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ENVIRONMENTAL PROTECTION AGENCY

The Environmental Protection Agency (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: We implement effective regulation and environmental
compliance systems to deliver good environmental outcomes and
target those who don 't comply.

Knowledge: We provide high quality, targeted and timely
environmental data, information and assessment to inform
decision making at all levels.

Advocacy: We work with others to advocate for a clean,
productive and well protected environment and for sustainable
environmental behaviour.

Our Responsibilities

Licensing

We regulate the following activities so that they do not endanger

human health or harm the environment:

» waste facilities (e.g. landfills, incinerators, waste transfer
stations);

 large scale industrial activities (e.g. pharmaceutical, cement
manufacturing, power plants);

* intensive agriculture (e.g. pigs, poultry);

* the contained use and controlled release of Genetically
Modified Organisms (GMOs);

 sources of ionising radiation (e.g. x-ray and radiotherapy
equipment, industrial sources);

 large petrol storage facilities;

» waste water discharges;

* dumping at sea activities.

National Environmental Enforcement

» Conducting an annual programme of audits and inspections of
EPA licensed facilities.

» Opverseeing local authorities’ environmental protection
responsibilities.

» Supervising the supply of drinking water by public water
suppliers.

»  Working with local authorities and other agencies to tackle
environmental crime by co-ordinating a national enforcement
network, targeting offenders and overseeing remediation.

» Enforcing Regulations such as Waste Electrical and Electronic
Equipment (WEEE), Restriction of Hazardous Substances
(RoHS) and substances that deplete the ozone layer.

* Prosecuting those who flout environmental law and damage the
environment.

Water Management

* Monitoring and reporting on the quality of rivers, lakes,
transitional and coastal waters of Ireland and groundwaters;
measuring water levels and river flows.

» National coordination and oversight of the Water Framework
Directive.

* Monitoring and reporting on Bathing Water Quality.

Monitoring, Analysing and Reporting on the

Environment

* Monitoring air quality and implementing the EU Clean Air for
Europe (CAFE) Directive.

* Independent reporting to inform decision making by national
and local government (e.g. periodic reporting on the State of
Ireland's Environment and Indicator Reports).

Regulating Ireland’s Greenhouse Gas Emissions

* Preparing Ireland’s greenhouse gas inventories and projections.

* Implementing the Emissions Trading Directive, for over 100 of
the largest producers of carbon dioxide in Ireland.

Environmental Research and Development

* Funding environmental research to identify pressures, inform
policy and provide solutions in the areas of climate, water and
sustainability.

Strategic Environmental Assessment
» Assessing the impact of proposed plans and programmes on the
Irish environment (e.g. major development plans).

Radiological Protection

* Monitoring radiation levels, assessing exposure of people in
Ireland to ionising radiation.

» Assisting in developing national plans for emergencies arising
from nuclear accidents.

* Monitoring developments abroad relating to nuclear
installations and radiological safety.

* Providing, or overseeing the provision of, specialist radiation
protection services.

Guidance, Accessible Information and Education

* Providing advice and guidance to industry and the public on
environmental and radiological protection topics.

» Providing timely and easily accessible environmental
information to encourage public participation in environmental
decision-making (e.g. My Local Environment, Radon Maps).

» Advising Government on matters relating to radiological safety
and emergency response.

* Developing a National Hazardous Waste Management Plan to
prevent and manage hazardous waste.

Awareness Raising and Behavioural Change

* Generating greater environmental awareness and influencing
positive behavioural change by supporting businesses,
communities and householders to become more resource
efficient.

* Promoting radon testing in homes and workplaces and
encouraging remediation where necessary.

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

The EPA is assisted by an Advisory Committee of twelve members
who meet regularly to discuss issues of concern and provide
advice to the Board.
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Executive Summary

The realisation of a climate-resilient Ireland over the
coming decades depends on decisions taken at all
scales to adapt to climate change. Good decisions
depend on the types and quality of information used
to inform planning. Building resilience requires the
diversification of the types of information used for
understanding past and future climate variability
and change, and a better understanding of the
range of plausible changes. This work seeks to
develop and expand the types of data available for
decision-making. The following sections detail the key
outcomes from this work.

Historical Data for Decision-making

Historical climate records that take full advantage of
the rich history of weather observing on the island

of Ireland offer a valuable approach to meeting the
challenges of adaption. Ranges of climate variability
and extreme events within historical records can

be useful for discovering vulnerabilities. They also
assist in contextualising recent extremes, tracking
emerging signals of change and ground-truthing
climate model projections. We present a long-term,
quality-assured Island of Ireland Precipitation (I1P)
network comprising 25 stations and a composite
series for the island covering the period 1850-2015.
These records reveal increasing winter and decreasing
summer rainfall over this period. Analysis of drought
from these long records shows that Ireland is drought
prone, but recent decades are unrepresentative of
the longer term drought climatology. During the years
1850-2015, seven major drought-rich periods were
identified, with an island-wide fingerprint: 1854-60,
1884-96, 1904-12, 1921-23, 1932-35, 1952-54
and 1969-77. These events resulted in social and
economic disruption and exhibited substantial
diversity in terms of their development, severity and
spatial occurrence. The resulting drought catalogue
challenges prevailing perceptions about drought in
Ireland while strengthening the evidence base for
future drought and water resource planning across
the island. Finally, we present a continuous monthly
rainfall series representing the island of Ireland from
1711 to present. The series reveals considerable
variability in Irish rainfall climatology. Remarkably wet

X1

winters are found during the 1730s, with the driest
winter decade coinciding with the Laki eruption of
1783-84. Unusually wet summers occurred in the
1750s, consistent with proxy (tree ring) reconstructions
of summer precipitation in the region. In the annual
series, the most recent decade (2006-2015) is found
to be the wettest in over 300 years. The new series
reveals multi-centennial trends in winter (increasing)
and summer (decreasing) precipitation. Importantly,
we show that the years 1940 to present — the period
with the most widely available digitised records for
informing decision-making — can be unrepresentative
of long-term changes in all seasons, highlighting the
importance of long-term records.

Irish Climate Futures: A Framework for
Climate Services

Projections of climate change from global climate
models are an important tool in the armoury for
adaptation. Given the increasing demand for climate
change projections for adaptation, a key challenge

is the provision of climate information in a way that
facilitates the needs of end users charged with
developing adaptation strategies. In an attempt to
meet these challenges, we developed the Irish Climate
Futures (ICF) framework. The ICF framework offers
flexibility in assessing future climate risks with climate
model projections and tailors information (basic,
intermediate and advanced levels) to user needs.

We show how the framework can be used to develop
simple narrative descriptions of change that represent
plausible ranges of change from the Coupled Model
Intercomparison Model Phase 5 (CMIP5) ensemble
of global climate models, and how the framework

can be used to stress test system vulnerability or
adaptation options, by allowing users to determine
ranges of change in temperature and precipitation

for exploring their own system’s responses. The
framework can also be used for impact assessment
and is extendable, using a weather generator, to
explore climate change signals in combination with
natural variability, at monthly to daily timescales.
Although this work is limited to developing a prototype
exemplar of the framework, the workflow is designed
and implemented in such a way that it is extendable to
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other locations, climate variables and units of analysis
(grids, catchments, etc.). The prototype version of

the framework can be viewed at https://mu-icarus.
shinyapps.io/climate_futures_dashboard_18012018/

Changing Seasonal Extremes

We use historical data and information from the

ICF framework to show how the datasets that we
develop can be used to inform adaptation planning

by examining memorable seasonal extremes. Direct
personal experience of extreme weather events
results in greater public engagement and policy
response to climate change. Based on this premise,
we present a set of future climate scenarios for
Ireland, communicated in the context of recent,
observed extremes. Specifically, we examine the
changing likelihood of extreme seasonal conditions in
the long-term observational record and explore how
frequently such extremes might occur in a changed
Irish climate, according to the latest model projections.
Over the period 1900-2014, records suggest a greater
than 50-fold increase in the likelihood of the warmest
recorded summer (1995), whereas the likelihood of the
wettest winter (1994/95) and driest summer (1995) has
doubled since 1850. The most severe end-of-century
climate model projections suggest that summers as
cool as that in 1995 (currently the hottest summer on
record) may occur only once every ~7 years, whereas
winters as wet as that in 1994/95 and summers as

dry as that in 1995 may increase by factors of ~8

and ~10, respectively. It is hoped that framing future
climate scenarios in the context of extremes from
living memory will help communicate the scale of the
challenge that climate change presents, and in doing
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so bridge the gap between climate scientists and wider
society.

Rainfall Extremes in a Changing Climate

Finally, we evaluate changes in extreme rainfall with
future climate change by using the largest ensemble
of regional climate models available [Coordinated
Regional Climate Downscaling Experiment (CORDEX)
ensemble]. Model performance is assessed against
observed daily precipitation (1976—2005) and future
changes are examined for mid- and end century.
Sixteen different indices of rainfall extremes are
examined, representing changes in the duration,
frequency, mean and intensity of summer and

winter precipitation. It is shown that no single model
uniformly performs best for all seasons, highlighting
the importance of using large ensembles of climate
models. Deficiencies found that were common

to the majority of CORDEX models include the
underestimation of wet (winter) and dry (summer and
winter) spell lengths and the underestimation of the
spatial variability of most rainfall indices, particularly
for summer. Projections indicate an amplification

of the precipitation regime, with wetter winters

and drier summers occurring. Changes in rainfall
extremes are likely to be experienced right across the
island, highlighting the strength of the climate signal
spatially. Most models project significant increases

in the intensity of winter precipitation, accompanied
by increases in the number of heavy events (e.g.
>20mm/day). Despite probable reductions in average
receipts, increases in the intensity of summer rainfall
are suggested, although there is greater uncertainty
associated with the magnitude and significance of
changes for this season.



1 Introduction

1.1 The Imperative of Adaptation

That the world has warmed since the 19th century is
unequivocal. Evidence for warming includes changes
in surface, atmospheric and oceanic temperatures;
glaciers; snow cover; sea ice; and sea level and
atmospheric water vapour. We know that humans
have been the main cause of this warming through
emissions of greenhouse gases. We also know that
continued emissions of greenhouse gases will cause
further warming and changes in all components of the
climate system, and at all scales from local to global.
How much warming will be experienced over the
course of this century depends on future emissions
of greenhouse gases. If we continue on a business-
as-usual course, Earth’s average temperature is
likely to increase by between 2.6°C and 4.8°C above
today’s levels, with associated increases in extreme
events and sea level rise. For Ireland, such changes
would probably mean more frequent wet winters,

dry summers and hot summers, which would pose
challenges for water and flood risk management,
agriculture and tourism.

Recent national-scale extreme events, from the winter
storms of 2013/14 to the flooding of the Shannon and
other catchments associated with Storm Desmond,
serve to highlight Ireland’s vulnerability to extreme
events. Much work has been completed by different
research groups from Irish universities and Met
Eireann on exploring future impacts. These works
show that we are likely to experience wetter winters,
drier summers and more frequent extreme weather
events, with associated implications across multiple
sectors.

In responding to climate change there are two broad
policy options: mitigation and adaptation. Mitigation
concerns treating the cause of the problem, adaptation
concerns making changes to avoid the adverse
impacts of a changing climate. Mitigation is about
reducing our emissions of greenhouse gases to limit
the amount of warming that happens over the coming
decades. Ultimately, mitigation means reducing our
dependence on fossil fuels in all aspects of our lives.
All actors, from individuals, households, businesses
and governments to the international community and

international corporations, have an important role to
play in mitigation.

Adaptation recognises that some degree of climate
change will happen and revolves around making

plans to reduce the possible negative implications

of climate change and making the most of any
opportunities that may arise. In essence, this means
adjusting the systems and services on which we
depend to accommodate changes in climate. Too often
mitigation and adaptation are treated as independent
strategies; in reality, even if we could somehow stop all
greenhouse gas emissions right now, some degree of
warming will still result. Additionally, even at 1.5°C and
2°C warming, impacts will still be felt. Therefore, it is
critical that society adapts to future impacts of climate
change.

