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Environmental Protection Agency

The EPA is responsible for protecting and improving
the environment as a valuable asset for the people of
Ireland. We are committed to protecting people and
the environment from the harmful effects of radiation
and pollution.

The work of the EPA can be divided into
three main areas:

Regulation: Implementing regulation and environmental
compliance systems to deliver good environmental outcomes
and target those who don't comply.

Knowledge: Providing high quality, targeted and timely
environmental data, information and assessment to inform
decision making.

Advocacy: Working with others to advocate for a clean,
productive and well protected environment and for sustainable
environmental practices.

Our Responsibilities Include:

Licensing

> Large-scale industrial, waste and petrol storage activities;
> Urban waste water discharges;

> The contained use and controlled release of Genetically
Modified Organisms;

Sources of ionising radiation;

Greenhouse gas emissions from industry and aviation
through the EU Emissions Trading Scheme.

National Environmental Enforcement

> Audit and inspection of EPA licensed facilities;

> Drive the implementation of best practice in regulated
activities and facilities;

> Oversee local authority responsibilities for environmental
protection;

> Regulate the quality of public drinking water and enforce
urban waste water discharge authorisations;
Assess and report on public and private drinking water quality;
Coordinate a network of public service organisations to
support action against environmental crime;

> Prosecute those who flout environmental law and damage
the environment.

Waste Management and Chemicals in the Environment

> Implement and enforce waste regulations including
national enforcement issues;

> Prepare and publish national waste statistics and the
National Hazardous Waste Management Plan;

> Develop and implement the National Waste Prevention
Programme;

> Implement and report on legislation on the control of
chemicals in the environment.

Water Management

> Engage with national and regional governance and operational
structures to implement the Water Framework Directive;

> Monitor, assess and report on the quality of rivers, lakes,
transitional and coastal waters, bathing waters and
groundwaters, and measurement of water levels and
river flows.

Climate Science & Climate Change

> Publish Ireland’s greenhouse gas emission inventories
and projections;

> Provide the Secretariat to the Climate Change Advisory Council
and support to the National Dialogue on Climate Action;

> Support National, EU and UN Climate Science and Policy
development activities.

Environmental Monitoring & Assessment

> Design and implement national environmental monitoring
systems: technology, data management, analysis and
forecasting;

> Produce the State of Ireland’s Environment and Indicator
Reports;

> Monitor air quality and implement the EU Clean Air for Europe
Directive, the Convention on Long Range Transboundary Air
Pollution, and the National Emissions Ceiling Directive;

> Oversee the implementation of the Environmental Noise
Directive;

> Assess the impact of proposed plans and programmes on
the Irish environment.

Environmental Research and Development
> Coordinate and fund national environmental research activity
to identify pressures, inform policy and provide solutions;

> Collaborate with national and EU environmental research
activity.

Radiological Protection

> Monitoring radiation levels and assess public exposure
to ionising radiation and electromagnetic fields;

> Assist in developing national plans for emergencies arising
from nuclear accidents;

> Monitor developments abroad relating to nuclear installations
and radiological safety;

> Provide, or oversee the provision of, specialist radiation
protection services.

Guidance, Awareness Raising, and Accessible Information

> Provide independent evidence-based reporting, advice
and guidance to Government, industry and the public on
environmental and radiological protection topics;

> Promote the link between health and wellbeing, the economy
and a clean environment;

> Promote environmental awareness including supporting
behaviours for resource efficiency and climate transition;

> Promote radon testing in homes and workplaces and
encourage remediation where necessary.

Partnership and Networking

> Work with international and national agencies, regional
and local authorities, non-governmental organisations,
representative bodies and government departments to
deliver environmental and radiological protection, research
coordination and science-based decision making.

Management and Structure of the EPA

The EPA is managed by a full time Board, consisting of a
Director General and five Directors. The work is carried out
across five Offices:

. Office of Environmental Sustainability

. Office of Environmental Enforcement

. Office of Evidence and Assessment

. Office of Radiation Protection and Environmental Monitoring
. Office of Communications and Corporate Services
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The EPA is assisted by advisory committees who meet regularly
to discuss issues of concern and provide advice to the Board.
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Identifying pressures

Climate change poses a significant risk to Ireland’s
economy, society and environment, and therefore it is
imperative that planners and policymakers are adequately
informed about future climate change so that appropriate
mitigation and adaptation measures can be implemented.
The main objective of this project was to evaluate the
effects of climate change on the future climate of Ireland
using high-resolution regional climate modelling. Previous
regional climate projection research for Ireland shows
large uncertainty for certain climate projections such

as precipitation. Since extreme events such as flooding
and droughts are likely to be a critical issue for Ireland,

it is important to address this research gap. The project
simulated the future climate (up to the year 2100) at high
resolution (4 km grid spacing) using the most up-to-date
regional climate models, Coupled Model Intercomparison
Project Phase 6 (CMIP6) Earth system models and new
shared socioeconomic pathway and representative
concentration pathway (SSP-RCP) (SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5) emission scenarios. The scenario-
based projections are supplemented with global warming
threshold scenario projections for temperature and
precipitation.

Informing policy

This research will inform national policy and further the
understanding of the impacts of climate change in Ireland
at a local scale. Below are examples of climate projections
that are of particular interest to policymakers:

¢ Near-surface temperature is projected to increase by
0.5-0.7°C for SSP1-2.6 (2021-2050) and 2.4-3.0°C for
SSP5-8.5 (2071-2100), with the largest increases in the
east.

e Warming is enhanced for the extremes, resulting in
substantial projected increases in heatwaves and
decreases in frost and ice days.

e The future autumn and winter months are projected to
be wetter (increases of up to 10% for SSP5-8.5, 2071—
2100), while summer is projected to be drier (decreases
of 8% for SSP5-8.5, 2071-2100).

e The precipitation climate is projected to become more
variable, with substantial projected increases in both dry
periods and heavy rainfall events.

¢ Snowfall is projected to decrease by between 31% (SSP1-
2.6, 2021-2050) and 84% (SSP5-8.5, 2071-2100).

e The projections indicate an average increase in
the length of the growing and grazing seasons, soil
temperature, crop heat units and growing degree days
for a range of crops.

e The energy content of the 120 m wind is projected to
decrease for all seasons, with the largest decreases
noted for the summer months (reductions of 23% for
SSP5-8.5, 2071-2100).

¢ Photovoltaic power is projected to decrease for all
seasons, with decreases enhanced for the winter and
summer months.

e The projections show that over the coming decades
there will be a substantial reduction in the requirement
for heating in Ireland.

Developing solutions

This research provides Ireland with a data resource to
explore its future climate and enables the assessment of
the scale of impacts across sectors, at regional and local
levels. This report provides an outline of the regional
climate modelling undertaken to assess the impacts of
climate change in Ireland, based on a number of future
scenarios, and highlights the key findings. The project has
also provided a large database that can be interrogated
for various meteorological parameters, which is essential
for detailed analysis across a diverse range of sectoral
concerns.

The national climate projections of the current report are
in broad agreement with previous research, which adds

a measure of confidence to the projections. The research
improves on previous research by simulating the future
climate at a higher spatial resolution (4 km) using the
most up-to-date regional climate models to downscale
an ensemble of CMIP6 global datasets under the new
SSP-RCP emission scenarios. The increased ensemble size
of projections allows for a more accurate quantification
of climate change uncertainty. Furthermore, the current
report provides projections for additional climate variables
and derived metrics that are critically important to
biodiversity and to key Irish sectors, including agriculture,
health, energy and transport.
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Executive Summary

Climate changes pose significant risks to Ireland’s
economy, society and environment, and it is therefore
imperative for policymakers and planners to have
access to robust climate projections. The main
objective of this study was to evaluate the effects

of climate change on the future climate of Ireland
using the method of high-resolution regional climate
modelling. Previous regional climate projection
research for Ireland has found great uncertainty for
certain climate projections such as precipitation.
Since extreme events such as flooding and droughts
are likely to be a critical issue for Ireland as a result
of climate change, it is important to address this
research gap. The project addressed this issue by
simulating the future climate of Ireland (up to the year
2100) at high resolution (~4 km grid spacing) using
the most up-to-date regional climate models, Coupled
Model Intercomparison Project (CMIP) Phase 6 Earth
system models (ESMs) and the new scenarios, which
comprise shared socioeconomic pathway (SSP) and
representative concentration pathway (RCP) emission
scenarios. The ensemble approach of the current
project analyses the output of two regional climate
models, driven by several ESMs, to simulate climate
change. The increased ensemble size is essential

for a more accurate quantification of climate change
uncertainty and provides more reliable projections

of climate change. To account for the uncertainty in
future global emissions, the future climate is simulated
under all four tier 1 SSP-RCP (SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5) emission scenarios.
Differences between the 30-year reference period
(1981-2010) and three future 30-year periods (2021—
2050, 2041-2070 and 2071-2100) were analysed to
assess projected changes in the Irish climate.

A second component of the project involved simulating
global climate change using the EC-Earth ESM.
These EC-Earth simulations constituted Ireland’s
contribution to CMIP6, and their results informed

the Intergovernmental Panel on Climate Change
Assessment Report 6 Working Group 1 report.

