
for projections of winter mean wind power may be
attributed to an overall increase in MSLP, coupled with
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an increase in intense storm activity. However, further
investigation of these factors is necessary to attribute
causation to the wind projections of the current study.
Future work will attempt to address this issue.
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AR Assessment Report

ARW Advanced Research Weather Research and Forecasting
Cd4l Community Climate Change Consortium for Ireland

cdf Cumulative distribution function

CGCM Coupled Global Climate Model

CLM Climate Limited-area Modelling

CORDEX Coordinated Regional climate Downscaling Experiment
cosmo Consortium for Small Scale Modeling

ECMWF European Centre for Medium-Range Weather Forecasts
GCM Global climate model

HadGEM2-ES Hadley Centre Global Environment Model version 2 Earth System configuration

IPCC Intergovernmental Panel on Climate Change
MAE Mean absolute error

MME Multi-model ensemble

MSLP Mean sea-level pressure

NAO North Atlantic Oscillation

NCAR National Center for Atmospheric Research
pdf Probability distribution function

RCM Regional climate model

RCP Representative Concentration Pathway
SRES Special Report on Emissions Scenarios
WRF Weather Research and Forecasting
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AN GHNIOMHAIREACHT UM
CHAOMHNU COMHSHAOIL

Ta an Ghniomhaireacht um Chaomhnt Comhshaoil (GCC)
freagrach as an gcomhshaol a chaomhnu agus a fheabhsi
mar shécmhainn luachmhar do mhuintir na hEireann. Taimid
tiomanta do dhaoine agus don chomhshaol a chosaint 6
éifeachtai diobhalacha na radaiochta agus an truaillithe.

Is féidir obair na Gniomhaireachta a
roinnt ina tri phriomhréimse:

Rial(: péanaimid cérais éifeachtacha rialaithe
agus comhlionta comhshaoil a chur i bhfeidhm chun
torthai maithe comhshaoil a sholdthar agus chun
dirit orthu siid nach gcloionn leis na cérais sin.

Eolas: Soldthraimid sonrai, faisnéis agus meastini comhshaoil
atd ar ardchaighdedn, spriocdhirithe agus trdthdil chun
bonn eolais a chur faoin gcinnteoireacht ar gach leibhéal.

Tacaiocht: Bimid ag saothrii i gcomhar le gripaf eile chun
tacd le comhshaol atd glan, tdirgidil agus cosanta go maith,
agus le hiompar a chuirfidh le comhshaol inbhuanaithe.

Ar bhFreagrachtai

Ceaddni

e Déanaimid na gniomhaiochtai seo a leanas a riald ionas
nach ndéanann siad dochar do shlainte an phobail na don
chomhshaol:

e saoraidi dramhaiola (m.sh. laithredin lionta talin, loisceoiri,

e gniomhaiochtai tionsclaiocha ar scdla mér (m.sh.
déantlsaiocht cogaisiochta, déantisaiocht stroighne,

e an diantalmhaiocht (m.sh. muca, éanlaith);

® (isaid shrianta agus scaoileadh rialaithe Organach
Géinmhodhnaithe (OGM);

e foinsi radaiochta iandchain (m.sh. trealamh x-gha agus
radaiteiripe, foinsi tionsclaiocha);

e diseanna mora storala peitril;

e scardadh dramhuisce;

e gniomhaiochtai dumpéla ar farraige.

Forfheidhmia Naisidnta i leith Ciarsai Comhshaoil

e Clar naisidnta inidchtai agus cigireachtai a dhéanamh gach
bliain ar shaoraidi a bhfuil ceadnas 6n nGniomhaireacht acu.