1.2 Climate Data for Adaptation

The need to adapt to climate change has meant that
there is now a demand from a variety of different
users and sectors for actionable climate information
or climate services. For instance, in the Irish context,
Gray (2016) provides guidance for local authorities
for developing and implementing adaptation plans.
In particular, climate information is required for (1)
assessing the current adaptation baseline (which
involves identifying extremes in the historical record
and examining vulnerabilities/impacts from these);
(2) assessing future climate risks; and (3) identifying,
assessing and prioritising adaptation options.

Key challenges are confronted in implementing these
tasks, particularly in the kinds of climate data that are
required for implementation. This research aims to
address these challenges. In constructing adaptation
baselines, long records of key climate variables

that extend beyond the last 20-30 years are often
lacking. This is a key gap as knowledge of the range
of variability and change, together with historical
extreme events, is critical for contextualising recent
extremes, informing discussions around vulnerability
and identifying emerging changes and trends. It is also
critical that such records are quality assured and fit
for purpose. In addition, given that the climate change
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signal at the local scale will probably remain within the
bounds of natural variability until at least mid-century,
the availability of long-term quality-assured data for
key climate variables, which capture the range of
natural variability, can also serve an important function
in stress testing adaptation decisions against the
range of historically experienced conditions.

Climate model projections are also an important tool
in the armoury of adaptation planning and decision-
making. However, they are often used without due
acknowledgement of their challenges and limitations.
Projections of future climate change are inherently
uncertain, which has been a major obstacle in
adaptation planning. Uncertainties in projections of
climate variables are associated with future emissions
pathways, model structure and parameterisation,
initialisation, boundary conditions and downscaling
techniques (e.g. Dobler et al., 2012). In addition, there
is now a multitude of global climate model outputs
and results available for application at different scales
using various downscaling techniques. Such factors
give rise to a model selection issue (Whetton et al.,
2012). Using a small set of best-performing models
or a “best-guess” assessment is a less than ideal
solution and can result in poor and even dangerous
adaptation decisions. There is currently no consensus
around robust methods for selecting a few “best”
models (Knutti ef al., 2010). Good model performance
for past and current climate is no guarantee of such
performance under future, changed conditions
(Murphy et al., 2011), whereas applying model weights
tends to focus on specific impacts and is complex to
implement and interpret.

1.3 Aims of the Report

With the above challenges in mind, this report has the
following aims:

1. To provide long-term quality-assured data for key
climate variables, particularly precipitation, for
creating adaptation baselines and for exploring
vulnerability to the range of climate variability and
extremes across multiple sectors.

2. To present a framework and develop its prototype
implementation to better use climate change
projections for supporting adaptation decisions.
This framework — the Irish Climate Futures (ICF)
framework — is designed to take advantage of

the most up-to-date climate model ensembles,
with multiple end users in mind, and climate
information is tailored to different uses.

3. To demonstrate how historical data and climate
change projections from (1) and (2) above can
be used to understand how the frequency of past
memorable extremes has changed in the historical
record and how these extremes are likely to
change in frequency in future.

4. To examine changes in daily rainfall extremes
from a large ensemble of regional climate model
(RCM) projections for Ireland.

14 Structure of the Report

The remainder of the report is structured as follows.
Chapter 2 presents work on developing long-term,
quality-assured records of precipitation from across the
island of Ireland for use in climate change planning.
The chapter presents key insights from the Island of
Ireland Precipitation (IIP) network — a homogeneous
network of 25 monthly rainfall stations from across the
island with data from 1850 to 2016. The IIP network

is interrogated to identify historical droughts and the
key findings from this work are reported. The chapter
also highlights the island of Ireland 1711 monthly
rainfall series, which represents monthly and seasonal
rainfall variability for the island dating back to 1711.
This represents one of the longest continuous rainfall
records anywhere in the world.

Chapter 3 introduces the ICF Framework, a proposed
new approach to delivering climate change projections
for adaptation planning. The ICF Framework exploits
the opportunities presented by large ensembles

of climate models, particularly the Coupled Model
Intercomparison Project (CMIP) Phase 5 (CMIP5),
which underpins the Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report
(Taylor et al., 2012). The framework is designed

to be transparent to uncertainties in future climate
projections, while at the same time providing clear
and easily communicable information to different end
users, classified as basic, intermediate and advanced.

Chapter 4 presents a case study of how historical
data and basic-level information from the ICF
Framework can be used to inform adaptation planning
by examining memorable seasonal extremes. Direct
personal experience of extreme weather events
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results in greater public engagement and policy
response to climate change. Based on this premise,
we present a set of future climate scenarios for Ireland
communicated in the context of recent, observed
extremes. Specifically, we examine the changing
likelihood of extreme seasonal conditions in the long-
term observational record and explore how frequently
such extremes might occur in a changed Irish climate
according to the latest model projections. Over the
period 1900-2014, records suggest a greater than
50-fold increase in the likelihood of the warmest
recorded summer (1995), whereas the likelihood of
the wettest winter (1994/95) and driest summer (1995)
have both doubled since 1850. The most severe
end-of-century climate model projections suggest

that summers as cool as that in 1995 (currently the
hottest summer on record) may occur only once every
~7 years, whereas winters as wet as that in 1994/95
and summers as dry as that in 1995 may increase

by factors of ~8 and ~10, respectively. Contrary to
previous research, we find no evidence for increased
wintertime storminess as the Irish climate warms,

but caution that this conclusion may be an artefact of
the metric employed. It is hoped that framing future
climate scenarios in the context of extremes from
living memory will help communicate the scale of the
challenge that climate change presents, and in doing
so bridge the gap between climate scientists and the
wider society.

Chapter 5 moves on to explore changes in extreme
rainfall events with climate change over the course

of the century. Given that global climate models do
not operate at a scale that is sufficient to resolve
extreme rainfall events, we analyse the Coordinated
Regional Climate Downscaling Experiment (CORDEX)
ensemble of RCMs. Specifically, CORDEX comprises
a 19-member ensemble derived using 13 RCMs run
at a ~11km resolution and forced using one or more
of six different CMIP5 global climate models (GCMs).
It thus provides the most complete analysis of daily
climate extremes undertaken for Ireland to date.
Outputs from the entire ensemble are evaluated using
gridded observed daily precipitation (1976—2005) and
future changes are examined for two 30-year periods
(mid-century: 2040-69; late century: 2070-99) for two
representative concentration pathways (RCPs 4.5 and
8.5). A total of 16 different indices of rainfall extremes
are examined, representing changes in the duration,
frequency, mean and intensity of summer and winter
precipitation.

Finally, Chapter 6 provides key conclusions from
across the report and distils key recommendations
for future work, in terms of both addressing limitations
of the work presented here and advancing new and
better approaches for providing climate data for
decision-making.



2 Historical Data for Decision-making

2.1 Introduction

Assembling high-quality long-term records of key
climate variables is a critical but often laborious task. It
is also an essential activity if we are to have the robust
evidence basis from which to make smart, climate-
ready decisions. There has been a recent focus by
the climate science community on the collection and
refinement of observational evidence for climate
change through historical global temperature records
extending back to the mid-19th century and beyond.
There is now a growing realisation that improvements
in the quantity, quality and resolution of instrumental
and documentary historical observations and proxy/
palaeo climate data, together with developments in
both reconstruction methodologies and dynamical
historical reanalyses, can provide new baselines

for global and regional weather and climate. The
reconstruction of regionally specific historical extreme
weather events and investigations of the social
responses to these events are of crucial significance
to assess how different communities in different
contexts might be affected by, and respond to, future
events and to understand the nature of the events that
might take place in the future. Historical data rescue,
climate reconstruction and the compilation of climate
databases have the potential to assist immensely in
understanding past climate events and increasing

the information base for managing future climate risk
(McGregor, 2015).

In this chapter an overview is given of the work
undertaken to establish and quality assure long-term
records of key climate variables for Ireland. In each
case a summary of the relevant dataset and how it
was produced is given, together with a link to where
the data can be obtained and how they might be used
in decision-making for adaptation. The interested
reader is encouraged to access these publications
when full details are provided.

2.2 Island of Ireland Precipitation
Network

Long-term precipitation series are critical for
understanding emerging changes to the hydrological

cycle. Noone et al. (2016) constructed a homogenised
IIP network comprising 25 stations and a composite
series covering the period 1850-2010 (lol_1850),
providing the second-longest regional precipitation
archive in the British—Irish Isles. The location of
stations included in the dataset is provided in

Figure 2.1. The availability of long-term records was
expanded through the digitisation and transcription of
monthly records held in paper form in the archives of
Met Eireann. All metadata for the 25 rainfall stations
across the island were also collated, including details
on station location and moves, corrections applied to
the data and notes made by the original observers.

Statistical homogenisation procedures were applied
to the data to identify any inconsistencies and to
correct for them by scrutinising collated metadata.
The homogenisation process was also used to extend
all series to a common start year of 1850. A total of
25 breakpoints were detected across 14 stations and
the majority (n=20) are corroborated by metadata.
Assessment of variability and change in homogenised
and extended precipitation records reveals positive
(winter) and negative (summer) trends. Trends in
records covering the typical period of digitisation (1941
onwards) are not always representative of longer
records. Furthermore, trends in post-homogenisation
series change magnitude and even direction at

some stations, emphasising the importance of data
quality to trend interpretation. Although cautionary
flags are raised for some series, confidence in the
derived network is high given the attention paid to

the metadata, the coherence of behaviour across the
network and the consistency of findings with those of
other long-term climatic series, such as England and
Wales precipitation.

The full paper detailing the construction of the 1IP
network is published in the International Journal of
Climatology (Noone et al., 2016). Data for each of the
stations in the |IP network, together with a composite
series representing the island of Ireland, are available
from https://www.met.ie/news/display.asp?ID=337.
Since its initial publication, the IIP network and
composite series representing the entire island have
been updated to 2016 and have proven very valuable
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Figure 2.1. Location of and updated record length (before extension to common start of 1850) for 25

stations used in the construction of the IIP network.

in contextualising recent extremes such as the wet
December of 2015 (McCarthy et al., 2016), together
with exploring the changing nature of precipitation
(Matthews et al., 2016; see also case study in
Chapter 4) and exploring the nature of historical
drought events.

Take-home messages from the IIP network are as
follows:

e Trends in shorter records, even those available
back to the 1940s, are not always representative
of long-term changes, as evidenced from the IIP
network.

e The long-term trend from 1850 to the present is
towards wetter winters and drier summers.

e The IIP network offers a high-quality dataset for
contextualising recent extremes and exploring the
nature of past wet and dry months, seasons and
years.

e Local planners can easily access individual
stations to examine past extremes and variability.

23 Island of Ireland Drought
Catalogue

Using the homogenised data from the IIP network,
Noone et al. (2017) compiled an historical drought
catalogue for Ireland from 1850 to 2015 and extended

this to 1766 using reconstructed precipitation series.
Drought conditions were identified by employing the
widely used Standardised Precipitation Index (SPI).
This index was selected as it is applicable to monthly
series, does not require additional climatological
variables and is recommended as a key drought
indicator (WMO, 2011). The SPl is calculated by
summing precipitation over specified accumulation
periods (typically 1, 3, 6, 9, 12 and 24 months) and
fitting accumulation series to a parametric distribution,
from which probabilities are transformed to the
standard normal distribution. SPI values give standard
deviations from typical accumulated precipitation

for a given location and time of year. This allows

the frequency, duration, intensity and magnitude of
drought events to be quantified and compared, even
across climatologically different regions. Choice of
accumulation period, reference period and statistical
distribution are key methodological decisions when
applying the SPI. Shorter accumulation periods (1-6
months) are useful for examining agricultural drought,
whereas longer durations (6—24 months) are more
indicative of hydrological drought and water scarcity.
Given the objective of examining impacts across
multiple sectors, the SPI-12 (12-month accumulation
period) was derived. Following previous analyses,
drought start is defined as the month in which the
SPI-12 falls below —1.00, with the return to positive
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values indicating the month of drought termination
(see Noone et al., 2017 for full details).