The national climate projections of the current report
are in broad agreement with previous research, which
adds a measure of confidence to the projections.

Moreover, the current report presents projections of
additional climate fields and derived variables that are
of vital importance to Irish sectors such as agriculture,
health, energy and transport and to biodiversity. It

is envisaged that the research will inform national
policy and further the understanding of the potential
environmental impacts of climate change in Ireland at
a local scale.

Summary of Climate Projections for Ireland

Temperature, frost and ice days, and heatwave
projections. The mean annual 2m temperature over
Ireland is projected to increase by 0.5-3°C depending
on time period and SSP-RCP scenario: 0.5-0.7°C for
SSP1-2.6 (2021-2050) and 2.4-3.0°C for SSP5-8.5
(2071-2100). Temperature projections show a clear
west to east gradient, with the largest increases in the
east. The largest projected increases in temperature
are for summer and autumn, with increases of up to
3.6°C in the south-east for SSP5-8.5 (2071-2100).
Warming is enhanced for the extremes (i.e. hot days
and cold nights), which results in projected increases
in heatwaves and a decrease in frost and ice days.
The projected increase in the number of heatwave
periods (as measured by two metrics) over the 30-year
period of interest ranges from 0.5 to 5.9 for metric-1
(from 1.8 to 6 for metric-2) for SSP1-2.6 (2021-2050)
and from 12 to 57 for metric-1 (from 23 to 45 for
metric-2) for SSP5-8.5 (2071-2100), with the largest
increases in the south-east. Averaged over the whole
country (the island of Ireland), the mean projected
decrease in the number of frost days (days when

the minimum near-surface temperature is less than
0°C) ranges from 29% (2021-2050 under SSP1-2.6)
to 82% (2071-2100 under SSP5-8.5). Similarly, the
projected decrease in the number of ice days (days
when the maximum temperature is less than 0°C)
ranges from 57% (2021-2050 under SSP1-2.6) to 94%
(2071-2100 under SSP5-8.5). It is worth noting that
periods of frost and ice are important environmental
drivers that trigger phenological phases in many plant
and animal species. Changes in the occurrence of
these weather types may disrupt the life cycles of
these species. The projected increase in extreme
temperatures and heatwaves will have a direct impact

xvii



Updated High-resolution Climate Projections for Ireland

on public health and mortality, but this may be offset by
the projected decrease in frost and ice days.

Precipitation, evapotranspiration, snow, surface
humidity and 10 m wind speed projections.

The projected precipitation changes exhibit higher
uncertainty than the temperature-related projections.
The projections of precipitation show small changes
(~0%) over the full year and for spring. The future
autumn and winter months are projected to be wetter
with enhanced, and more robust,! increases for the
higher SSP-RCPs and later time periods (increases
of up to ~10% for SSP5-8.5 2071-2100). Summer is
projected to be drier, with robust projected decreases
ranging from 0.7% for SSP1-2.6 (2071-2100) to ~8%
for SSP5-8.5 (2071-2100). The precipitation climate
is projected to become more variable, with substantial
projected increases in both dry periods and heavy
precipitation events.

The frequencies of heavy precipitation events (days
with precipitation >30mm) show notable increases
for all seasons, with likely projected increases of 56%
(annual), 66% (winter), 26% (spring), 30% (summer)
and 71% (autumn) for SSP5-8.5 by the end of the
century. The projected increase in evapotranspiration,
noted for all seasons for higher SSP—RCPs and

later time periods, may offset flooding events caused
by the expected increases in heavy rainfall. The
number of extended dry periods (defined as at least
5 consecutive days for which the daily precipitation

is <1mm) is also projected to increase substantially
for the higher SSP—RCPs and/or later time periods.
The largest projected increases in dry periods are
noted for summer, with robust increases ranging from
6.3% for SSP3-7.0 (2021-2050) to 20% for SSP5-8.5
(2071-2100).

Snowfall is projected to decrease substantially over
Ireland, with decreases, averaged over the whole
country, ranging from 31% (2021-2050 under
SSP1-2.6) to 84% (2071-2100 under SSP5-8.5).

Near-surface (2m) specific humidity is projected to
increase for all seasons, with increases enhanced
for the higher SSP-RCPs and later time periods.
The largest increases are noted for the summer

and autumn months, ranging from ~6% for 2021—
2050 under SSP1-2.6 to ~27% for 2071-2100 under
SSP5-8.5. Projections of the mean annual near-
surface relative humidity show small changes (~0%) or
small projected increases (<2%), which are enhanced
for the higher SSP-RCPs and later time periods. The
largest projected increases in relative humidity are
noted for summer.

The mean annual 10 m wind speed is projected to
decrease for all seasons and SSP—-RCP scenarios.
Averaged over the country, the mean projected
decrease in annual 10 m wind speed ranges

from 1.2% (2021-2050 under SSP1-2.6) to 3.2%
(2071-2100 under SSP5-8.5). The largest projected
decreases are noted for summer, with reductions
ranging from ~2% (2021-2050 under SSP1-2.6) to
~8% (2071-2100 under SSP5-8.5).

Agricultural impacts. The projections, outlined
above, of increases in extreme temperatures,
heatwaves, humidity, heavy precipitation and dry
periods/droughts along with decreases in frost and

ice days will have direct and substantial effects on
agriculture in Ireland. In addition, the projections
indicate an average increase in the length of the
growing season ranging from 6.6% (2021-2050 under
SSP1-2.6) to 17.7% (2071-2100 under SSP5-8.5).
Similarly, 10 cm soil temperature, the grazing season,
crop heat units and growing degree days for a range
of crops are projected to increase substantially. These
results suggest that a warming climate may present
some positive opportunities for agriculture in Ireland.
However, it should be borne in mind that a warming
climate will also result in an increase in pests because
of an increase in pest-growing degree days and a
decrease in frost and ice days, which will increase
pest survival over winter. Furthermore, the projected
increase in the frequency of both droughts and heavy
rainfall events, and projected decreases in surface
radiation, could be detrimental to the potential gains of
a warming climate to the agricultural sector.

Energy impacts. The energy content of the 120m
(turbine height) wind is projected to decrease for
all seasons, SSP—RCPs and future time periods.

1 Aclimate projection is defined as robust if more than 66% of the ensemble members agree on the sign of the projected change.

See section 1.4.2 for a full description.

Xviii



P. Nolan (2018-CCRP-MS.56)

Averaged over the whole country, the mean projected
decrease in annual wind power? ranges from 4.6%
(2021-2050 under SSP1-2.6) to 8.6% (2071—

2100 under SSP5-8.5). The largest decreases are
noted for the summer months, with reductions ranging
from ~7% (SSP1-2.6, 2021-2050) to 23% (SSP5-8.5,
2071-2100). To assess the impact of climate change
on solar power in Ireland, projections of solar
photovoltaic power were analysed. Photovoltaic
power is projected to decrease for all seasons, with
decreases enhanced for the higher SSP—-RCPs and
later time periods. There exists a clear south-east to
north-west gradient in the projections, with the largest
decreases in the north-west. The annual projected
photovoltaic power decreases range from 2.3% (2021—-
2050 under SSP1-2.6) to 7.5% (2071-2100 under
SSP5-8.5). The largest decreases are noted for the

winter and summer months, with reductions, for
both seasons, ranging from ~3% (2021-2050 under
SSP1-2.6) to ~9% (2071-2100 under SSP5-8.5).

The projections of heating degree days show that
over the coming decades there will be a greatly
reduced requirement for heating in Ireland. The
annual heating requirement is projected to decrease
by ~8% for SSP1-2.6 (2021-2050) and 33% for
SSP5-8.5 (2071-2100). The projections show that
cooling degree days are projected to increase slightly,
suggesting a very small increase in air conditioning
requirements in the coming decades. However, the
amounts are small compared with heating degree days
and therefore have a negligible effect on the projected
changes in the total energy demand (heating degree
days + cooling degree days).

2 Here, we consider the constrained wind power for cut-in and cut-out wind speeds of 3 and 25ms™, respectively, for a typical large

wind turbine. See section 3.21 for further details.
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1 Introduction

Increasing greenhouse gas emissions and changing
land use are having significant effects on the Earth’s
climate. The Intergovernmental Panel on Climate
Change (IPCC) has concluded that “it is unequivocal
that human influence has warmed the atmosphere,
ocean and land” and “widespread and rapid changes
in the atmosphere, ocean, cryosphere and biosphere
have occurred” (IPCC, 2023). Furthermore, observed
increases in extremes such as heatwaves, heavy
precipitation and droughts, and intensification of
tropical cyclones have been attributed to human
influence (IPCC, 2023). The climate of Ireland

has mirrored these global trends. The EPA report
Ireland’s Climate Change Assessment. Volume 1:
Climate Science — Ireland in a Changing World
states that “recent changes in heat extremes and
heavy precipitation events in Ireland can be linked,
albeit indirectly, to human-induced climate change”
(Noone et al., 2023). The authors include examples
of recent extreme weather events, probably human
induced, such as the July heatwave of 2022 in which
temperatures reached 33°C (at Phoenix Park, Dublin)
“for the first time nationally in over a century and may
constitute the hottest temperature reliably recorded,
given the uncertainties recently documented about
the long-standing national heat record”, “intense
short-lived rainfall events such as those at New Ross
in August 2022 or in County Donegal in August 20177,
and increases in the probability and intensity of “multi-
day rainfall events, such as those culminating in Storm
Desmond in December 2015” (Noone et al., 2023).