® Maoirseacht a dhéanamh ar fhreagrachtai cosanta

e Caighdean an uisce 6il, arna sholathar ag solathraithe uisce
phoibli, a mhaoirsid.

e Obair le hidarais aititla agus le gniomhaireachtai eile
chun dul i ngleic le coireanna comhshaoil tri chomhordi a
dhéanamh ar lionra forfheidhmitchain naisidnta, tri dhirid
ar chiont6iri, agus tri mhaoirsid a dhéanamh ar leasdchan.

e Cur i bhfeidhm rialachan ar n6s na Rialachan um
Dhramhthrealamh Leictreach agus Leictreonach (DTLL), um
Shrian ar Shubstainti Guaiseacha agus na Rialachan um riald
ar shubstainti a idionn an ciseal 6z6in.

e An dli a chur orthu sitd a bhriseann dli an chomhshaoil
agus a dhéanann dochar don chomhshaol.

Bainistiocht Uisce

® Monatdireacht agus tuairiscid a dhéanamh ar chéiliocht
aibhneacha, lochanna, uisci idirchriosacha agus costa na
hEireann, agus screamhuisci; leibhéil uisce agus sruthanna
aibhneacha a thomhas.

e Comhordd naisidnta agus maoirsit a dhéanamh ar an
gCreat-Treoir Uisce.

e Monatdireacht agus tuairiscid a dhéanamh ar Chailiocht an
Uisce Snamha.

Monatéireacht, Anailis agus

Tuairiscid ar an gComhshaol

® Monatéireacht a dhéanamh ar chailiocht an aeir agus Treoir an
AE maidir le hAer Glan don Eoraip (CAFE) a chur chun feidhme.

e Tuairisciti neamhspleach le cabhr( le cinnteoireacht an rialtais

naisilnta agus na n-adaras aitidil (m.sh. tuairiscid tréimhsidil ar
staid Chomhshaol na hEireann agus Tuarascalacha ar Thascairi).

Riali Astaiochtai na nGas Ceaptha Teasa in Eirinn

e Fardail agus réamh-mheastachain na hEireann maidir le gais
cheaptha teasa a ullmhd.

e An Treoir maidir le Tradail Astaiochtai a chur chun feidhme i
gcomhair breis agus 100 de na tairgeoiri dé-ocsaide carb6in is
mé in Eirinn

Taighde agus Forbairt Comhshaoil

e Taighde comhshaoil a chisti chun brinna a shainaithint, bonn
eolais a chur faoi bheartais, agus réitigh a sholathar i réimsi na
haeraide, an uisce agus na hinbhuanaitheachta.

Measinacht Straitéiseach Timpeallachta
® Measinacht a dhéanamh ar thionchar pleananna agus clar

beartaithe ar an gcomhshaol in Eirinn (m.sh. mérphleananna
forbartha).

Cosaint Raideolaioch

® Monatéireacht a dhéanamh ar leibhéil radaiochta, meastnacht
a dhéanamh ar nochtadh mhuintir na hEireann don radaiocht
iandchain.

e Cabhr( le pleananna naisilinta a fhorbairt le haghaidh
éigeandalai ag eascairt as taismi ndicléacha.

e Monatoéireacht a dhéanamh ar fhorbairti thar lear a bhaineann le
saoraidi nticléacha agus leis an tsabhdilteacht raideolaiochta.

e Sainseirbhisi cosanta ar an radaiocht a sholathar, nd maoirsii a
dhéanamh ar sholathar na seirbhisi sin.

Treoir, Faisnéis Inrochtana agus Oideachas

e Comhairle agus treoir a chur ar fail d'earnail na tionsclaiochta
agus don phobal maidir le habhair a bhaineann le caomhn( an
chomhshaoil agus leis an gcosaint raideolaioch.

e Faisnéis thrathdil ar an gcomhshaol ar a bhfuil fail éasca a
chur ar fail chun rannphairtiocht an phobail a spreagadh sa
chinnteoireacht i ndail leis an gcomhshaol (m.sh. Timpeall an Ti,
léarscaileanna radéin).

e Comhairle a chur ar fail don Rialtas maidir le habhair a
bhaineann leis an tsabhailteacht raideolaioch agus le clrsai
prainnfhreagartha.

e Plean Naisilinta Bainistiochta Dramhaiola Guaisi a fhorbairt chun
dramhail ghuaiseach a chosc agus a bhainistid.