Noone et al. (2017) also used documentary sources
from newspaper archives spanning the last 250
years, together with other historical sources, to add
confidence to the quantitative detection of drought
episodes and gain insight into the socio-economic
impacts of historical droughts. The results show that
Ireland is drought prone but that recent decades

are unrepresentative of the longer-term drought
climatology. A large decline in 30-year accumulated
SPI-12 values is evident from around the 1990s
onwards. During the years 1850-2015, seven major
drought-rich periods were identified with an island-
wide fingerprint; these were in 1854—60, 1884-96,
1904-12, 1921-23, 1932-35, 1952-54 and 1969-77.
These events exhibit substantial diversity in terms of
drought development, severity and spatial occurrence.
Two exceptionally long events are found in the record:
the continuous drought of 1854—-60 and the drought
of 1800-09 (in fact, a series of three droughts with

brief interludes). Over the last 250 years, droughts
have resulted in agricultural hardship, water resource
crises and failures and preceded some of the major
famines of the 18th and 19th centuries. This work
shows that newspaper archives can be used to trace
the progression of drought events and impacts and
we thus advocate their wider use in corroborating
quantitative assessments. The resulting catalogue
challenges prevailing perceptions about drought in
Ireland, while strengthening the evidence base for
future drought and water resource planning across the
island.

Figure 2.2 shows the “DNA of Irish drought”. In

this figure the SPI-12 values for all 25 stations in

the IIP network are plotted (along the y-axis), with
values colour coded based on drought severity. It is
clear that many drought events identified in the IIP
series have been island-wide in extent (i.e. extend
across all stations). Also evident is the tendency

for severe droughts to cluster in time. The relative
paucity of droughts in recent decades is also evident
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Figure 2.2. SPI-12 values for all 25 stations in the IIP network. Negative SPI-12 values are colour coded
according to severity thresholds to highlight periods of moderate to extreme drought conditions.
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across individual stations. This reflects a return to
generally stormier and wetter summers since the
1990s (Matthews et al., 2015). Nonetheless, there is
no room for complacency about drought risk given
increasing water demands. As Irish Water embarks on
a period of major investment in water infrastructure,
stress testing designs against episodes with negative
rainfall anomalies lasting up to nine seasons (relative
to 1961-90) offers an altogether different risk
assessment than the ability to cope with single-season
deficiencies. Using Markov models to interrogate the
IIP network rainfall data, Wilby et al. (2015) also show
that there is a relatively high likelihood (p=0.125)

of a continuous 5-year (10-season) dry spell in

Dublin, a region in which population growth and

aging infrastructure have resulted in a water system
operating at the edge of its capacity.

A detailed drought catalogue for each of the 25
stations in the IIP network is provided by Noone et al.
(2017), in which all drought events for each station
are listed, along with information on the duration

of the drought and mean, total accumulated and
minimum SPI-12 values for each event. Code is also
available from the authors to derive any other SPI
accumulations that might be of interest (e.g. SPI-3 for
investigation of agricultural drought or as a proxy for
soil moisture deficits).

Using the definition of a drought-rich period as

years in which at least 40% of the stations in the IIP
network experience unusually dry conditions lasting

at least 18 months, the following periods are noted as
drought rich: 1854—60, 1884-96, 1904-12, 1921-23,
1932-35, 1952-54 and 1969-77. Figure 2.3 shows
the progression and spatial distribution of these events
in more detail. Of note is the diversity of drought
signatures in terms of their severity and spatiotemporal
development. For instance, the events of 1884-96

and 1969-77 are marked by intermittent periods of
extreme and moderate drought conditions, whereas
the events in 1854-60, 1932-35 and 1952-54 are
characterised by prolonged, severe drought conditions.
The “long drought” of 1854—-60, previously identified

in the IIP network (Wilby et al., 2015) and UK series
(Marsh et al., 2007) , is evident. However, in the south
and south-east, this event appears more intense but
shorter in duration. The drought period of 1921-23

is the least spatially extensive of those considered

and falls just short of meeting the criteria set out for
drought identification. However, we include it in our
analysis as it has been recorded as an event of note
in other work covering Ireland (Cook et al., 2015) and
the UK (e.g. Lennard et al., 2014). For this period,
extreme drought conditions are noted as persisting for
a relatively long period at a small number of stations.

Findings from the Irish drought catalogue have
significant implications for future infrastructure and
water resource planning, while also facilitating
resilience assessment of critical services under
severe drought conditions. When advising Irish

local authorities that are developing climate change
adaptation strategies, Gray (2016) recommends
adopting a 30-year window as appropriate to identify
weather extremes and climatic trends in assessing
resilience to climate variability. This work clearly shows
that, where vulnerability to drought is an issue, such
guidance would result in considerable maladaptation
with potentially serious consequences.

The combination of droughts of various duration,
evolution and intensity identified here provides a
diverse set of conditions under which to stress test
current and planned infrastructure, particularly in

the water sector. To this end, findings from the Irish
drought catalogue are being shared with Irish Water
as they seek to reduce vulnerability to water shortages
over the coming decades. Visualising historical drought
in the form of the plots in Figure 2.3 provides an
accessible means of communicating and re-imagining
vulnerabilities. The same historical hydro-climatic
information can also be used to appraise adaptation
and investment plans in future. Testing designs against
persistent, multi-season drought episodes from long
records offers an altogether different risk assessment
than the ability to cope with single-season droughts
(such as the summer of 1995).

The full paper detailing the island of Ireland drought
catalogue is published in the International Journal of
Climatology (Noone et al., 2017). Wilby et al. (2015)
assess the likelihood of the occurrence of protracted
droughts across the IIP network in another paper in
the same journal. Data on the magnitude, duration and
intensity of each identified drought are published in the
Supplementary Information for the Noone et al. (2017)
paper. Any further information can be requested from
the authors.
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Take-home messages from the island of Ireland
drought catalogue are as follows:

e Historically, Ireland has been more prone to long
and severe drought events than is evident in
records since the mid-1970s.

e The social and economic impacts of droughts
have been significant and newspaper articles offer
a valuable insight into historical drought impacts
and responses.

e Decision-makers can use the drought catalogue
to identify historical droughts of interest and to
stress test plans for performance against historical
droughts.

2.4  Island of Ireland Monthly

Rainfall 1711-2016 (IoI_1711)

Continuous observations of precipitation in the British—
Irish Isles can be traced back to 1677, the year the first
known rain gauge was developed by Richard Towneley
of Burnley, Lancashire, in north-west England. Since
the early 1700s, at least three precipitation gauges
have operated somewhere in the British—Irish Isles
every year (Jones and Briffa, 2006). The earliest
meteorological observations in Ireland can be traced to
the end of the 17th century (Shields, 1983). However,
these early instrumental records, taken in Dublin

by William and Samuel Molyneux, have been lost.
Although discontinuous records exist, systematic
weather observing did not begin in Ireland until 1789,
when Richard Kirwan set up a series of instruments in
Dublin (Shields, 1983). However, with the exception

of Butler et al. (1998), who analysed the record for
Armagh Observatory (commencing in 1838), there has
been little work on Irish precipitation measurements
prior to 1850, primarily because of the lack of suitable
digitised data. There have also been few assessments
of qualitative descriptions from weather diaries pre
1850. Exceptions from the 18th century include
analyses of the diary of Thomas Neve from Derry for
the period 1711-25 (Dixon, 1959), the diary of Isaac
Butler from Dublin for the period 1716-34 (Sanderson,
2017) and Joshua Wight from Cork for the period

June 1753 to September 1756 (Tyrrell, 1995). Thus,
Irish rainfall climatology of the last 300 years remains
poorly understood.

Murphy et al. (2018) were able to derive a continuous
monthly rainfall series representing the island
of Ireland for the period 1711-2016 (lol_1711)

(Figure 2.4). This was facilitated by bridging a
previously unpublished UK Meteorological Office note
that collated early Irish rainfall measurements and
weather diaries with the island of Ireland composite
series of Noone et al. (2016). Following the merging of
these sources, Murphy et al. (2018) undertook quality
assurance of the series through comparison with other
long observational records (e.g. England and Wales
precipitation and other long records for individual

sites in the UK — Kew Gardens, Oxford, Spalding,
Carlisle), reconstructed precipitation records (e.g. tree
ring reconstructions), observations on atmospheric
circulation from ship logs books (e.g. Westerly Index),
observations of sea level pressure and reconstructions
of the North Atlantic Oscillation Index.

Remarkably, for both spring and autumn, decadal
mean totals from lol_1711 show strong coherence
with other long-term series throughout the full period
of record. Confidence is low in the winter lol_1711
series prior to 1790, when conditions are probably
overly dry for the period 1740-90. Much of this part

of the record is informed by qualitative descriptions in
weather diaries or data from the UK used to represent
Irish rainfall. Although confidence in actual rainfall
totals is low, it is probable that much of this period was
indeed very dry. Jones and Briffa (2006) highlight the
exceptional cold and dryness of the early 1740s for the
British—Irish Isles, with the impacts on Irish society and
“the Forgotten Famine”, well documented by Dickson
(1997) and Engler et al. (2013). The 1740s are noted
as being exceptionally dry in the lol_1711 winter

and annual series, while 1740 stands out as being
exceptionally dry in the early annual totals from Cork
taken by Dr Timothy Tucker.

The weather diary of Joshua Wight from Cork offers
further insight into conditions of the 1750s. In his
analysis of that diary, Tyrrell (1995) notes the severe
cold of winters during the years 1753-56, and in
particular the notably low frequency of wet days during
the winter of 1754-55, citing a higher frequency of
northerly and easterly winds during the winter half year
(October to March) for this period, typically associated
with fewer wet days and longer dry spells. Tyrrell
(1995) also notes that the middle and high latitudes
were strongly affected by volcanic activity during the
1750s, with Lamb’s Dust Veil Index for these latitudes
peaking between 1753 and 1756 following the eruption
of Katla in 1755-56.
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While the 1740s are the driest decade in the lol_1711
annual series, the years 1777-86 mark the driest
winter decade. These years are also driest in a
number of long-term precipitation records in the

UK [e.g. England and Wales precipitation — EWP
(1776-85), Carlisle (1776-85), Oxford (1781-90)].
Additionally, this period is marked by relatively low
values of the Westerly Index, strongly negative North
Atlantic Oscillation (NAO) conditions and exceptional
cold in the Central England temperature (CET) record,
thus favouring reduced rainfall. This period is also
coincident with the Laki eruption of 1783—-84, with
winters following the eruption being amongst the
most severe on record in Europe and North America
(Thordarson and Self, 2003). Rather than volcanic
forcing, some have argued that the exceptional
conditions of these years was due to natural variability,
related primarily to a combined negative phase of the
NAO and an EIl Nifio—Southern Oscillation (ENSO)
warm event, similar to conditions during the cold and
snowy European winter of 2009-10 (D’Arrigo et al.,
2011). Still others have argued that a combination

of volcanic forcing and natural variability may have
played a role (Schmidt et al., 2012). The winters of
1784-85 and 1785-86 both rank among the 10 driest
winters in the entire lol_1711 record and are also
notable in the EWP series (1784 ranks in the top 10
driest winters, with 1785 ranked as 13th for the period
1766-2016).