These changes pose significant risks to Ireland’s
economy, society and environment, and therefore

it is imperative that planners and policymakers are
adequately informed about future climate change so
that appropriate mitigation and adaptation measures
can be implemented. In this context, the main
objective of this study was to evaluate the effects

of climate change on the future climate of Ireland
using the method of high-resolution regional climate
modelling. Previous regional climate projection
research for Ireland shows large uncertainty for
certain climate projections such as precipitation (e.g.
Nolan, 2015; Nolan et al., 2017; Nolan and Flanagan,
2020). Since extreme events such as flooding and

droughts are likely to be a critical issue for Ireland
under climate change, it is important to address this
research gap. The project addressed this issue by
simulating the future climate (up to the year 2100) at
high resolution (~4 km grid spacing) using the most
up-to-date regional climate models (RCMs), Coupled
Model Intercomparison Project (CMIP) Phase 6 Earth
system models (ESMs) and new scenarios, which
comprise shared socioeconomic pathway (SSP) and
representative concentration pathway (RCP) emission
scenarios. Moreover, an increased ensemble size of
regional climate projections was achieved, which is
essential for a more accurate quantification of climate
change uncertainty and more reliable projections of
climate change. A second component of the project
involved simulating global climate change using

the EC-Earth ESM. These EC-Earth simulations
constituted Ireland’s contribution to CMIP6, and their
results informed the IPCC Assessment Report (AR)
6 Working Group 1 report (IPCC, 2021).

1.1 Observed and Projected Climate
Change

The global observational record shows that “each

of the last four decades has been successively
warmer than any decade that preceded it since

1850, with global surface temperatures during the
last two decades (2001-2020) increasing by 0.99°C
[0.84-1.10°C] relative to 18501900 (IPCC, 2021).
The authors note an increase in observed global
extreme events due to human-induced climate change.
For example, it is “virtually certain that hot extremes
have become more frequent and more intense across
most land regions since the 1950s”, the frequency and
intensity of heavy precipitation events have increased
since the 1950s over most land areas (high confidence
level), and “it is likely that the global proportion of
major (Category 3-5) tropical cyclone occurrence has
increased over the last four decades” (IPCC, 2021).
Future projections of the CMIP6 multi-model ensemble
show that the global surface temperature averaged
over the period 2081-2100 (relative to 1850-1900) is
very likely to increase by 1.0-1.8°C (for SSP1-1.9),

by 2.1-3.5°C (for SSP2-4.5) and by 3.3-5.7°C
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(for SSP5-8.5) (IPCC, 2021). Continued global
warming is projected to further intensify the global
water cycle, including its variability, and the severity of
wet and dry events, and to accelerate the decline in
Arctic sea ice (IPCC, 2021).

The historical climate of Ireland has mirrored the
global trends. The Climate Status Report for Ireland
2020 (Camaro Garcia and Dwyer, 2021) found that
“the annual average surface air temperature in
Ireland has increased by approximately 0.9°C over
the last 120 years,?® with a rise in temperatures being
observed in all seasons”. Furthermore, the Irish
observational record shows an increase in the number
of both warm and wet spell days over the preceding
decades (Camaro Garcia and Dwyer, 2021). A more
recent study has shown that the average temperature
and average rainfall over Ireland increased by
approximately 0.7°C and 7%, respectively, between
the periods 1961-1990 and 1991-2020 (Met Eireann,
2023). Regional variations are also evident, with

the west and north of Ireland showing the greatest
increases in annual rainfall (Met Eireann, 2023).

Temperature projections for Ireland are in line with
global projections, with an expected increase in
annual 2m temperatures over Ireland of approximately
1-1.2°C (RCP4.5 scenario) and 1.3-1.6°C

(RCP8.5 scenario) by mid-century, with the strongest
signals noted in the east (Nolan, 2015; O’Sullivan

et al., 2016; Nolan and Flanagan, 2020). Temperature
increases are enhanced at the extremes: mid-century
summer day-time and winter night-time temperatures
are projected to increase by 1.0-2.2°C and 1.0-2.4°C,
respectively (Nolan, 2015; Nolan and Flanagan,
2020). The number of frost and ice days is expected
to decrease by approximately 50% by mid-century
(Nolan, 2015; Nolan and Flanagan, 2020). Rainfall is
projected to become more variable with an increase in
extended dry periods during summer and an increase
in the number of heavy rainfall events during autumn
and winter (Nolan, 2015; Nolan et al., 2017; Nolan and
Flanagan, 2020). More recently, O’Brien and Nolan
(2023) (through the Met Eireann TRANSLATE project)
described how a set of future climate projections for
Ireland were produced by detrending, bias-correcting
and further statistically downscaling the output from
high-resolution RCM ensembles. The results show

that the temperature in Ireland is projected to increase
broadly in line with global changes, at least up to
global warming levels of 2.5°C. For global warming
levels higher than that, Irish temperatures equilibrate
at levels progressively lower than global temperatures.
Meanwhile, precipitation is projected to increase
slightly on an annual basis, with the wet periods
becoming more concentrated in the autumn and
winter, while conditions become slightly drier during
spring and summer (O’Brien and Nolan, 2023).

Regional climate projections for Ireland are consistent
with projected changes in the UK climate. The United
Kingdom Climate Projections (UKCP) 18 project
analysed an ensemble of global projections (CMIP5-
RCP8.5 60 km grid spacing) and dynamically
downscaled CMIP5 projections with 25km (range

of RCPs), and 12km and 2.2km (RCP8.5) grid
spacing, and found that “general climate change
trends projected over UK land for the 21st century

in UKCP18 are broadly consistent with earlier
projections (UKCP09) showing an increased chance
of warmer, wetter winters and hotter, drier summers
along with an increase in the frequency and intensity
of extremes” (Met Office, 2022). It was found that

the high-resolution 2.2km RCM data provide the
most physically realistic projections of local extremes
such as large convective storms in the summer.
However, the 2.2 km projections span a narrower
range of uncertainty than the larger ensemble of lower
resolution simulations (Met Office, 2022).

Regional climate projection research for Ireland shows
large uncertainty for certain climate projections such
as annual precipitation and annual wind speeds (e.g.
Nolan, 2015; Nolan et al., 2017; Nolan and Flanagan,
2020). Since extreme events such as flooding,
droughts and storms will probably be critical issues for
Ireland under climate change, it is important to address
this research gap. The current project attempted to
address this issue by simulating the future climate

at high resolution (~4 km) using the most up-to-date
RCMs, CMIP6 global climate models and new SSP—
RCP emission scenarios. Moreover, an increased
ensemble size of regional climate projections is
essential for a more accurate quantification of climate
change uncertainty and will provide more robust
projections of climate change in the decades ahead.

3 More recent data from Met Eireann show that, as of 2023, this figure has risen to 1°C.
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A second component of the project involved using the
EC-Earth ESM to simulate climate change on a global
scale and contribute to the CMIP6 project.

1.2 The EC-Earth Earth System
Model and CMIP6 Contributions

The impacts of increasing greenhouse gas emissions
and changing land use on climate change can be
simulated using ESMs. Since 1995, the CMIP has
coordinated climate model experiments involving
multiple international modelling teams. The CMIP has
led to a better understanding of the past, present and
future climate, and CMIP model experiments have
routinely been the basis of future climate change
assessments made by the IPCC. Ireland’s participation
in CMIP6 comes through the EC-Earth climate
modelling consortium (Déscher et al., 2022). EC-Earth
is an IPCC-class ESM developed by a European
consortium of which Met Eireann and the Irish Centre
for High-End Computing (ICHEC) are members.

The CMIP6 version of EC-Earth (v3.3) comprises

the European Centre for Medium-Range Weather
Forecasts (ECMWF) Integrated Forecasting System
(IFS) atmospheric model, the Nucleus for European
Modelling of the Ocean (NEMO) model, the Louvain-
la-Neuve sea ice model (LIM), the Tracer Model
version 5 (TM5) atmospheric composition model, the
Lund-Potsdam—Jena General Ecosystem Simulator
(LPJ-GUESS) vegetation model and the Pelagic
Interactions Scheme for Carbon and Ecosystem
Studies (PISCES) ocean biogeochemistry model.
Coupling is provided by OASIS3-MCT (the Ocean
Atmosphere Sea Ice Soil (OASIS) coupler interfaced
with the Model Coupling Toolkit (MCT)). EC-Earth
(CMIP6 configuration, v3.3) is optimised for a standard
horizontal resolution of T255 (~80km) with 91 vertical
layers for the atmosphere, and for 1 degree with

75 layers for the ocean. In addition, high-resolution
configurations are available: 0.25 degrees and

75 layers in the ocean, and T511 (~39km) and T799
(~25km) in the atmosphere.