Mascailt Feasachta agus Athra Iompraiochta

e Feasacht chomhshaoil nios fearr a ghinitint agus dul i bhfeidhm
ar athr( iompraiochta dearfach tri thacd le gnéthais, le pobail
agus le teaghlaigh a bheith nios éifeachtila ar acmhainni.

e Tastail le haghaidh raddin a chur chun cinn i dtithe agus in ionaid
oibre, agus gniomhartha leastichain a spreagadh nuair is ga.

Bainistiocht agus struchtir na Gniomhaireachta
um Chaomhnid Comhshaoil

Ta an ghniomhaiocht a bainistit ag Bord lanaimseartha,
ar a bhfuil Ard-Stidrthéir agus cligear Stidrthdiri.
Déantar an obair ar fud clig cinn d'Oifigi:

e An Oifig Aeraide, Ceadiinaithe agus Usaide Acmhainni
e An 0ifig Forfheidhmithe i leith cirsai Comhshaoil

e An 0Oifig um Measind Comhshaoil

e An 0ifig um Cosaint Raideolaioch

e An Oifig Cumarsaide agus Seirbhisi Corparaideacha

Ta Coiste Comhairleach ag an nGniomhaireacht le cabhra éi.
Ta daréag comhaltai air agus tagann siad le chéile go rialta le
plé a dhéanamh ar dbhair imni agus le comhairle a chur ar an
mBord.
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Background

Climate Change is the major challenge of our time. At a
global scale, there is robust understanding of the observed
changes in various elements of the climate system, and
from this there is compelling analysis of the potential
changes in climate in store for the planet over the next
several decades. Analysis of climate change at a regional
or national scale is more challenging, and therefore the
projections of future climate change more uncertain.
Nevertheless, using the global models as the starting
point, it is possible to initiate regional climate models,
operating at much higher spatial resolution, to generate
insights at the scale of interest to decision makers on the
ground, looking to respond and adapt in the best way
possible to the impacts of climate change.

Identifying Pressures

Ireland’s north Atlantic location leaves us open to
disparate factors which will influence our potential future
climate. That our climate is changing is beyond doubt.

The challenge is to provide researchers, decision makers
and the general public with the detailed, high quality
information required to make informed decisions on policy
development and investments which will be resilient to
the impact of climate change.

This report provides an outline of the regional climate
modelling undertaken to determine the potential impacts
of climate change in Ireland, based on a number of
possible future scenarios, and to highlight the key findings.
The project has also provided a large database, which can
be interrogated for various meteorological parameters,
essential for detailed analysis across a diverse range of
sectoral concerns.

Informing Policy

Findings from this study indicate that by the middle of this
century:

e Mean annual temperatures will increase by 1-1.6°C, with
the largest increases seen in the east of the country.

¢ Hot days will get warmer by 0.7-2.6°C compared with
the baseline period.

e Cold nights will get warmer by 1.1-3.1°C.

e Averaged over the whole country, the number of frost
days is projected to decrease by over 50%.

e The average length of the growing season will increase
by over 35 days per year.

Significant decreases in rainfall during the spring and
summer months are likely.

Heavy rainfall events will increase in winter and autumn.

The energy content of the wind is projected to decrease
during spring, summer and autumn. The projected
decreases are largest for summer, with values ranging
from 3% to 15%.

Storms affecting Ireland will decrease in frequency, but
increase in intensity, with increased risk of damage.

Developing Solutions

The research provides Ireland with a data resource
to explore Ireland’s future climate and enables the
assessment of the scale of impacts across sectors, at
regional and local scales.

EPA Research: McCumiskey House,

Q\ Richiew, Clonskeagh, Dublin 14.

Phone: 01 268 0100
Twitter: @EPAResearchNews
Email: research@epa.ie

www.epa.ie
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www.epa.ie/researchandeducation/research/
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