Within the entire 305-year lol_1711 winter series, the
1730s are identified as the wettest decade. Rather
than an individual year in the 1730s standing out as
remarkable, the decade is notable for persistently
wet conditions. Confidence in the 1730s being
exceptionally wet is heightened given concurrent and
almost unprecedented warmth in the CET (Jones and
Briffa, 2006), glacial advance throughout Scandinavia
(Nesje et al., 2008) and notably enhanced westerly
air flow (Barriopedro et al., 2014), all consistent with
a wintertime NAO-type forcing. After 1790, when
early Irish observations become available, lol_1711
shows improved consistency with other long-term
observational and proxy records. In summer,
exceptionally wet conditions of the mid- to late 1700s
stand out, as do the very dry summers of the 1970s
near the end of the record. The exceptional summer
wetness of the lol_1711 series in the mid-1700s is
supported by oxygen isotope tree ring reconstructions
for southern England (Rinne et al., 2013). The period

11

is also documented as being exceptionally wet in

tree ring reconstructions (based on tree ring widths)
by Wilson et al. (2013), who note the mid-1700s

as among the five wettest 20-year periods since
950AD for the months March—July in southern-central
England. The Old World Drought Atlas (Cook et al.,
2015) also identifies the mid-1700s as notably wet in
the context of the last 1000 years. Relative to other
long-term precipitation observations (e.g. at Kew),
this wet period seems to be greater in magnitude

and duration in the lol_1711 series. In his analysis

of Joshua Wight'’s diary, Tyrrell (1995) highlights that
summers of the mid-1750s were wetter than those in
recent years, noting in particular that the number of
wet days reported for summer 1756 was significantly
higher than the average for the modern regime.
Multiple lines of evidence thus add confidence to the
very wet summers of this period in the lol_1711 series.

The lol_1711 series significantly extends our
understanding of the rainfall regime of Ireland.
Monotonic trends derived for the lol_1711 series
reveal large variability in both magnitude and direction,
depending on the period of record assessed (Figure
2.5). Winter records commencing before the 1850s
show statistically significant (0.05 level) increasing
trends. Tests commencing between 1850 and 1900
show non-significant increasing trends. Weak non-
significant decreasing trends are evident for tests
commencing after 1900. It is thus evident that the
finding of statistically significant increasing trends in
winter rainfall is dependent on cold and dry conditions
in the pre-1850 record. The early records in both
lol_1711 and EWP draw on descriptions from weather
diaries and early and experimental rain gauges that
may be prone to undercatch, particularly during cold,
snowy conditions. It is therefore possible that biases
in measurements during cold conditions affect the
magnitude and significance of trends in winter rainfall
in long-term rainfall series. We intend to explore this
potential temperature-dependent bias and potential
influences on winter rainfall trends using physically
based models in a future study. Summer rainfall
reveals statistically significant (0.05 level) decreasing
trends, but only for tests commencing before the
1900s. Trends derived from records that represent
the typical availability of digitised data (i.e. 1940s
onwards) reveal results that are unrepresentative of
the long term, thus illustrating the importance of long
records.
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Figure 2.5. Mann—-Kendall Zs values for lol_1711 seasonal and annual series for all possible combinations
of start and end years, with minimum length of 30 years. Contours represent periods for which trends are

significant at the 0.05 level.

The full paper detailing the lol_1711 rainfall series is
published in Climate of the Past (https://www.clim-
past.net/14/413/2018/). The dataset is available from
Dr Conor Murphy.

Take-home messages from the lol_1711 rainfall series
are as follows:

e The 18th century shows remarkable decadal
climate variability relative to the recent centuries.
This information provides valuable insights for
assessing vulnerabilities.

e The dataset provides insights into how different
climate forcings, such as volcanic eruptions, solar
activity and greenhouse gases, have affected Irish
rainfall in the past and may do so again in the
future.

e The lol_1711 series also reaffirms the trend of
wetter winters and drier summers.
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2.5  Conclusions and Ongoing Work

Together, the IIP network, drought catalogue and
lol_1711 rainfall series add considerably to our
knowledge of the rainfall climatology of Ireland,
reaching right back to the beginning of meteorological
observations. As outlined above, each dataset

has utility in tracking emerging changes in climate;
contextualising recent extremes; identifying past
events that have had significant societal impact; and
ground-truthing climate models. The datasets are
already being used in different sectors to “stress test”
infrastructure and build resilience to future extremes.
At the regional scale, such as in Ireland, future climate
projections are dominated by natural variability

until mid-century. Having long-term quality-assured
datasets such as these facilitates researchers and
decision-makers in more confidently quantifying
natural variability in developing adaptation plans.
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Although much has been achieved in this work, much
remains to be completed. For instance, we currently
lack the equivalent datasets for temperature. Work is
ongoing at the National University of Ireland Galway,
where a PhD project is attempting to address this,
and its completion will make a valuable contribution.
In addition, the datasets above are for monthly
precipitation totals. Given the concern of increasing
extremes, it is of high priority to develop a long-term,
quality-assured daily rainfall network for the island.
Such work is ongoing at the Irish Climate Analysis and
Research Units (ICARUS,) at Maynooth University,
where researchers, together with Met Eireann, are
working with students to transcribe pre-1940 daily
rainfall records currently held in the archives at

Met Eireann. Thus far, this work has successfully
transcribed in excess of 2600 years of daily rainfall
data, together with associated metadata, across the
island. Over the next year or two, the quantity of data
transcribed will be increased and the data will be
quality assured to produce one of the longest daily
rainfall networks in the world. Such a dataset will be
invaluable for examining changes in rainfall intensity
and extremes.

In addition to the rainfall and temperature, the Irish
Reference Network (IRN) (Murphy et al., 2013) of
river flow stations provides a valuable resource for
monitoring, detecting and attributing climate-driven
changes in river flows. Stations within this network
are specifically identified as being of high quality
and experiencing minimum disturbances so that
the identification of climate-driven changes, across
the full flow regime, can be undertaken with greater
confidence. The IRN needs updating, in terms of
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both of record length and the stations included in

the network. This process is currently underway, in
tandem with wider hydrometric network reviews being
undertaken by the Office of Public Works and the
Environmental Protection Agency.

Given the critical vulnerabilities in Ireland to
hydrological extremes, an important avenue of work
currently underway at ICARUS is the reconstruction

of river flows. In Ireland, most of our hydrological
records commence in the early to mid-1970s. Although
a number exist that date back to the 1940s, these are
often heavily affected by arterial drainage. Long-term
global reanalysis datasets such as the 20th century
Reanalysis, which extends back to 1850, together with
ERA-20C, which extends back to 1900, offer exciting
possibilities to help develop probabilistic river flow
reconstructions. These could then be used to explore
hydrological drought and changing flood occurrences.

Given the dominance of natural climate variability
relative to the projected anthropogenic climate change
signal over the coming decades, the past is very much
the key to the future in terms of adaptation planning.
Too often we assume that climate models are the only
tool at our disposal for dealing with climate change.
This is patently not the case. To develop a climate-
resilient Ireland, a critical step is making the most

of our rich heritage of meteorological observations

to better understand the nature of historical climate
variability and change. The work reported here makes
a major step forward in this regard and has spawned
ongoing work to maintain that momentum. It is our
hope that the datasets developed will be taken up and
used by both researchers and decision-makers.
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Irish Climate Futures: A Framework for Climate

Services Based on User Needs

3.1 Introduction

Climate services that provide timely, tailored
information and knowledge to decision-makers play
an important role in improving the capacity to manage
climate risks. Climate services focus on meeting the
needs of user communities, operating at the boundary
between climate sciences, policy and practice
(Guston, 2001) and providing stakeholders and
organisations with knowledge and information that can
be used to reduce climate-related losses and enhance
benefits. A key component of the effective provision of
climate services is the production of long-term climate
projections (Vaughan and Dessai, 2014). However,
utilising climate change projections to inform decision-
making in adapting to climate change has presented
challenges for regional climate projection science.
The main challenges presented are threefold and are
discussed briefly in the following paragraphs.

First, projections of future climate change are
inherently uncertain, which has been a major obstacle
in adaptation planning (challenge 1). Uncertainties

in projections of climate variables are associated

with future emissions pathways, model structure

and parameterisation, initialisation, boundary
conditions and downscaling techniques (e.g. Dobler
et al., 2012). In addition, there is now a multitude of
global climate model outputs and results available

for application at different scales using various
downscaling techniques. Such factors give rise to a
model selection issue (Whetton et al., 2012). Using a
small set of best-performing models or a “best-guess”
assessment is a less than ideal solution. There is
currently no consensus around robust methods for
selecting a few “best” models (Knutti et al., 2010).
Good model performance for past and current climate
is no guarantee of such performance under future,
changed conditions (Murphy et al., 2011), whereas
applying model weights tends to focus on specific
impacts and is complex to implement and interpret.
Additionally, Dessai et al. (2009) highlight that the
exclusion of models deemed to be of low reliability
may exclude consideration of low likelihood but
high-impact conditions. Conversely, using a wide
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selection of models and scenarios typically results

in large uncertainties that propagate and expand

in downscaled regional climate change scenarios

and impacts. The decision-maker is then left with a
bewildering range of possibilities and often defaults
to “low regret” decisions (World Bank, 2012). Such
large ranges of uncertainty have not been welcomed
by policymakers and can lead to inertia in furthering
adaptation policy (Murphy et al., 2011). The notion that
“best guess” climate model output can be used in a
deterministic sense to direct adaptation decisions is
increasingly hard to defend in the face of recognised
uncertainties in global and regional climate modelling,
both statistical and dynamical (Stakhiv, 2011; Pielke
and Wilby, 2012).

Second, climate information is required for multiple
sectors as diverse as agriculture, water resource
management, flood risk reduction, transportation

and health (challenge 2). Such sectors often have
diverse information requirements for contextualising
decision-making (Vaughan and Dessai, 2014).

These requirements range from the types of climate
variables that are important, the spatial scale at
which information is required and the timescales over
which information is important. Traditional top-down
approaches to adaptation have shortcomings in
recognising and meeting these diverse needs (Wilby
et al., 2014). In such approaches a small number

of climate variables are produced through statistical
and/or dynamic downscaling [often using a small
number of parent global climate models (GCMs)],
with emphasis typically on producing projections of a
small number of variables at high spatial resolution.
In Ireland, with a few exceptions (e.g. Bastola et al.,
2011), impacts assessment for specific sectors have
used a small subset of downscaled climate projections,
thus under-representing the range of possible future
impacts. Furthermore, different subsets of scenarios
have been used in different sectors, often confusing
broader interpretation of national-scale vulnerability or
comparison of vulnerabilities across sectors.

Third, in many cases the connections between
climate science users and providers are weak and/or
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non-existent (challenge 3; Changnon, 2004), resulting
in an information gap. In most instances, climate
projections for the coming decades are produced and
distributed in raw form or as generalised data products
for end users to interpret, rather than being packaged
to meet the information needs of decision-makers.
Indeed, in many instances, end users of climate
scenarios have traditionally been seen as other
scientists, particularly in the impact assessment field,
rather than decision-makers. As a result, providers
often do not fully understand the contexts in which
decisions are made (McNie, 2007), with information
provided in formats that prospective users find difficult
to understand and/or incorporate into the decision-
making process (Vaughan and Dessai, 2014). In such
situations, inappropriate use of climate information can
increase risk exposure and lead to bad decisions or
maladaptation (Dilling and Lemos, 2011).

In meeting these challenges, novel approaches to

the provision of climate services are required. Such
approaches need to be decision-centric, relevant

and tailored to the needs of end users, while dealing
transparently and efficiently with the challenge of
uncertainty so that adaptation decisions can be tested
for robustness to the range of projected changes. The
use of representative climate futures (RCFs) (Whetton
et al., 2012) presents such a novel approach for
balancing user needs for simplicity and interpretability
with the need to include cutting-edge climate
projections. In producing robust climate services,

the RCFs approach can act as a bridge between the
climate research community and end users (Whetton
etal., 2012).

Rather than basing climate change assessments on
output from modelling chains, RCFs are employed

as “boundary objects” to anchor discussion and
decision-making. Typologies/classifications of future
climate that determine the key drivers of change are
established through discussion with end users. For
example, when temperature and precipitation change
are key drivers, matrices of simple narratives such as
warmer and wetter, or much hotter and much drier, are
derived. Model projections from large datasets, such
as the CMIPs, and/or previously downscaled scenarios
for the region of interest are then classified within
these narratives. Likelihoods for specific RCFs can be
established based on the number of scenarios falling
into each RCF classification or more formal weighting
based on model performance in representing past
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climate. RCFs of little interest to adaptation can

be neglected, with attention focused on populating
relevant RCFs with climate datasets from one or
more representative GCM. These can be downscaled
using appropriate methodologies that are consistent
with user needs. In addition, the representation of
important RCFs using a subset of climate scenarios
allows the possibility of deriving internally consistent,
multivariate datasets when more detailed impact or
risk assessments may be required.