The CMIP6 version of EC-Earth (v3.3) was a
substantial improvement on the CMIP5 version
(v2.2). For example, all ESM components were
updated with improved physical and dynamic
features, new ESM components were included

(e.g. PISCES biogeochemistry model in the ocean)
and the atmosphere and ocean were simulated

with enhanced spatial resolution. In addition, the
EC-Earth CMIP6 ensemble size was substantially
larger than that of CMIP5. Validations show that the
CMIP6 EC-Earth model accurately simulates the
global climate and outperforms the CMIPS5 version
for the majority of variables analysed. See Doscher
et al. (2022) for a more comprehensive overview of
the EC-Earth model, improvements compared with the
CMIPS5 version, validations and CMIP6 experiments.

As part of the current and a previous project (Nolan
and McKinstry, 2020),* the following EC-Earth
CMIP6 contributions were completed (approximately
3600 years of simulated data in total):

e 7 xEC-Earth atmospheric—ocean general
circulation model (AOGCM)/Veg Historical
simulations 1850-2014;

e 28 xEC-Earth AOGCM/Veg Scenario Model
Intercomparison Project (ScenarioMIP)
2015-2100 SSP-RCP simulations; 7 x SSP1-2.6,
7xSSP2-4.5, 7xSSP3-7.0 and 7 x SSP5-8.5.

Please refer to Chapter 4 for a brief overview of the
EC-Earth CMIP6 contributions.

1.2.1 The SSP-RCP scenario matrix’

The CMIP6 ScenarioMIP utilises a parallel process of
combining future socioeconomic pathways with forcing
pathways to assess climate change (Moss et al., 2010;
Riahi et al., 2017). This process includes the RCPs,
which cover the climate forcing dimension of different
possible futures (van Vuuren et al., 2011), and served
as the basis for the development of climate change
projections assessed in the IPCC AR5 (Taylor et al.,

4 Note that approximately 50% of these simulations were completed as part of the EPA report EC-Earth Global Climate Simulations:

Ireland’s Contributions to CMIP6 (Nolan and McKinstry, 2020).

5 Text and figures in section 1.2.1 are taken from Riahi et al. (2017) and from the Carbon Brief website (https://www.carbonbrief.
org/explainer-how-shared-socioeconomic-pathways-explore-future-climate-change; accessed 5 December 2023). The article
by Riahi et al. (2017) is an open access article distributed under the terms of the Creative Commons CC BY 4.0 licence (https://
creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and reproduction in any medium, provided
the original work is properly cited. Material from the Carbon Brief web page can be reproduced unadapted under the terms of the
Creative Commons CC BY-NC-ND 4.0 licence (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).



Updated High-resolution Climate Projections for Ireland

2012; IPCC, 2013). The RCPs describe different levels = may change over the next century (Ebi et al., 2014;

of greenhouse gases and likely radiative forcings. Kriegler et al., 2014; O’Neill et al., 2014; van Vuuren
Four pathways were developed, spanning a broad et al., 2014). These SSPs look at five different ways in
range of forcing in 2100 (2.6, 4.5, 6.0 and 8.5Wm), which the world might evolve in the absence of climate
but purposefully did not include any socioeconomic policy and how different levels of climate change
“narratives” to go alongside them. Other groups have mitigation could be achieved. The SSPs are based on
focused on modelling how socioeconomic factors five narratives describing alternative socioeconomic

Table 1.1. Summary of SSP narratives

SSP  Summary
SSP1 Sustainability — Taking the Green Road (low-level challenges to mitigation and adaptation)

The world shifts gradually, but pervasively, towards a more sustainable path, emphasising the need for more inclusive
development that respects perceived environmental boundaries. Management of the global commons slowly improves,
educational and health investments accelerate the demographic transition, and the emphasis on economic growth shifts
towards a broader emphasis on human well-being. Driven by an increasing commitment to achieving development goals,
inequality is reduced both across and within countries. Consumption is oriented towards low material growth and lower
resource and energy intensity.

SSP2 Middle of the Road (medium-level challenges to mitigation and adaptation)

The world follows a path in which social, economic and technological trends do not shift markedly from historical patterns.
Development and income growth proceeds unevenly, with some countries making relatively good progress while others fall
short of expectations. Global and national institutions work towards but make slow progress in achieving the Sustainable
Development Goals. Environmental systems experience degradation, although there are some improvements and the
overall intensity of resource and energy use declines. Global population growth is moderate and levels off in the second half
of the century. Income inequality persists or improves only slowly, and challenges to reducing vulnerability to societal and
environmental changes remain.

SSP3 Regional Rivalry — A Rocky Road (high-level challenges to mitigation and adaptation)

A resurgent nationalism, concerns about competitiveness and security, and regional conflicts push countries to increasingly
focus on domestic or, at most, regional issues. Policies shift over time to become increasingly oriented towards national
and regional security issues. Countries focus on achieving energy and food security goals within their own regions at the
expense of broader based development. Investments in education and technological development decline. Economic
development is slow, consumption is material intensive and inequalities persist or worsen over time. Population growth is
low in industrialised nations and high in developing countries. Addressing environmental concerns is a low international
priority, leading to strong environmental degradation in some regions.

SSP4 Inequality — A Road Divided (low-level challenges to mitigation, high-level challenges to adaptation)

Highly unequal investments in human capital, combined with increasing disparities in economic opportunity and political
power, lead to increasing inequalities and stratification both across and within countries. Over time, a gap widens between
an internationally connected society that contributes to the knowledge- and capital-intensive sectors of the global economy,
and a fragmented collection of lower-income, poorly educated societies that work in a labour-intensive, low-tech economy.
Social cohesion degrades, and conflict and unrest become increasingly common. Technological development is high in the
high-tech economy and sectors. The globally connected energy sector diversifies, with investments in both carbon-intensive
fuels, such as coal and unconventional oil, and low-carbon energy sources. Environmental policies focus on local issues in
middle- and high-income areas.

SSP5 Fossil-fuelled Development — Taking the Highway (high-level challenges to mitigation, low-level challenges to
adaptation)

This world places increasing faith in competitive markets, innovation and participatory societies to produce rapid
technological progress and develop human capital as the path to sustainable development. Global markets are increasingly
integrated. There are also strong investments in health, education and institutions to enhance human and social capital.

At the same time, the push for economic and social development is coupled with the exploitation of abundant fossil fuel
resources and the adoption of resource- and energy-intensive lifestyles around the world. All these factors lead to rapid
growth of the global economy, while global population peaks and declines in the 21st century. Local environmental problems
such as air pollution are successfully managed. There is faith in the ability to effectively manage social and ecological
systems, including by geoengineering if necessary.

Source: Riahi et al., 2017; reproduced under the terms of the Creative Commons CC BY 4.0 licence (https://creativecommons.
org/licenses/by/4.0).
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developments, including sustainable development,
regional rivalry, inequality, fossil-fuelled development
and middle-of-the-road development (Table 1.1). The
RCPs and SSPs were designed to be complementary.
The RCPs set pathways for greenhouse gas
concentrations and, effectively, the amount of warming
that could occur by the end of the century, whereas the
SSPs set the stage on which reductions in emissions
will (or will not) be achieved. The new framework
employed by the CMIP6 ScenarioMIP combines the
SSPs and the RCPs in a scenario matrix architecture
(Figure 1.1).

1.3  Regional Climate Modelling

Owing to computational constraints, long climate
simulations using ensembles of ESMs are currently
feasible only with horizontal resolutions of =50 km or
coarser. Because climate fields such as precipitation,
wind speed and temperature are closely correlated to
the local topography, this resolution is inadequate to
simulate the detail and pattern of climate change and
its effects on the future climate at a regional scale.
Furthermore, and of particular relevance to Ireland and

western Europe, numerous studies have shown that,
even at 50km grid spacing, global models severely
under-resolve both the number and the intensity of
cyclones (e.g. Zhao et al., 2009; Camargo, 2013;
Zappa et al., 2013).

To overcome these limitations, 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 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, numerous studies have demonstrated
that high-resolution RCMs improve the simulation of
fields such as precipitation (Lucas-Picher et al., 2012;
Kendon et al., 2012, 2014; Nolan, 2015; Bieniek et al.,
2016; Nolan et al., 2017, 2020) and 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; IPCC, 2013). An additional advantage

Shared Socioeconomic Pathways

SSP1 SSP2 SSP3 SSP4 SSPS Previous
Sustainability Middleof Regional Inequality Fossiliueled gnranarios
the Road Rivalry Development
=
o g;z .l
© - 0.U7
E| 2 | ] [
G| g 45 [— [
py os
2 26 -
2.0
i CMIP5
Ens: Initial condition ensemble RCPs

N

LTE: Long-term extension
OS: Overshoot

Figure 1.1. SSP-RCP scenario matrix illustrating ScenarioMIP scenarios. Each cell in the matrix
indicates a combination of a socioeconomic development pathway (i.e. an SSP) and a climate outcome
based on a particular forcing pathway that current integrated assessment model runs have shown to
be feasible (Riahi et al., 2017). Dark blue cells indicate scenarios that serve as the basis for climate
model projections in tier 1 of ScenarioMIP; light blue cells indicate scenarios in tier 2. Source: O’Neill
et al. (2016); reproduced under the terms of the Creative Commons Attribution 3.0 licence (https://

creativecommons.org/licenses/by/3.0/).
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is that the physics-based RCMs explicitly resolve
more small-scale atmospheric features and provide

a better representation of convective precipitation
(Rauscher et al., 2010) and extreme precipitation
(Kanada et al., 2008; Nolan et al., 2017). Other
examples of the added value of RCMs are improved
simulations of near-surface temperature (Feser, 2006;
Di Luca et al., 2016; Nolan and Flanagan, 2020),
European storm damage (Donat et al., 2010), strong
mesoscale cyclones (Cavicchia and Storch, 2012),
North Atlantic tropical cyclone tracks (Daloz et al.,
2015) and near-surface wind speeds (e.g. Kanamaru
and Kanamitsu, 2007; Nolan et al., 2014; Nolan, 2015;
Nolan and Flanagan, 2020), particularly in coastal
areas with complex topography (Feser et al., 2011;
Winterfeldt et al., 2011). The added value of RCMs in
the simulation of cyclones is particularly important for
the current study, as low-pressure systems are the
main delivery mechanism for precipitation and wind in
Ireland and western Europe.