The merits of a climate futures approach in addressing
the key challenges outlined above are significant when
(1) scenarios and information provision are developed
with user needs to the fore; (2) the complexity
associated with the use of emissions pathways and
models is removed for end users, i.e. there is no need
for end users to understand the complex modelling
chains that underlie particular scenarios; (3) multiple
layers of information can be contained, with users
needing only to access the level of detail required for
a particular decision; and (4) the number of narratives
used to represent future climate impacts can remain
small and stable in the face of proliferating climate
model results. An additional benefit of the RCF
approach is that pre-existing downscaled scenarios
can be included, maintaining the relevance of previous
research (Whetton et al., 2012).

Systematic application of the RCF approach has a
number of methodological challenges, in particular
(1) the identification of an efficient and effective way to
characterise or classify climate scenarios for a region
into a particular climate future; (2) the calculation

of relative likelihoods — based on either qualitative

or quantitative procedures; and (3) the selection by
end users of a subset of climate futures that requires
development based on their understanding of current
vulnerabilities of the system in question. This is a
particular challenge if the RCF approach is employed
for the generation of national climate change
scenarios.

3.2 The Irish Climate Futures

Framework

Here, we develop a framework for exploring ICF that
is inspired by, but different from, the RCF approach.
We base our framework on the GCM runs comprising
CMIP5. Our analysis includes between 68 and 98
different climate scenarios for each of the following
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RCPs for three future time periods: RCP 2.6, 4.5, 6
and 8.5 and the 2020s (2010-39), the 2050s (2040—
69) and the 2080s (2070-99). For each scenario,
changes in temperature and precipitation are derived
seasonally relative to the baseline period 1976-2000
using the simple change factor approach.

The methods adopted are intended to be flexible in
terms of user needs with regard to approaches to
adaptation planning. First, scenarios are derived for
climatological and synoptic weather stations across
Ireland and 35 catchments within the IRN (Murphy et
al., 2013). The workflow is just as easily extended to
grids or to any unit of analysis deemed necessary for
adaptation planning (e.g. county level or region, e.g.
Greater Dublin Region). Attention was also given to
ensuring that the approaches developed could be used
for climate change communication and adaptation
planning, in particular for:

1. Developing narratives or simple story lines of
future change that are informed by the range of
climate projections that also underpin the IPCC
Fifth Assessment Report. Such narratives may
be beneficial for communicating climate change
impacts to the general public, policymakers and
planners or for vulnerability assessment.

Deriving ranges of potential future changes for
developing sensitivity testing of systems and
adaptation decisions for both climate and non-
climate factors in a wide range of different sectors.

Providing downscaled climate projections for
underpinning impact assessments that represent
the full range of uncertainty from the most up-to-
date climate model ensemble.

The ICF framework is based on three levels of
interaction/dissemination (basic, intermediate

and advanced), depending on specific needs of
potential users. In the following sections each level
of interaction/dissemination is described, together
with the methods that underpin the development of
climate information. We also highlight potential uses
that the data/information can be put to in developing
adaptation plans. In all aspects we pay particular
attention to the need for transparency surrounding
uncertainties in future projections. The framework
we develop is a prototype and will need to be rolled
out on a wider basis before being operational, which
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depends on future funding. The current phase of
work set out to scope a framework to better deliver
climate services for Ireland. For those interested in
viewing a sandbox user interface in which output for
each level is derived for three locations (Cork, Dublin
and Armagh) see https://mu-icarus.shinyapps.io/
climate_futures_dashboard_18012018/.

3.3 Irish Climate Futures: Basic
Level
3.3.1 Target audience

The target audience is widespread, with potential
users from members of the public interested in
climate change to advanced users charged with
conducting vulnerability assessments and adaptation
plans through to researchers. In particular, we
highlight this level of interaction as particularly useful
for planners, policymakers, local authorities and
politicians.

3.3.2  What it does

The basic level is structured around changes in
seasonal temperature and precipitation, as derived
from the CMIP5 archive. Seasonal change factors
estimated for mean daily temperature and precipitation
are classified by the combined changes in the

two variables, with the data presented as simple
histograms for each variable, showing the range

of projected changes. A scatterplot showing the
individual projected changes in temperature and
precipitation is also derived. Finally, the projected
changes in seasonal temperature and precipitation
are presented as climate futures — simple narratives
describing the nature of future change. The climate
futures used are described in Table 3.1. The resultant
classifications provide a clear visual display of the
spread and clustering of climate change projections
for different time periods of interest (i.e. 2020s, 2050s,
2080s) and different greenhouse gas concentration
pathways. This provides model consensus information
for each climate future and makes it easy for users to
identify information that is of most importance to their
impact assessment. This represents a unique way

of exploring regional climate projections by allowing
users to explore the projected changes in two climatic
variables simultaneously.
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Table 3.1. Descriptions of climate futures used in the development of heat plots under the basic level of

interaction

Precipitation climate futures

Temperature climate futures

U Much wetter: >15% increase in rainfall

. Wetter: 5-15% increase in rainfall

< Little change: —5% to +5% change in rainfall
U Drier: 5-15% reduction in rainfall

. Much drier: >15% reduction in rainfall

3.3.3  Example output

Figure 3.1 shows output from the basic level for Cork
Airport. Here, we show the winter (DJF) season
changes relative to present under the business-
as-usual, emissions-intensive RCP 8.5. The same
output can be selected through dropdown menus

in the user interface for any RCP, season or future
time period. The output consists of (1) a histogram

of projected temperature change from the full range
of CMIP5 model simulations; (2) a histogram of
precipitation change from the full range of CMIP5
model simulations; (3) a scatterplot of the above
changes in temperature and precipitation from each
climate scenario and (4) a heat map of consensus
among climate scenarios around simple future climate
change narratives (descriptions of future changes; see
Table 3.1). The colour ramps detail the percentage of
future climate projections from the CMIP5 archive that
fall within each climate future. Each plot can be easily
downloaded, as can the data behind the plots, for
presentation purposes.

Such functionality makes it very simple to derive
detailed information for any location of interest. Each
climate scenario is equally likely and thus none can be
discounted. Not focusing on an ensemble means that
the user/decision-maker can identify which part of the
scenario space may be of interest and might cause
stress for the system in question.

Figure 3.2 shows the climate futures plot for winter
(DJF) and summer (JJA) for the 2050s and 2080s

for Dublin under business-as-usual emissions (RCP
8.5). The evolution from more moderate to extreme
climate futures is evident when progressing from
mid-century to end of the century. The uncertainty in
future projections is easily visualised and understood.
For instance, by the end of the century, more than half
of the projected winters are likely to be much hotter
(>4°C hotter than in the baseline period 1976-2000),
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Slightly warmer: <1°C increase in temperature
Warmer: 1-2°C increase in temperature
Hotter: 2-3°C increase in temperature

Much hotter: >4°C increase in temperature

with an equal number of scenarios being wetter
(5-15% increase in precipitation) and much wetter
(>15% increase in precipitation). The majority of
climate models project that summers in Dublin by the
end of the century will be much hotter (>4°C hotter
than in the baseline period 1976—2000) and much
drier (> 15% reduction in rainfall relative to the baseline
period 1976-2000). Equally important is that the

user can readily see where other climate projections
lie and the relative likelihood of these, if likelihood

is counted as the level of agreement among climate
models. Viewing climate model projections in this way
thus offers a very transparent way of assessing future
climate risk that allows the user to easily examine the
full range of projected changes, and how they agree
or disagree, in assessing vulnerabilities, devising
adaptation plans and even communicating risk to
non-experts.

3.3.4  How might the basic level be useful for
adaptation planning?

This type of information (from viewing climate model
projections) is relevant to assessing vulnerabilities
across all sectors, especially the water, agricultural
and health sectors, and could easily be used for
scoping vulnerability. The narratives could also be
used in appraising future adaptation strategies.
Chapter 4 combines the long observational records
from Chapter 2 with the change factors in seasonal
temperature and precipitation derived using the basic-
level functionality of the ICF framework to assess
how past seasonal extremes have changed over the
period of record and how they are likely to change

in the future. Such analogue methods that identify
extremes within living memory and ask how they are
likely to change in future offer a valuable means of
assessing vulnerabilities across all sectors and provide
a powerful method of communicating the impacts of
climate change.
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Figure 3.1. Output provided for each station, season and RCP for the basic level of the ICF framework.
This example case is for winters in the 2050s for Cork Airport under business-as-usual emissions

(RCP 8.5). Top left: histogram of temperature changes projected. Top right: histogram of precipitation
changes projected. Bottom left: scatterplot of temperature and precipitation changes. The dotted vertical
line represents zero rainfall change and the dotted horizontal line represents a 2°C change relative to
baseline. Scenarios falling within each quadrant are coloured. The cross-hair shows the location of
EC-Earth, the climate model currently run by Met Eireann. Bottom right: heat map of climate scenarios
for narratives of future changes of temperature and precipitation. The percentage of CMIP5 models

comprising each future narrative is colour coded.

34 Irish Climate Futures:
Intermediate Level
3.4.1 Target audience

The intermediate level is aimed at those responsible
for assessing vulnerability to climate change

in different sectors, including local authorities,
consultants and engineers. Often, this will require
running system models to assess vulnerability or the
implementation of different adaptation options. In
many cases, this necessitates integrated assessment
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whereby climate change is only one factor of future
change that needs to be accounted for. For example,
in developing water plans, water managers will need to
develop models of future water availability that account
for changes in population, water demand and possible
land use, as well as climate change. In assessing
future system vulnerabilities and the effectiveness of
potential adaptation options, it is critical that the full
range of potential changes in key climate variables

is included to avoid potentially expensive over- or
underspend on adaptation. Including hundreds of
climate scenarios in modelling studies is often not



C. Murphy et al. (2014-CCRP-MS-16)

Change Factors: 2050s RCP: 8.5 Season: DJF

Much wetter: >15% -
20
158
=
Little Change; -5% to +5% - - =
a
10 =
L& ]
Drier: -5% to -15% ] ®
5
Much Drier: =-15% - 0
T 1 T T
i o = -
X 2 = R
B — ] o
£ = = s
] £ = I
= 5 2 g
= = 3
E =
=
w
Change Factors: 2050s RCP: 8.5 Season: JJA
Much wetler: >15% - 40
Weter: 5% to 15% - 30 e
g
o
Little Change: -5% to +5% - 0%
a
=
Q
Drier. -5% to -15% — 10 ®
Much Drier: <-15% -

Hotter: 210 3

Much Hotter: >4 .
L =]

Slightly Warmer. <1 -
Warmer. 1to 2

Change Factors: 2080s RCP: 8.5 Season: DJF

Much wetter: >15% -

Wetter: 5% to 15% - 20

Little Change: -5% to +5% -

o
% CMIPS Members

Drier: -5% to -15% -

Much Drier: <-15% - 0

Slightly Warmer; <1 -
Warmer. 1 1o 2
Hofter: 2t0 3 =

Much Hotter: >4 -

Change Factors: 2080s RCP: 8.5 Season: JJA

=~
o

Much wetter: »15% -

@
o

Wetter: 5% to 15% -

[
o

i
=]
% CMIP5 Members

Little Change: -5% to +5% -

w
o

(&)
o

Drier: -5% to -15%

Much Drier: =-15% -

Hofter: 210 3

Much Hotler: >4 .
[=] -
L=

Slightly Warmer, <1 -
Warmer: 1to 2

Figure 3.2. Climate future heat plots for Dublin Airport showing the proportion (%) of climate model
scenarios from the CMIP5 ensemble that comprise each climate future for winter (DJF) (top) and summer
(JJA) (bottom) for the 2050s (left) and 2080s (right) under the business-as-usual emissions RCP 8.5.

an option because of the expertise needed and the
computational expense. The intermediate level of
the ICF framework aims to reduce the complexity of
large climate ensembles (CMIP5) into a small and
manageable set of climate futures that represent
unigue and equally plausible climate change signals
that encompass the range of projected changes from
the parent ensemble.