Furthermore, numerous studies have demonstrated
that increased RCM spatial resolution results in a
more accurate representation of the climate system.
Low-resolution RCMs use parameterised convection
schemes, meaning that the heaviest precipitation
events (e.g. convective systems on hot summer
days) may not be adequately represented in the
simulations (Prein et al., 2013; Kendon et al., 2014).
Zang| et al. (2015) investigated heavy rainfall events
over the North-Alpine region and found that increased
resolution (9, 3 and 1km) resulted in a stepwise
improvement in model skill. Similarly, Nolan et al.
(2017) found that RCM accuracy increased with higher
spatial resolution; however, reducing the horizontal
grid spacing below 4 km provided relatively little
added value. The IPCC has 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” (IPCC, 2013).

1.4  Regional Climate Model
Experiments of the Current Study

The climate of Ireland was simulated at high spatial
resolution (4 km) using the Consortium for Small-
scale Modeling-Climate Limited-area Modelling

6 www.clm-community.eu (accessed 5 December 2023).

(COSMO-CLM; v5.0.17) (Rockel et al., 2008) and the
Weather Research and Forecasting (WRF; v4.2.1)
(Skamarock et al., 2008; Powers et al., 2017) RCMs.
The choice of model physics and parameterisation
schemes was informed by long-term validation
experiments (e.g. Nolan, 2015; Nolan et al., 2014,
2017; Werner et al., 2019; Flanagan and Nolan, 2020;
Nolan and Flanagan, 2020) and the recommendations
of the respective RCM development team. For
example, the WRF simulations did not include a
convection parameterisation scheme (convection
resolving), while the COSMO-CLM5 simulations
utilised the Mass Flux Tiedtke parameterisation
scheme (Tiedtke, 1989). A more comprehensive
overview of the RCM configurations is provided by
Nolan et al. (2017) and Nolan and Flanagan (2020).

To account for the uncertainty arising from the
estimation of future global emissions of greenhouse
gases, the future climate was simulated under all

four “tier 17 CMIP6 SSP-RCP (SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5) scenarios. The outer domain
(used to drive the inner 4 km domain) was run at

12km (COSMO-CLM5) and 20km (WRF), and roughly
corresponded to the EURO-CORDEX (Coordinated
Regional Climate Downscaling Experiment) domain.
The advantage of high-resolution RCM simulations is
highlighted in Figure 1.2, which shows how the surface
topography is better resolved by the higher resolution
data. For the current study, only 4km grid spacing
RCM data were considered. The higher resolution data
allowed improved estimates of the regional variations
of climate projections. The climate fields of the RCM
simulations were archived at 3-hourly intervals. An
overview of the COSMO-CLM5 archived fields is
provided in Table 1.2. The WRF archived fields are
similar.

The choice of CMIP6 data for downscaling was
informed by CMIP6 validation studies (e.g. Bock

et al., 2020; Eyring et al., 2021) and a careful review
conducted by EURO-CORDEX partners (COSMO-
CLM team, personal communication). This study
identified an initial set of CMIP6 datasets based on
many factors, e.g. model-level data availability, SSP—
RCP coverage (SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5), model resolution, equilibrium climate
sensitivity (low, medium and high), model skill, e.g.
June—August/December—February extratropical storm
tracks, transient climate response, circulation and
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Figure 1.2. The topography of Ireland as resolved by an ESM and the the COSMO-CLM RCM for different
spatial resolutions for (a) ESM 125 km grid spacing, (b) COSMO-CLM 50 km grid spacing, (c) COSMO-CLM
18 km grid spacing and (d) COSMO-CLM 4km grid spacing.

sea surface temperature validations. Informed by this
study, and with particular weight given to ensuring

a plausible spread of equilibrium climate sensitivity,
the CMIP6 datasets presented in Table 1.3 (blue
shading) were chosen for initial downscaling over the
Irish domain. ESM realisations result from running the
same ESM with slightly different initial conditions, i.e.
the starting date of historical simulations. The choice of
CMIP6 data is corroborated by a separate 2021 study
conducted by the Finnish Meteorological Institute
(Ruosteenoja, 2021). This filtering of CMIP6 models
resulted in a high-quality, representative and
manageable ensemble for downscaling over Ireland.

More recently, Palmer et al. (2023) completed a
performance-based assessment of CMIP6 based on
the ability of the models to represent 26 key physical
processes that are important for representing the
European climate (1995-2014). The performance
metrics analysed were seasonal; they were blocking
frequency, large-scale circulation assessed by 850hPa
wind speed and direction, North Atlantic sea surface
temperature bias, 2m air temperature bias, storm track
and the Atlantic Meridional Overturning Circulation
(AMOC). In addition, seasonal performance metrics
for three European regions (northern Europe, central
Europe and the Mediterranean) were calculated for
2m air temperature bias, annual precipitation cycle
and storm track assessed as cyclones per season
within the respective European region. Models that
were found to show poor skill in terms of their ability

to represent key physical processes were denoted
“inadequate”. With respect to the CMIP6 datasets

downscaled as part of the current study (Table 1.3,
blue shading), MPI-ESM1-2-HR, EC-Earth3 and
EC-Earth3-Veg were found to adequately represent
all 26 key physical processes. While MIROC6 was
found to be “inadequate” for summer (June—August)
2m temperature over Europe, central Europe and the
Mediterranean, it adequately represented the majority
of the key processes (Palmer ef al., 2023).

An overview of the ensemble of RCM simulations is
presented in Table 1.4. Data from a 30-year reference
period (1981-2010) and three future 30-year periods
(2021-2050, 2041-2070 and 2071-2100) were used
for the analysis of projected changes in the Irish
climate. The historical period was compared with

the corresponding future period for all simulations
within the same RCM-ESM realisation. This resulted
in 10 future anomalies for each future 30-year time
period and SSP-RCP, i.e. the difference between
future and past. In this study, the ensemble members
of the downscaled ESM simulations are treated as
independent estimates of the climate system and are
given equal weight. Only the differences between

the simulations of the past and future climate for
each model are used in the analysis (e.g. WRF—
EC-Earth-Veg-r12i1p1f1 SSP1-2.6 is compared only
with WRF-EC-Earth-Veg-r12i1p1f1 historical and
WRF-EC-Earth-Veg-r14i1p1f1 SSP1-2.6 is compared
only with WRF—-EC-Earth-Veg-r14i1p1f1 historical).
While model biases may not be invariant under future
scenarios of greenhouse gas emissions, this approach
may reduce the impact of model bias.”

7 The assumption is that the biases in the “past” and “future” model data cancel each other out in the “future—past” climate change

metric.
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Table 1.2. Archived data of the COSMO-CLM5 RCM simulations (WRF archived data are similar)

Variable

Surface pressure

Mean sea level pressure
Surface temperature

2m temperature

2m dew point temperature
U-component of 10m wind
V-component of 10m wind
Surface roughness length
Maximum 10 m wind speed
Surface-specific humidity
2m specific humidity

2m relative humidity

Snow surface temperature
Thickness of snow

Height of freezing level
Total precipitation amount
Precipitation rate
Large-scale rainfall
Convective rainfall
Large-scale snowfall
Convective snowfall
Large-scale graupel
Surface run-off
Subsurface run-off

Vertical integrated water vapour
Vertical integrated cloud ice
Vertical integrated cloud water
Total cloud cover

Low cloud cover

Medium cloud cover

High cloud cover

CAPE 3km

Surface lifted index

Unit
Pa
Pa
K

K

K

kgm-2
kgm-=2s-
kgm

kgm-2

kgm-

kgm-2

kgm-

kgm

kgm-2

kgm-

kgm-2

kgm=

0-1 (fraction)
0-1 (fraction)
0-1 (fraction)
0-1 (fraction)
Jkg

K

Variable

Showalter index
Surface net downward SW radiation
Average surface net downward SW radiation

Direct surface downward SW radiation

Averaged direct surface downward SW radiation

Averaged surface diffuse downward SW radiation

Averaged surface diffuse upward SW radiation

Averaged downward LW radiation at the surface

Averaged upward LW radiation at the surface
Averaged surface net downward LW radiation
Surface albedo

Surface latent heat flux

Surface sensible heat flux

Surface evaporation

Surface albedo

Soil temperature (eight levels)
Soil water content (eight levels)

Daily average 2m temperature
Daily maximum 2m temperature
Daily minimum 2 m temperature
Daily duration of sunshine

Daily relative duration of sunshine
Daily evapotranspiration

Below variables archived at 60, 80, 100, 120,
160 and 200 m

U-component of wind
V-component of wind
Air density

Wind speed

Cube wind speed
Wind direction

CAPE, convective available potential energy; LW, long wave; SW, short wave.

The RCM simulations presented in Table 1.4 comprise
~3800 years of simulated high-resolution (4 m)
downscaled data (~200TB). The RCM simulations
were run on the ICHEC and ECMWF supercomputers.
Running such a large ensemble of high-resolution
RCMs was a substantial computational task and

8 www.climateireland.ie (accessed 6 November 2023).

Unit

K

Wm=

Wm-

Wm-2

Wm-2

Wm-2

Wm=

Wm=

Wm-2

Wm-2

0-1 (fraction)
Wm=

Wm=

kgm-2

0-1 (fraction)

~

A X X 3

(2]

ms-
ms-
kgm=
ms~!
m3s3

degree

required extensive use of the supercomputer systems
over a period of 3—4 years. This archive of data will
be made available to the wider research community
and general public through Climate Ireland® (maps
and visualisations) and ICHEC and Met Eireann (data

hosting and sharing) platforms.
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Table 1.3. Initial CMIP6 data selected for downscaling over Ireland and analysed as part of the current
study (blue shading). The datasets shaded in orange are CMIP6 datasets currently being downscaled or
highlighted for future downscaling?

CMIP6 model Ensemble realisation Equilibrium climate sensitivity Atmospheric resolution
MIROC6 r1i1p1f1 2.61 200km
MPI-ESM1-2-HR (x 2) r1i1p1f1 2.98 100km
r2i1p1f1
EC-Earth3 r11i1p1f1 4.2 79km
EC-Earth3-Veg (% 2) r12i1p1f1 4.31 79km
r14i1p1f1
NorESM2-MM r1i1p1f1 25 100km
CMCC-CM2-SR5 r1i1p1f1 3.52 100km
CMCC-ESM2 r1i1p1f1 3.57 100km
ACCESS-ESM1-5 r1i1p1f1 3.87 250km
EC-Earth3-Veg r1i1p1f1 4.31 79km
CNRM-ESM2-1 r1i1p1f2 4.76 110km

27KLV SODQQHG ODUJH HQVHPEOH RI KLJK UHVROXWLRQ 5&0V ZLOO DOORZ D PRUH DFFXUDYV
XQFHUWDLQW\ ZKLFK LV RI SDUWLFXODU LPSRUWDQFH ZKHQ DVVLJQLQJ FRQ¢{GHQFH OHYH(

Table 1.4. Details of the completed ensemble of RCM-CMIP6 simulations analysed as part of the current

study. The columns present information on the RCM, CMIP6 ESM (number in brackets indicates the

QXPEHU RI VHSDUDWH (60 UHDOLVDWLRQV GRZQVFDOHG (60 UHDOLVDWLRQ
and historical (1980-2014) and future SSP-RCP (2015-2100) simulations

ESM Historical SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
ensemble RCM nesting (no.RCM (no.RCM (no.RCM (no.RCM (no.RCM

CMIP6 ESM members strategy runs) runs) runs) runs) runs)

WRF EC-Earth AOGCM r11i1p1f1 20km /AE4km 1980-2014 2015-2100 2015-2100 2015-2100 2015-2100
(x1) (1) (1) (1) (1) (1)

WRF EC-Earth-Veg (x2)  r12ilpifand 20km A4km 1980-2014 2015-2100 2015-2100 2015-2100 2015-2100
r14i1p1f1 () 2) (2) (2) 2)

WRF MPI-ESM1-2-HR ri1p1fi and 20km /A4km 1980-2014 2015-2100 2015-2100 2015-2100 2015-2100
(x2) r2i1p1f1 ) ) ) ) (2)

COSMO- EC-Earth-Veg (x2)  r12ilpifand 12km A4km 1980-2014 2015-2100 2015-2100 2015-2100 2015-2100

CLM5 r14i1p1f1 ) ) ) ) )
COSMO- MPI-ESM1-2-HR rlilp1fi and 12km A4km 19802014 20152100 20152100 2015-2100 2015-2100
CLM5  (x2) r2i1p1f1 ) ) ) ) )
COSMO- MIROCS6 (*1) r1i1p1f1 12km A4km 1980-2014 2015-2100 2015-2100 2015-2100 2015-2100
CLM5 (1 (1 (1 (1 (1

1.4.1  Changes in the distribution of deviation provide information on projected changes in

FOLPDWH ¢(¢HOGV the shape (or variability) of the distribution of a climate

field. In particular, analyses of changes in the mean
and standard deviation provide a more comprehensive
understanding of projections of extreme events.

To illustrate this concept, Figure 1.3 presents a
schematic of past and future probability distributions

To provide a more comprehensive examination of
climate change, projected changes in the standard
deviation are considered in the context of changes
in the mean. Analyses of changes in the standard
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Figure 1.3. Schematic illustrating the effects of changes in the mean and standard deviation (SD) on the
probability of low and high precipitation for (a) increase in SD with no change in the mean; (b) decrease
in SD with no change in the mean; (c) increase in the mean with no change in SD; (d) increase in the
mean and SD; (e) increase in the mean and decrease in SD; (f) a decrease in the mean with no change in
SD; (g) decrease in the mean and increase in SD; and (h) decrease in the mean and SD.

of precipitation.® For example, Figure 1.3a presents tails of the distribution, are presented in Figure 1.3c-h.
a future with no change in mean precipitation and an These figures will be referred to when discussing
increase in the standard deviation. In this future world, the projected changes in future distributions of

the total amount of precipitation remains constant, temperature, precipitation and wind speed (Chapter 3).

with an increase in both dry and wet events (i.e.
increased variability). Conversely, Figure 1.3b shows
that a decrease in variability, coupled with no change
in mean precipitation, results in a decrease in both dry
and wet events. Other combinations of changes in the Climate change projections are subject to uncertainty,
mean and standard deviation, and their effects on the which limits their utility. Fronzek et al. (2012) suggest

1.4.2  Overview of climate projection
uncertainty

9 The figures are schematic representations of the distribution of standardised precipitation data. The distribution of raw precipitation
data does not generally follow a normal distribution. The purpose of Figure 1.3 is simply to illustrate the concepts of how projected
changes in the mean and variance can lead to substantial changes in the extremes.

10
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that there are four main sources of uncertainty:

(1) the natural variability of the climate system;

(2) uncertainties on account of the formulation of the
models themselves; (3) uncertainties in the future
regional climate because of the coarse resolution of
ESMs; and (4) uncertainties in the future atmospheric
composition, which affects the radiative balance of the
Earth. The uncertainties arising from (1) and (2) can
be addressed, in part, by employing a multi-model
ensemble approach (Déqué et al., 2007; van der
Linden and Mitchell, 2009; Jacob et al., 2014) using
the most up-to-date climate models. The ensemble
approach of the current project analysed the output

of two RCMs, driven by several ESMs, to simulate
climate change (see Table 1.4). Through the ensemble
approach, the uncertainty in the projections can be
partly quantified, providing a measure of confidence
in the predictions. The uncertainty arising from (3) is
addressed in the current work by running the RCM
simulations at the high spatial resolution of =4 km

grid spacings. To account for the uncertainty arising
from (4), the future climate is simulated under all four
tier-1 SSP—-RCPs (SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5).

A disagreement between RCM ensemble projections
can result in large individual outliers, skewing the
mean'® ensemble projection. For this reason, it can
be informative to also consider percentiles when
analysing an ensemble of future projections. In
this study, a projection is defined as “not robust”
(or “uncertain”) if the 33rd and 66th percentiles

of the ensemble of projections differ in sign. This

is equivalent to <66% of the ensemble members
agreeing on the sign of the projected change.
Conversely, a projection is defined as “robust”

(or more certain) if the 33rd and 66th percentiles of the
ensemble of projections agree on the sign of projected
change. This is equivalent to >66% of the ensemble
members agreeing on the sign of the projected
change.