3.4.2  What it does

To avoid poor adaptation decisions, best practice
dictates robust sampling of key climate and model
uncertainties (Clark et al., 2016). Hence, the outputs
from large-scale model experiments, such as CMIP
(Taylor et al., 2012), represent a valuable resource
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for adaptation planning. However, such experiments
rely on the support of autonomous modelling

groups, which differ in the number of simulations
conducted, the specific model(s) employed and the
particular component(s) of uncertainty considered
(e.g. parameterisations, initial conditions). This is
complicated by GCMs developed by different groups
sharing a similar formulation and hence many of

the same errors/biases, an issue that also affects
successive model generations (Masson and Knutti,
2011). Furthermore, models may share the same
parameterisations or be “tuned” using the same
(possibly biased) observational data. Consequently,
the usefulness of ensemble experiments is limited by
their biased representation of constituent uncertainties,
with several studies highlighting the effects that data
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redundancy and model interdependence have on the
effective ensemble size (Knutti et al., 2010; Pennell
and Reichler, 2011).

Deriving unbiased distributions of future climate

and predictive uncertainty is strictly conditional on

the independence of ensemble members (Greene

et al., 2006; Déqué and Somot, 2010; Masson and
Knutti, 2011; Mendlik and Gobiet, 2016). Here, biased
sampling leads to disproportionate weighting of the
respective model biases and sensitivities, resulting in a
skewed statistical interpretation of probable changes.
Hence, ensemble bias has direct implications for our
understanding of climate risk and the robustness

of planning decisions. Addressing this requires the
identification of an independent subset of ensemble
members that captures the original ensemble spread
and ensures that, in omitting certain projections,
minimal information is lost. In addition, by minimising
data redundancies, sub-selection lessens the burden
of considering the full ensemble, which, on the

part of decision-makers, may force poor ensemble
member selection (or at worst lead to inaction).
Furthermore, planning decisions may be complicated
by the necessity of considering additional stressors
(e.g. land use change, population growth and socio-
economic scenarios) alongside climate change.
Hence, identifying key climate narratives via objective
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down-selection helps to better communicate climate
risk. Such narratives can be used to define ranges with
which to stress test system vulnerability (Prudhomme
et al., 2010; Whateley et al., 2014).

In the intermediate level, the ICF framework employs
principal component analysis in conjunction with

a k—-means clustering algorithm applied to the rotated
component loadings to identify a reduced set of
objective and independent climate change signals that
characterise the uncertainty in the CMIP archive. To
maintain internal consistency between temperature
and precipitation, the procedure is applied to the
concatenated climate signals of both variables.
Example output is provided in the following section for
Cork Airport.

3.4.3  Example output

Using the example of Cork Airport for the 2050s and
RCP 8.5, Figure 3.3 identifies seven independent
ensemble members that capture distinct signals of
projected change and 90% of the range of projections
from the CMIP archive. Thus, the approach robustly
refines the CMIP5 ensemble to seven independent
climate change signals and reduces the number

of simulations required to efficiently capture the
ensemble spread. In Figure 3.3 the blue columns
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Airport (2050s under RCP 8.5) identified from the CMIP5 archive of GCM output. These seven signals
were selected to span 90% of the range of the parent CMIP5 ensemble.
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represent seasonal rainfall changes and the red lines
represent seasonal temperature changes. Equally
plausible changes range from increasing rainfall in
all seasons (EM BNU-ESM) with little temperature
change, to large increases in seasonality of rainfall
(wetter winters and drier summers) and large
increases in summer temperatures (EM ACCESS
1.0). Given the independent and equally plausible
nature of such changes, it is critical that vulnerabilities
and adaptation options be assessed for functionality
under the range of these projections. The approach
also allows identification of different narratives to
communicate changes and test adaption decisions
under a range of plausible future scenarios.

3.4.4 How might the intermediate level be
useful in adaptation planning?

The intermediate level is particularly useful for
adaptation planning when systems need to be
assessed for future vulnerabilities or the assessment
of adaptation options. A case in point is the water
sector. In many cases, water managers will have a
working model of a water supply system that might
represent the major sources, abstractions, discharges,
demands on water, etc. Climate change is only one
pressure on water resource provision and water
managers may also be interested in examining

how the system responds to increased population,
changing water demands, land use change within

the catchment area, changes in pricing of water, etc.
Such complexity necessitates the use of a smaller
number of climate change projections that can be used
in such integrated assessments. The intermediate-
level approach can provide such reduced scenario
numbers, but maintain their representativeness of

the uncertainties and distinct climate signals from the
larger set of climate projections. The intermediate level
may also be useful for identifying/selecting climate
model projections that may be subject to dynamical
downscaling.

3.5 Irish Climate Futures: Advanced
Level
3.5.1 Target audience

The advanced level is aimed at researchers, planners
and consultants who may be interested in further
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exploring uncertainties in future climate projections
as a result of natural variability and who require daily
climate simulations for their analysis. This may be the
case when adaptation planning using the basic- or
intermediate-level data reveals vulnerability in the
system of interest and deeper assessment of that
vulnerability may be required to inform planning and
decision-making.

3.5.2 What it does

The advanced level applies a weather generator
(WG) to climate futures identified in the intermediate
level. WGs produce climate data of unlimited length
that have the same statistical features (e.g. mean,
variance) as the observed data but with a different
sequencing of weather events. Their stochastic basis
means that WGs have the benefit of capturing natural
variability in local-scale conditions, which is critical for
design considerations where high-frequency variability
is an issue (e.g. flood defences). By altering their
parameters using large-scale weather predictors, WGs
can be adapted to downscale GCM projections (Kilsby
et al., 2007; Jones et al., 2011; Bastola et al., 2012).
For this study we employ the WeaGETS (Weather
Generator of the Ecole de Technologie Supérieure)
single-site stochastic WG developed by Chen et

al., (2012). Numerically, WeaGETS is similar to the
widely applied WG model but is altered to improve

the simulation of low-frequency climate variability
(Chen et al., 2010). WeaGETS was selected based

on its flexibility, parsimonious structure and concurrent
simulation of precipitation and temperature, with the
last being important when modelling systems that
require the physical and temporal relationship between
both variables to be maintained (e.g. crop modelling).
For this study the WG parameters are perturbed

by refitting the model to observed climate data that
has been rescaled using change factors from the
intermediate-level output. For precipitation the model
was found to perform best using a third-order Markov
chain for wet/dry day occurrence and two-parameter
gamma distribution to simulate rainfall amount. The
use of Fourier harmonics to smooth the temporal
transition between parameters was found to improve
performance (Chen et al., 2010). Additional tests

were conducted to determine the number and length
of simulations required to capture the full range of
internal variability.
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3.5.3  Example output

Example output is provided for Cork Airport in

Figure 3.4. For each of the independent scenarios
identified in the intermediate level in Figure 3.3,

the WG is applied to explore the ranges of natural
variability in addition to the climate change signals.

It is evident that the ranges of change expand
considerably. The output is provided graphically and in
the form of CSV files for users who need to download
the data for impact assessment of adaptation planning.

Mean Daily Temperature : ACCESS1-0 riitpd Mean Daily Precipitation : ACCESS1.0 rii1pt

3.5.4  How might the intermediate level be
useful in adaptation planning?

It is envisaged that the advanced level will be
accessed only by advanced users who have high-
level capabilities in assessing climate change risks.
In particular, the output from the advanced level
could be used at advanced levels of adaptation
planning for stress testing adaptation decisions. For
instance, in flood management the output from the
WG could be deployed to assess the effectiveness
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of design allowances in the construction of flood
defences.

3.6 Conclusions and Next Steps

The ICF framework presented in this chapter offers
a pathway to integrating climate change information
into decision-making in a way that is more sensitive
to user needs and the types of information required
and, critically, is transparent in the presentation of
uncertainties that are present when assessing future
climate risks. In particular, potential end users have

been welcoming of the basic and intermediate levels.

At present, the framework is a prototype, with the
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methods for each level developed and assessed.
There are, of course, limitations associated with all
approaches. The greatest caveat is that even the
largest set of future climate change projections,

as represented by the CMIP5 archive, is probably
underdispersive (i.e. does not capture the full range
of probable outcomes in the future) and surprise
events/outcomes should be expected. If this approach
is deemed useful for adaptation planning and
communication of climate change risks, it will need
to be expanded to other stations and output units
of interest (e.g. catchments, grid points). It is also
possible to extend the framework to examine other
climate variables simulated GCMs.



4

Past and Future Climate Change in the Context of

Memorable Seasonal Extremes

4.1 Introduction

Assessments of climate change impacts can be
difficult to communicate to the general public and
decision-makers. One of the challenges is that
climate change may seem temporally, personally
and geographically remote and in essence distant
from people’s lives (Moser, 2010; Pidgeon, 2012). In
attempting to bridge this gap we argue that a focus
on memorable extremes in both the historical records
and as an analogue using future projections may

be helpful. By focusing on memorable extremes,
individuals can use their grounded memories to gain
an insight into key vulnerabilities and impacts that
may not be available using conventional approaches.
Therefore, we try to make Irish climate change
projections more tangible by grounding them in
memorable seasonal extremes.

We first identify the wettest, stormiest winters and the
driest, hottest summers in observational datasets,
before assessing how unusual these events are

in the long-term context. These extremes are of
particular interest given the magnitude of the social,
environmental and economic impacts that they have
had previously; additionally, they provide a reference
for stress testing existing management plans under
likely future conditions. We then assess how the
likelihoods of these extreme seasons may have
already changed during the period of observation,
before employing output from a suite of climate
model experiments to explore projected future
change. [Paragraph reproduced from Matthews et al.
(2016). This is an Open Access article distributed in
accordance with the terms of the Creative Commons
Attribution (CC BY-NC-ND) license, which permits
the copying and redistribution of the material in

any medium or format, provided the original work

is properly cited. See: http://creativecommons.org/
licenses/by-nc-nd/4.0/.]

Here we provide a synthesis of key findings from
Matthews et al. (2016) and the interested reader is
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encouraged to consult the full paper in the journal
Climate Risk Management.

4.2 Key Findings

4.2.1 Changing seasonal extremes from
observations

In terms of dry summers, 1995 stands out as the most
exceptional since 1850, with a return period value

of 84 years (Figure 4.1). The second and third driest
summers occurred in 1913 and 1869, respectively,
both of which had estimated return periods of 73
years. For wet winters, the most extreme on record
occurred in 1994, with a corresponding return period
estimate of 63 years. Ranked second and third were
the years 1995 and 1883, registering a return period
of 40 years and 28 years, respectively. The hottest
summer in the observational record was in 1995,
with a return period of 441 years. The summers of
2006 and 1976, with return periods of 94 years and
85 years, were ranked second and third, respectively.
In terms of storminess, 2013/14 ranks as first with
1914/15 ranking second and 1935/36 ranking third in
long-term records. The stormiest winter, 2013/14, is
found to have a return period of 2198 years.

Our analysis finds that with the exception of winter
storminess, all extreme seasons show signs of an
increasing likelihood of occurrence over time. We find
that the chance of a summer as warm as 1995 has
increased 56-fold over the course of the available
records. In the early 1900s, a summer as warm as
1995 would have a return period of approximately
6400 years. Between 1985 and 2014, the return period
for a summer as warm as 1995 has reduced to 114
years. Both summer and winter precipitation show an
increasing likelihood of extreme seasons (Figure 4.2).
For both the wettest winter and driest summer, return
periods have halved from the beginning to the end

of the record. The trends over time are significant in
winter. Our analysis finds that the likelihood of a winter
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Figure 4.1. The line plots provide time series of the respective variables, in which the dotted line is a 10-
year (centred) moving average. The seasons classified as most extreme (wettest winter, driest summer,
hottest summer, and winter with lowest mean sea-level pressure — the “stormiest”) are highlighted by red
stars. Histograms show the distribution of the variables, with fitted gamma (winter/summer precipitation)
and normal (winter storminess and summer temperature) distributions overlain (red line). Reproduced
from Matthews et al. (2016). This is an Open Access article distributed in accordance with the terms of
the Creative Commons Attribution (CC BY-NC-ND) license, which permits the copying and redistribution
of the material in any medium or format, provided the original work is properly cited. See: http://
creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 4.2. Z-scores for top-ranked seasons when distributions (gamma = precipitation; normal =
storminess and air temperature) are fitted to sliding 30-year samples. Note that here we plot |z|, hence a
decrease equates to an increasing likelihood of occurrence. The x-co-ordinate corresponds to the centre
year of the 30-year sample. Reproduced from Matthews et al. (2016). This is an Open Access article
distributed in accordance with the terms of the Creative Commons Attribution (CC BY-NC-ND) license,
which permits the copying and redistribution of the material in any medium or format, provided the
original work is properly cited. See: http://creativecommons.org/licenses/by-nc-nd/4.0/
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as stormy as 2013/14 has decreased significantly
since 1900. However, this may be an artefact of the
storminess metric employed.