The method of quantifying robustness/uncertainty in
this report is consistent with “Approach B” of the IPCC
ARG reports, based on 280% of the models agreeing
on the sign of change (see Gutiérrez et al., 2021,
their Cross-Chapter Box Atlas.1). It is noted that (as

is the case with the current report) “model agreement
is computed using “model democracy” (i.e. without
discarding/weighting models)’. The IPCC ARG uses a
second, more advanced (“Approach C”), quantification
of robustness based on both model agreement (=80%
threshold) and V L J Q L ¢ G@dfirfgtthe multi-model
mean climate change signal to internal variability).
Different thresholds (along with tests of significance)
have been used in previous IPCC reports and in the
literature. In CORDEX studies, 80% has been widely
used (Dosio and Fischer, 2018; Rana et al., 2020).
The IPCC special reports IPCC SR1.5 (Hoegh-
Guldberg et al., 2018) and the Special Report on the
Ocean and Cryosphere in a Changing Climate (IPCC,
2019) used the 266% model agreement threshold to
characterise robustness. Once the ensemble size of
regional climate projections for Ireland is expanded,
the quantification of robustness/uncertainty will be
extended to include both model agreement (280%
threshold) and VL J QL ¢ ,FsbnaFtd the IPCC ARG
“Approach C” (Gutiérrez et al., 2021, their Cross-
Chapter Box Atlas.1). See Chapter 5 for preliminary
climate projections for Ireland with robustness/
uncertainty characterised by both model agreement
(=80% threshold)and VLIJQL,FDQFH

10 The mean, as opposed to the median, of the ensemble of projections is presented in the climate projection figures of this report
(e.g. Figure 1.4). The main disadvantage of the median is that the variability of the ensemble members may not be captured (in
particular, outliers are not represented). Conversely, the mean may be skewed by large outliers. While both metrics have merit,
the ensemble mean is analysed for all such projection figures in this report, as it is the most commonly used metric in climate
projections analysis and the results can be compared with similar national (e.g. Nolan and Flanagan, 2020; O’Brien and Nolan,
2023) and international climate projection studies (e.g. Jacob et al., 2014; Gutiérrez et al., 2021). For each figure, the median of the
ensemble of projections (averaged over Ireland) is presented in the accompanying table (e.g. Table 1.5).



Updated High-resolution Climate Projections for Ireland

%R [ +RZ WR LQWHUSUHW FOLPDWH FKDQJH ¢(JXUHV DQG WDEOH

To explain how the projection figures and tables of the current report should be interpreted, consider

Figure 1.4, the spatial distribution of mean winter change in precipitation (%) for three future 30-year time
periods (2021-2050, 2041-2070 and 2071-2100) relative to 1981-2010. The figure presents the ensemble
mean of projected changes (colour shading) and areas where <66% of the ensemble members agree

on the sign of the projected change (hatching). The abundance of hatching in Figure 1.4 for the earlier
time periods and lower SSP-RCPs demonstrates disagreement between ensemble members and higher
uncertainty in the winter precipitation projections (for these time periods and SSP-RCPs). Conversely,

the scarcity of hatching for SSP3-7.0 and SSP5-8.5 during 2041-2070 and 2071-2100 demonstrates
agreement (>66% agree on the sign of projection) between ensemble members and higher certainty in
winter precipitation projections for these time periods and SSP-RCPs.

The uncertainty in the precipitation projections is further quantified in Table 1.5, which presents the mean
and 33rd, 50th (median) and 66th percentiles of the ensemble of winter precipitation projections averaged
over all land points. It is noted that, for SSP2-4.5 (2071-2100) and for SSP3-7.0 and SSP5-8.5 (2041—
2070 and 2071-2100), the 33rd and 66th percentile statistics have the same sign (highlighted within the
red outline border), indicating that over 66% of the ensemble members agree on the sign of the projected
change. Furthermore, the small spread between the statistics' adds confidence to the projections. In
conclusion, the projected increases in precipitation during winter have higher certainty for the higher SSP—
RCPs and later time periods, with robust (i.e. 33rd percentile (P33) and 66th percentile (P66) statistics
have the same sign) increases (averaged over country) ranging from 2.9% for SSP2-4.5 (2041-2070) to
9.8% for SSP5-8.5 (2071-2100).

A similar figure, table and analysis is provided for every climate projection discussed in this report.

This method of analysing percentiles allows a better understanding of climate change uncertainty and
allows quantification of conservative and robust (“likely”) projections. Conversely, the likelihood method
allows policymakers to consider more “unlikely” (and possibly high-impact) climate projections. In this
report, likelihood definitions that are consistent with the IPCC AR5 and ARG reports are used. For
example, Table 1.5 shows that the robust (highlighted within red outline border) winter projections for
SSP5-8.5 (2071-2100) show that over 67% (P33) of the ensemble members project an increase of 6.5%
in winter precipitation. That is to say, it is “likely” that increases in winter precipitation will be greater than
or equal to this value (for this scenario and time period). Similarly, the 50th percentile statistic (P50)
provides information on the “as likely as not” projection. The P66 statistic provides information on the
“unlikely” projection and can be useful for the analysis of high-impact, low-probability projections. For
example, the unlikely winter projection for SSP5-8.5 (2071-2100) (Table 1.5) is an increase of 13% in
precipitation. These definitions, based on an ensemble of 10 members for each SSP-RCP and 30-year
time period, provide a statistically based descriptive measure of the climate change projection uncertainty.
Other likelihood definitions (see Chapter 5) include “very likely” (=90% agreement) and “very unlikely”
(<10% agreement).

11 The spread is defined as “small” if the signal to noise ratio, — ,where and lare the mean and standard
deviation, respectively.

12 The ensembles members project general increases in winter precipitation (the magnitude of projections increase with
increasing percentiles), so the 33rd percentile is denoted the “likely” projection in this case. Conversely, if projections are
generally negative (magnitude of projections decrease with increasing percentiles), the 66th percentile is denoted the “likely”
projection. An example of this is the projected decrease in summer precipitation (Table 3.12, fourth panel).

12

V LQ WKI



P. Nolan (2018-CCRP-MS.56)

Box 1.1. Continued

Winter Ensemble Mean Precipitation Change w.r.t 1981-2010
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Figure 1.4. RCM-CMIP6 ensemble projections of mean winter precipitation (%). All RCM ensemble
members were run with 4km grid spacing. In each case, the future 30-year period is compared with
the past period, 1981-2010. The results were obtained from analysing 10 SSP1-2.6, 10 SSP2-4.5,

10 SSP3-7.0 and 10 SSP5-8.5 RCM simulations. The colour shading represents the ensemble mean
of projected changes, and the numbers included on each plot are the minimum and maximum
projected changes, displayed at their locations. Hatchings (+) indicate areas where the 33rd and
66th percentiles of projections disagree on the sign of change and highlight areas of uncertainty.
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Box 1.1. Continued

Winter precipitation (%)

Table 1.5. Winter precipitation projections (%). This table corresponds to Figure 1.4 and shows the
33rd (likely within red border) percentile, 50th (as likely as not) percentile, mean and 66th (unlikely
within red border) percentile averaged over the island of Ireland. A small spread, and same sign of
projection, between statistics corresponds to higher certainty in the projections. Conversely, large
spread (and disagreement in sign) corresponds to higher uncertainty

- SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

ime

period P33 P50 Mean P66 P33 P50 Mean P66 P33 P50 Mean P66 P33 P50 Mean P66
2021-2050 -2.1 -0.7 -02 23 -23 -12 10 26 -03 10 14 32 -09 01 02 1.7
2041-2070 -26 -15 03 14 -24 -14 -05 09 1.0 22 32 5.1 15 24 31 4.7
2071-2100 -14 -03 20 46 02 19 29 53 22 34 40 5.8 6.5 93 98 13

Note that the accuracy of these statistical descriptions
is based on the assumption that the ensemble
members represent an unbiased sampling of the
(unknown) future climate. It is also important to

stress that the likelihood values presented in the
current study (and similarly in studies such as Murphy
et al., 2009; IPCC, 2013, 2021; Lowe et al., 2018;
Nolan and Flanagan, 2020) are derived from the

most up-to-date evidence available. Therefore, the
“likelihood” values apply only to the specific sets of
high-resolution models and experimental design of the
current study. Future improvements in modelling will

14

alter the projections, as uncertainty is expected to be
further reduced. Future work will focus on reducing
this uncertainty by greatly increasing the ensemble
size and employing more up-to-date RCMs (including
fully coupled atmosphere—ocean—wave models) to
downscale additional CMIP6 ESMs (see Table 1.3).
Furthermore, the RCM data will be provided to the
Met Eireann TRANSLATE project (O'Brien and
Nolan, 2023; O’Brien et al., 2024) to be statistically
downscaled and bias-corrected with the aim of
providing standardised future climate projections

for Ireland.




2

The RCM configurations were validated by running
simulations of the past Irish climate for the period
1981-2010, driven by both fifth-generation ECMWF
atmospheric reanalysis of the global climate (ERA5)
(Hersbach et al., 2020) and the CMIP6 ESM datasets,
and comparing the output against observational data.
Uncertainty estimates of bias and mean absolute
error (MAE) were calculated for precipitation and 2m
temperature, utilising gridded datasets of observations
made available by Met Eireann (Walsh 2016, 2017).

Figure 2.1 compares observed mean annual
precipitation for 1981-2010 (top left panel) with
precipitation resolved by the COSMO-CLM5—
ERAS5 and the downscaled CMIP6 simulations. It is
noted that the COSMO-CLM5-ERAS5 and downscaled
CMIP6 data accurately capture the magnitude and
spatial characteristics of the historical precipitation
climate, e.g. higher rainfall amounts in the west
and over mountains. WRF was found to generally
overestimate precipitation, whereas COSMO-
CLM5 underestimates it.

Figure 2.2 shows that the percentage errors range
from approximately —35% to approximately +30% for
the WRF and COSMO-CLM5 RCMs. The percentage
error at each grid point (i, j) is given by:

(2.1)

where

(2.2)
and the terms represent the
RCM and observed values, respectively, at grid point
(i, j), averaged over the period 1981-2010.