4.2.2  Changes in the mean and/or variance?

We investigated trends in the mean and variance

of each respective variable with trends in the mean
calculated from annual series and variance assessed
using the 30-year running samples. The change in
mean summer air temperature is the only trend that

is statistically significant at the 0.05 level, reflecting
0.93°C warming over the period 1900-2014. For both
summer and winter precipitation, our analysis finds
that trends in the mean have an ~20% chance of being
drawn from a population with no trend and highlight
that the increase in winter precipitation (+25.7 mm)
over the period investigated essentially compensated
for the decrease in summer precipitation (—25.6 mm).
Our analyses also indicate that the trends in mean
sea level pressure and variability for all variables are
too weak to approach statistical significance at the
0.05 level or even at the 0.10 level. The variance and
mean have increased for wintertime precipitation and
summer temperature, so both factors contribute to the

increasing likelihood of extreme seasons throughout
the observational record (Figure 4.3). For summer air
temperature, the changes in the mean are of much
greater importance in driving the increase in the
likelihood of such warm summers. The growing risk
of wetter winters is more driven by a combination of
increasing mean winter precipitation and variance
(Figure 4.4).

4.2.3  Changing seasonal extremes from

model projections

The nature of changing seasonal extremes from future
model projections was assessed using the CMIP5
archive of global climate models. Modelled historical
series from the CMIP5 archive show broad agreement
with observations in terms of the direction of change,
but large spread is apparent between the magnitude
of change across individual model runs (Figure 4.5).
The median changes across the ensemble of

climate models tends to be more modest than from
observations (Figure 4.6). For summer precipitation in
particular it is noted that low frequency variability is not
captured well by the climate models, with variability in
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Figure 4.3. Running 30-year means (top) and variances (bottom). Prior to calculating running statistics,
all variables were standardized by subtracting the mean and dividing by the standard deviation. Darker
lines are least-squares trend lines fitted to the smoothed data to indicate the direction of change. Trends
in [...] means utilize the raw annual series; smoothed data are shown here only for clarity of illustration.
Reproduced from Matthews et al. (2016). This is an Open Access article distributed in accordance with
the terms of the Creative Commons Attribution (CC BY-NC-ND) license, which permits the copying and
redistribution of the material in any medium or format, provided the original work is properly cited. See:
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the observations being far more pronounced than in
the model runs.

When we assess the changing likelihood of future
seasonal extremes using the CMIP5 climate models
forced with different greenhouse gas emissions
profiles, as represented by the RCPs, we find
substantial changes for all series except winter
storminess (Figure 4.7). In particular, we find a very
large change in the likelihood of a summer as warm
as that in 1995. Under a business-as-usual RCP 8.5
there is an 85% likelihood of summer temperatures
exceeding 1995 levels. By the end of the century it is
plausible that temperatures as cool as those in 1995
(the hottest in the observations) would be expected to
occur on average only once in 7 years. For a 30-year
period at the end of the century under RCP8.5, 25-26
years would be expected to be hotter than the hottest
summer on record. This represents an almost 250-fold
increase in the likelihood of a summer as warm as that
in 1995. By this time, the hottest summer on record
would be conceived as an usually cool summer.
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For dry summers and wet winters the median model
runs for the end of the century under RCP 8.5 indicate
the precipitation totals associated with the driest
summer on record (1995) and the wettest winter
(1994/95) are likely to become 8—10 times more
likely. For each seasonal extreme indicator examined
projected changes become more conservative under
RCP 4.5, indicating the importance of avoiding

RCP 8.5. Projections of our storminess metric give
no suggestion of increasing likelihood for extreme
seasonal conditions. It is also important to note that
there are large uncertainties in future projections

of seasonal extremes. For instance, for summer
precipitation under RCP 8.5 there is more than a 5%
chance that summers as dry as 1995 will be less
probable by the end of the century. By contrast, there
is more than a 95% chance that summers as hot as
that in 1995 and winters as wet as that in 1994 will be
more probable by the end of the 21st century under
RCP 8.5. When we assess the relative importance of
changes in the mean and variance in driving chances
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in seasonal extremes from the CMIP5 archive we
find that for all indicators considered that changes in
variance are of secondary importance to changes in
the mean.

4.3 Implications and Conclusions

This research shows that over the course of the last
100 years the likelihood of extremely wet winters

and hot summers increased significantly. The

largest increase was found for hot summers, with

the likelihood of a summer as hot as that in 1995
increasing by a factor of 50 over the observed record.
When combined with further large increases in the
likelihood of extremely hot summers from climate
model projections, results give cause for concern.
Pascal et al. (2013) have previously shown that
excess mortality increased during the summer of 1995,
while others have shown that mortality rates in Ireland
are temperature dependent (Goodman et al., 2004;
Gleeson et al., 2013; Pascal et al., 2013).

In comparison with changes in summer air
temperature, projected changes in the likelihood of
extremely dry summers and wet winters are more
subtle, but still potentially challenging. For instance,
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drought and water resources management were a
particular challenge during the summer of 1995. For
summer in particular it is important to note the lack
of skill of the current generation of climate modes

in capturing low-frequency variability in summer
precipitation. The Atlantic Multidecadal Oscillation
(AMO) plays an important role in determining Irish
summer precipitation (McCarthy et al., 2015). Given
that models are unable to capture the AMO signal,
we advise that the CMIP5 ensemble is unlikely to
represent decadal scale fluctuations in precipitation
driven by sea surface temperatures. Projection

of summer precipitation change for the region

from CMIP5 models are therefore likely to be too
constrained and this should be accounted for in
adaptation planning. While our findings show that the
likelihood of a winter as stormy as 2013/14 is low by
the end of the century, this contradicts other work.
In the full paper (Matthews et al., 2016) we provide
discussion as to why this may be so.

In closing, Irish climate has experienced substantial
change in the occurrence of extreme seasonal
temperatures and rainfall that, in the earlier half of
the 20th century, would have been considered highly
exceptional. These changes are largely consistent
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with climate model projections of future Irish climate.
We show that such events are likely to become less
the exception and more the norm as further warming
is experienced. This is most apparent in the almost
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250-fold (RCP 8.5; relative to 1901-2005) increase in
the likelihood of a summer as warm as that in 1995 —
the warmest currently on record.
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5.1 Introduction

The extent to which human activity has altered the
global climate system is evident in the changing nature
of weather and climate extremes (Rummukainen,
2012). Climate change signals are manifest through
shifts in the duration, frequency, timing and spatial
extent of extreme precipitation and related events
such as fluvial flooding and hydrological drought
(Trenberth et al., 2003; Min et al., 2011; Habeeb et

al., 2015; Bloschl et al., 2017). Given the significant
human, environmental and financial costs involved
across sectors as diverse as agriculture, water quality,
flooding and urban drainage, understanding changes
in extremes is critical for minimising future risk,
particularly to vulnerable populations and infrastructure
(Nissen and Ulbrich, 2017).

Despite contrasts in the rate of change across
individual components of the regime (e.g. total
receipts, upper quantiles), as well as discontinuities

in the signal both spatially (e.g. wet vs dry areas,
ocean vs land) and temporally (e.g. daily, sub-hourly),
evidence indicates an ongoing intensification of the
global hydrological cycle (Alexander et al., 2006;
Westra et al., 2013; Wu et al., 2013; Asadieh and
Krakauer, 2015; Donat et al., 2016). Changes shown
to occur globally are mirrored by increases in extremes
at continental and regional scales (van den Besselaar
et al., 2012; Wagner et al., 2013; Vautard et al., 2014;
Bloschl et al., 2017). Much research has examined
past and current trends in observed records as an
indicator of possible future conditions (Easterling et
al., 2000; Murphy et al., 2013). Further to this, studies
have focused on the attribution of trends and on
quantifying their human component. Climate model
experiments also constitute a significant strand of
current research. Experiments such as CMIP5 (Taylor
et al., 2012) and CORDEX (Jacob et al., 2014) aid
process understanding and support the findings of
observation-based studies. Additionally, by providing
an insight into future behavior, their predictions inform
much of the adaption planning necessary to reduce
climate change risk (Frei et al., 2006; Russo et al.,
2014; Vautard et al., 2014; Nissen and Ulbrich, 2017).
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Rainfall Extremes in a Changing Climate

The Clausius—Clapeyron (CC) relation, which suggests
that specific humidity and hence atmospheric moisture
increase approximately exponentially with temperature
(6.5%/K) (Boer, 1993), provides a theoretical basis for
understanding changes in rainfall extremes under a
warming climate. Although this cannot be translated
directly into increases in intensity locally, it provides a
basis for understanding the changing patterns found

in observed data (Groisman et al., 2005; Shiu et al.,
2012) and model-simulated data (Groisman et al.,
2005; Sun et al., 2006). However, studies suggest that
under certain atmospheric conditions the relation may
be conservative, with evidence supporting a doubling
of the CC rate in extreme hourly intensities (Lenderink
and van Meijgaard, 2008; Blenkinsop et al., 2015; Bao
et al., 2017; Lenderink et al., 2017). Similarly, studies
highlight the importance of rainfall type (convective
versus stratiform) and circulation pattern for the scaling
between temperature and precipitation intensity (Berg
et al., 2009). This underlines the complex nature of
extremes and the uncertainty in extrapolating changes
using simple scaling techniques alone.

This study examines changes in precipitation extremes
for the island of Ireland using RCM simulations from
the CORDEX project (Giorgi et al., 2009; Jacob et

al., 2014). RCMs allow higher resolution climate
information for a limited domain to be dynamically
downscaled from the coarser simulations of
planetary-scale GCMs. Their greater resolution means
that RCMs provide an improved spatiotemporal
representation of climate variability and are better able
to resolve the local-scale features (e.g. orography,
land-sea interactions) and finer scale atmospheric
processes (e.g. convection, cloud formation)
associated with extremes (Wilby and Wigley, 1997;
Ayar et al., 2016). However, despite significant model
advances, climate projections remain subject to much
uncertainty. This is related to factors including model
limitations (parameterisation of system processes,
coarse scale), the chaotic nature of the system and
the indeterminate trajectory of future emissions.
Addressing uncertainty necessitates using multiple
realisations of future climate from perturbed physics
and/or multi-model ensembles run using different
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emission scenarios. Hence, the availability and use
of ensemble datasets is critical from a planning
perspective, where poor model sampling can lead
to overconfidence in a particular climate outcome,
potentially undermining adaptation efforts.

This chapter considers a 19-member ensemble from
the CORDEX experiment, developed using 13 highly
resolved RCMs run at 11° resolution and forced
using lateral boundary conditions from one or more
of six different CMIP5 GCMs (Taylor et al., 2012).
The ability of climate models to accurately simulate
future changes highlights their utility for impact
assessment. Hence, using a series of indices relating
to extreme rainfall, the analysis first investigates model
performance for the island of Ireland with respect to
historical simulations. Following this, projected future
changes are examined.

5.2 Data and Methods

5.2.1 Data

Model validation of the ability of climate models to
capture observed rainfall is conducted using 1 x1km
gridded datasets of observed daily precipitation

for the island of Ireland obtained from Met Eireann
(Walsh, 2012). Daily precipitation from 19 different
GCM-RCM combinations, which comprise part of

the CORDEX ensemble, is analysed (Table 5.1).