Figure 2.2 highlights a clear underestimation of
precipitation over the mountainous regions for the
COSMO-CLM5 model. This is probably because

the COSMO-CLM5 RCM underestimates heavy
precipitation; previous validation studies (e.g. Nolan
et al.,, 2017) have demonstrated a decrease in RCM
skill with increasing magnitude of heavy precipitation
events. Note that the high-resolution RCM data were
found to consistently outperform both the underlying

15

Regional Climate Model Validations

low-resolution RCM and global model data. To quantify
the overall bias evident in Figure 2.2, the mean

was calculated over all grid points covering Ireland
(Table 2.1, second column).

The bias metric allows the evaluation of the systematic
errors of the RCMs, but this can hide large errors, as
positive and negative values can cancel each other
out. For this reason, the percentage MAE metric was
also used to evaluate the RCM precipitation errors:

(2.3)

where

Again, the mean was calculated over all grid

points covering Ireland (Table 2.1, third column).

The percentage bias values range from 1.55%
(COSMO-CLM5-MPI-ESM1-2-HR-r2i1p1f1) to
34.21% (WRF-MPI-ESM1-2-HR-r1i1p1f1) and

the percentage MAE values range from 9.59%
(COSMO-CLM5-EC-Earth3-Veg-r12i1p1f1) to
34.23% (WRF-MPI-ESM1-2-HR-r1i1p1f1). While the
WREF biases are generally larger, it is noted that the
bias and MAE are similar (i.e. the sign of the bias is
consistent over the country). This is desirable for the
bias-correcting that will be carried out as part of the
Met Eireann TRANSLATE project. It should be noted
that the observed precipitation dataset has a margin of
error of approximately £10%, so the RCM validations
should be considered within this context.

Figure 2.3 compares observed mean annual 2m
temperature for 1981-2010 (top left panel) with
temperature resolved by the COSMO-CLM5—

ERAS5 and the downscaled CMIP6 simulations.

It is noted that the COSMO-CLM5-ERAS and
downscaled CMIP6 data accurately capture the spatial
characteristics of the historical temperature climate.
The bias is presented in Figure 2.4; all RCMs exhibit
a cold bias, except for COSMO-CLM5-ECEarth3-
Veg-r14i1p1f1 (slight warm bias), with the bias
pronounced for WRF. The largest cold bias is noted
for WRF-ECEarth3-r11i1p1f1. This is attributed to the
slight cold bias of the WRF model and the fact that the
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Figure 2.1. Mean annual precipitation (mm) (1981-2010) for observations, COSMO-CLM5-ERA5 and the
RCM-CMIP6 ensemble members.

driving ESM (EC-Earth3-r11i1p1f1) has a large cold from 0.21°C (COSMO-CLM5—-ERAD5) to 2.23°C

bias (Nolan and McKinstry, 2020). (WRF-EC-Earth-r11i1p1f1). While the WRF biases are
generally larger, it is noted that the bias and MAE are
similar (i.e. the sign of the bias is consistent). This is
desirable for the bias-correcting that will be carried out
as part of the Met Eireann TRANSLATE project.

The bias and MAE values for 2m temperature

are presented in Table 2.2; bias values range

from —0.14°C (COSMO-CLM5-ERAS5) to —2.23°C
(WRF-EC-Earth-r11i1p1f1), and MAE values range
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Figure 2.2. Annual precipitation bias (%) (1981-2010) for COSMO-CLM5-ERA5 and RCM-CMIP6 ensemble
members and mean of RCM-CMIP6 ensemble.

The observed gridded 2m temperature dataset has indices) please refer to Nolan et al. (2014, 2017),

an estimated MAE of 0.19°C and a root mean square Nolan (2015), Flanagan et al. (2019), Werner et al.
error of 0.41°C, so the RCM validations should be (2019), Flanagan and Nolan (2020) and Nolan and
considered within this context. Flanagan (2020). Additional experiments were carried

out to assess the added value of high-resolution

For an in-depth validation of additional climate fields RCM models, the results of which demonstrated

(e.g. wind speed, humidity, radiation, derived climate
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Table 2.1. Precipitation uncertainty estimates (%) found for COSMO-CLM5-ERAS5, each RCM-CMIP6
ensemble member and mean of the RCM-CMIP6 ensemble, through comparison with Met Eireann
gridded observations (1981-2010). For each metric, the best- and worst-performing scores are

highlighted in blue and red text, respectively

RCM simulation

COSMO-CLM5-ERA5 4km

Mean RCM-CMIP6 4 km
COSMO-CLM5-EC-Earth3-Veg-r12i1p1f1
COSMO-CLM5-EC-Earth3-Veg-r14i1p1f1
COSMO-CLM5-MIROC6-r1i1p1f1
COSMO-CLM5-MPI-ESM1-2-HR-r1i1p1f1
COSMO-CLM5-MPI-ESM1-2-HR-r2i1p1f1
WRF-EC-Earth3-r11i1p1f1
WRF-EC-Earth3-Veg-r12i1p1f1
WRF-EC-Earth3-Veg-r14i1p1f1
WRF-MPI-ESM1-2-HR-r1i1p1f1
WRF-MPI-ESM1-2-HR-r2i1p1f1

the improved skill of RCMs over the global models.
Moreover, an increase in the spatial resolution of
the RCMs was found to result in a general increase
in skill (e.g. Nolan et al., 2017). Furthermore, it was
shown that heavy precipitation events are more
accurately resolved by the higher spatial resolution
RCM data. However, it was found that, although
the RCM accuracy increased with higher spatial

resolution, reducing the horizontal grid spacing below

Bias (%) MAE (%)
~11.42 12.80
12.56 14.27
-3.25 9.59
-2.30 10.08
-3.53 11.23
4.16 11.31
1.55 10.22
15.38 16.25
20.03 20.83
25.39 25.93
34.21 34.23
34.09 34.11
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4km provided relatively little added value (Nolan et al.,
2017). Werner et al. (2019) completed a validation

of agri-climate fields derived from downscaled
ECMWF global atmospheric reanalysis (ERA-Interim)
COSMO-CLM5 and WRF datasets. The authors
compared derived fields, such as evapotranspiration
and soil moisture deficits, with observations and found
that both RCMs exhibit high skill, with WRF slightly
outperforming COSMO-CLM5.
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Figure 2.3. Mean annual 2m temperature (°C) (1981-2010) for observations, COSMO-CLM5-ERA5 and
RCM-CMIP6 ensemble members.
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Table 2.2. Mean 2m temperature uncertainty estimates (°C) found for COSMO-CLM5-ERA5 and each
RCM-CMIP6 ensemble member, and mean of the RCM-CMIP6 ensemble, through comparison with Met
Eireann gridded observations (1981-2010). For each metric, the best- and worst-performing scores are
highlighted in blue and red, respectively

RCM simulation Bias (°C) MAE (°C)
COSMO-CLM5-ERA5 4km -0.14 0.21
Mean RCM-CMIP6 4 km -0.72 0.73
COSMO-CLM5 EC-Earth3-Veg-r12i1p1f1 -0.15 0.23
COSMO-CLM5-EC-Earth3-Veg-r14i1p1f1 0.54 0.54
COSMO-CLM5-MIROC6-r1i1p1f1 -0.21 0.27
COSMO-CLM5-MPI-ESM1-2-HR-r1i1p1f1 -0.57 0.59
COSMO-CLM5- MPI-ESM1-2-HR-r2i1p1f1 -0.18 0.24
WRF-EC-Earth3-r11i1p1f1 -2.23 2.23
WRF-EC-Earth3-Veg-r12i1p1f1 -1.09 1.10
WRF-EC-Earth3-Veg-r14i1p1f1 —0.43 0.50
WRF-MPI-ESM1-2-HR-r1i1p1f1 —-1.64 1.64
WRF-MPI-ESM1-2-HR-r2i1p1f1 -1.26 1.26

Data in this table apply only to Ireland.
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3  Regional Climate Projections for Ireland

3.1 Temperature Projections Meteorological Organization (WMO, 2017). In 2021,
the WMO updated the climate normal period to
1991-2020. However, it was not feasible to use this
period for the climate change analysis in the current
report, as the “future” CMIP6 SSP-RCP simulations
startin 2015. The 1981-2010 period is also used
as a baseline period (one of five) in the IPCC

ARG Interactive Atlas (Gutiérrez et al., 2021).

Figure 3.1 presents the spatial distribution of annual
temperature changes for three future 30-year time
periods (2021-2050, 2041-2070 and 2071-2100)
relative to 1981-2010. The 30-year baseline period
1981-2010 is used in this report, as it had been the
“climate normal” period recommended by the World
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Figure 3.1. RCM-CMIP6 ensemble projections of mean annual 2m temperature (°C). All RCM ensemble
members were run with 4km grid spacing. In each case, the future 30-year period is compared with the
past period, 1981-2010. The results were obtained from analysing 10 SSP126, 10 SSP245,10 SSP370 and
10 SSP585 RCM simulations. The numbers included on each plot are the minimum and maximum
projected changes, displayed at their locations.
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