To develop the ensemble, eight different participant
agencies ran their RCMs at a 0.11° (~12.5km)
horizontal grid resolution for a European-wide domain,
taking lateral boundary conditions from one of five
different GCMs. The ensemble used includes historical
GCM runs (1976—-2005) alongside future projections
(2010-2100), relating to two different RCPs (+4.5 and
+8.5W/m?). Each RCP is indicative of the possible

Table 5.1. Ensemble members from the CORDEX project used in the present study

RCM RCM

version

Ensemble Abbreviation

member

Modelling group

Climate Limited-area Modelling
Community (CLMcom)

Centre National de Recherches
Météorologiques (CNRM)

Danish Meteorological Institute
(DMI)

Institut Pierre Simon Laplace
(IPSL-INERIS)

Koninklijk Nederlands
Meteorologisch Instituut (KNMI)

Helmholtz-Zentrum Geesthacht,
Climate Service Center, Max
Planck Institute for Meteorology
(MPI-CSC)

Royal Meteorological Institute of
Belgium and Ghent University
(RMIB-Ugent)

Swedish Meteorological and
Hydrological Institute, Rossby
Centre (SMHI)

Data related to daily precipitation downscaled using RCMs run at a 0.11° resolution. Asterisk (*) denotes ensemble member

without an RCP 4.5 simulation.

CNRM-CERFACS-CNRM-
CM5

ICHEC-EC-EARTH
MOHC-HadGEM2-ES
MPI-M-MPI-ESM-LR

CNRM-CERFACS-CNRM-
CM5

ICHEC-EC-EARTH
NCC-NorESM1-M
IPSL-IPSL-CM5A-MR

ICHEC-EC-EARTH
MOHC-HadGEM2-ES
ICHEC-EC-EARTH
MPI-M-MPI-ESM-LR
MPI-M-MPI-ESM-LR

CNRM-CERFACS-CNRM-
CM5

CNRM-CERFACS-CNRM-
CM5

ICHEC-EC-EARTH
IPSL-IPSL-CM5A-MR
MOHC-HadGEM2-ES
MPI-M-MPI-ESM-LR

r1i1p1

r12i1p1
r1i1p1
r1i1p1
r1i1p1

r3i1p1
r1i1p1
r1i1p1

r12i1p1*
r1i1p1
r1i1p1
r1i1p1
r2i1p1

r1i1p1

r1i1p1

r12i1p1
r1i1p1
r1i1p1
r1i1p1
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CLMcom-CCLM4-8-17

CLMcom-CCLM4-8-17
CLMcom-CCLM4-8-17
CLMcom-CCLM4-8-17
ALADINS3

DMI-HIRHAMS
DMI-HIRHAMS
IPSL-INERIS-WRF331F

KNMI-RACMO22E
KNMI-RACMO22E
KNMI-RACMO22E
MPI-CSC-REMO2009
MPI-CSC-REMO2009

RMIB-UGent-ALARO-0

SMHI-RCA4

SMHI-RCA4
SMHI-RCA4
SMHI-RCA4
SMHI-RCA4

v1

v1
vi
v1

v

v1
v2

v1

v
v2
vi
'l

v1

v1

v1

v1
V1
v1

via

C1

C2
C3
C4
A1

D1
D2

K1

K2
K3
M1
M2

R1

S1

S2
S3
S4
S4
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range of radiative forcing by the year 2100 relative to
preindustrial levels. For additional information on the
RCMs used and their configuration, refer to Jacob

et al., (2014). It is noted that the ensemble does not
provide a systematic sampling of the model space,
but is rather assembled on the basis of opportunity
(Stone et al., 2007). It is to a certain extent affected by
an over/under-representation of certain models and
by biases in the particular GCM—RCM combinations
used. This is further complicated by the use of different
realisations (e.g. ICHEC-EC-Earth realisation #12 and
#3) from the same parent GCM, as well as differences
in the particular RCM version employed. Despite

such limitations, the ensemble provides a suite of
high-resolution climate projections that are suitable

for investigating changes in extremes locally while
addressing issues of model and forcing uncertainty.

5.2.2 Indices of extremes

Sixteen different statistical measures (Table 5.2)
are used to characterise precipitation extremes.
Included are a number from the benchmark suite of
internationally agreed indices recommended within
the STARDEX (Statistical and Regional dynamical
Downscaling of Extremes for European regions;
https://crudata.uea.ac.uk/projects/stardex/) project
and by the ETCCDI (Expert Team on Climate
Change Detection and Indices; http://www.wcrp-
climate.org/etccdi/) (Klein Tank et al., 2009). Four

Table 5.2. Definitions of the 16 indices used to examine observed and RCM-simulated precipitation

extremes

Indices Abbreviation

Mean and intensity indices

Description

Average precipitation Ave Daily average precipitation mm/day

Precipitation intensity SDII Average precipitation on wet days (>1mm) mm/day

Wet-day percentile RW95p The 95th percentile of precipitation on wet days mm/day
(>1mm)

All-day percentile RA975p The 97.5th percentile of precipitation on all days mm/day

Quotient of heavy precipitation: wet- PFLW95 Fraction of total precipitation occurring on days %

day threshold >RW895p threshold

Quotient of heavy precipitation: all-day PFLA975 Fraction of total precipitation occurring on days %

threshold >RA975p threshold

Heavy precipitation amount: wet-day PTLW95 Total precipitation from events occurring on days mm

threshold* >RW895p threshold — reported as a seasonal average

Heavy precipitation amount: all-day PTLA975 Total precipitation from events occurring on days mm

threshold* >RA975p threshold — reported as a seasonal average

Duration indices

Average 3-day wet-spell length PWSAV3 Average wet-spell length — defined as a spell with a Days
minimum 3-day duration (>1 mm)

Average 3-day dry-spell length PDSAV3 Average dry-spell length — defined as a spell with a Days
minimum 3-day duration (<1 mm)

Extended 3-day wet spell PWEXT3 The 95th percentile of wet-spell length — defined as a Days
spell with a minimum 3-day duration (>1mm)

Extended 3-day dry spell PDEXT3 The 95th percentile of dry-spell length — defined as a Days

spell with a minimum 3-day duration (<1 mm)

Frequency indices

Wet-day occurrence R1mm Frequency occurrence of wet days (>1mm) — reported %
as a percentage of the series length
Heavy precipitation occurrence R20mm Frequency occurrence of heavy rainfall days (>20mm) %
— reported as a percentage of the series length
Count of heavy precipitation days: PNLW95 Count of heavy rain days (> RW95p) — reported as the Days
wet-day threshold* seasonal average of occurrence
Count of heavy precipitation days: all- PNLA975 Count of heavy rain days (> RA975p) — reported as the  Days

day threshold*

seasonal average of occurrence

In calculating the relative future changes, those indices marked with an asterisk (*) use the baseline percentile as the

threshold value.
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of the (frequency) indices are estimated based on
exceedance of a fixed threshold and eight relate to
precipitation mean and intensity; also adopted are four
duration-based measures. In the case of percentile
values, indices are estimated both for the full series
(all days; RA975p) and using wet days (>1mm;
RW95p) only. This is because of the sensitivity of
wet-day percentiles to changes in the frequency of
wet/dry days, which is shown to produce artificial
increases in extreme precipitation (Abiodun et al.,
2017). Furthermore, from an impacts perspective,
this indicator complicates interpretation of projected
changes. Here, changes in the complete distribution
of daily precipitation is more applicable, particularly
in the case of specification for infrastructure design
and engineering (Schar et al., 2016). Hence, it is
advocated that all-day-based percentiles are used
for impact-orientated assessments. However,
indices that consider wet-day percentiles are useful
for model evaluation and comparison. Because of
model and data limitations, the indices used relate to
moderate rather than rare or exceptional extremes.
The relatively short series length (30 years) limits
the robustness of extreme distribution fitting and

the accurate extrapolation of exceptional events.
Similarly, the spatial degradation associated with
interpolation means that gridded observations will
not capture extremes with the same fidelity as point-
scale measurements. In addition, given their current
limitations (e.g. spatial resolution, parameterisation of
convective precipitation), such events are more likely
to exceed the reliable operational capability of the
CORDEX RCMs (Diaconescu et al., 2015).

Indices are examined for two different 30-year

periods (2050s: 2040-69; 2080s: 2070-99) and

two different RCP scenarios (4.5 and 8.5). Future
differences are quantified relative to the corresponding
1976-2005 historical simulation. For all indices,

the percentage change between the baseline and
each future period is examined. For those measures
based on the exceedance of percentile thresholds,

the corresponding baseline value is used when
analysing each future period and RCP (see Table 5.2).
Following Diaconescu et al. (2015), who highlight the
advantage of using a last-step remapping procedure
for preserving the statistical characteristics of the
original field, indices are first applied to the observed
and RCM datasets on their native grid. Values are then
linearly interpolated to a 0.125° x0.125° resolution

latitude—longitude grid. This common grid is used for
model evaluation and spatial ensemble averaging.

5.2.3  Estimation of uncertainty and model
performance

Performance of the CORDEX ensemble members in
capturing extremes is examined by comparing indices
estimated from the simulated and observed data.
Three statistical measures including (1) the domain
area mean, (2) the standard deviation and (3) the
spatial correlation coefficient (Pearson’s r) are used.
Metrics are selected such that they compare model
bias and variability alongside similarity in spatial
patterns. In establishing the significance of change
signals, the internal variability of the climate system
as a source of uncertainty must be addressed. This

is similarly important in evaluation where unforced
(natural) variability has a confounding influence on the
robust assessment of model performance. Hence, to
incorporate a measure of variability a non-parametric
bootstrap technique is employed (Frei et al., 2006;
Rajczak et al., 2013). For this, 50 time series are
generated by sampling with replacement 30 individual
years from the original grid point time series. To
preserve the spatial pattern all grid points are sampled
concurrently using the same years. The procedure is
applied to the observed and model-simulated data for
each season, RCP and 30-year time slice. Using the
resamples, the median — considered the most likely
estimate — and confidence bounds are calculated.
Changes in climate (Pdiff) are calculated as the
percentage difference between the baseline and the
future period:

. (future—baseline)
Pdiff =~—~ x 100

5.1
baseline (5.1)

Significance in the strength of projected changes is
investigated by comparing all combinations (1225)

of the 50 30-year bootstrapped historical and future
samples using equation 5.1 (i.e. applied 1225 times).
Following Frei et al. (2006), changes are deemed
significant if the majority — either 90% or 95%
dependent on significance level — of comparisons are
=0% (indicating no difference relative to the baseline).
This criterion thus requires that the projected climate
is sufficiently outside the bounds of natural variability
experienced over the baseline period as to represent a
clearly defined shift in the precipitation regime.
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5.3 Results greater detail. This includes precipitation intensity
(SDII), wet-day occurrence (R1mm) and the quotient
5.3.1 Model validation of heavy precipitation (PFLW95). Taylor plots relating

to each of these are shown in Figure 5.2. Taylor plots
provide an easily interpretable statistical summary

of how well the spatial patterns of the observed and
simulated fields match each other in terms of their
correlation, mean difference and the ratio of their

Figure 5.1 displays results from the domain area
(Ireland) assessment of seasonal performance of each
model for all indices. As they are the least correlated
with other measures and/or are important from an
impacts perspective, three indices are examined in

variances.
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Figure 5.1. Ensemble member performance with respect to differences (%) in the domain area average

(a and b) and standard deviation (c and d). Also shown is the spatial correlation (e and f). Plots are
developed using the median of the bootstrapped sampled observed and model-simulated datasets. The
left-hand column relates to winter (DJF; a, ¢ and e) and the right-hand column relates to summer (JJA; b,
d and f).
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Figure 5.2. Taylor plots showing the correspondence between the gridded observed and model-simulated
fields. The proximity of each point to the red line (observed) shows how well models reproduce the
spatial variability (standard deviation). Blue lines show values for the correlation coefficient (Pearson’s r).
Values further from/closer to 0/1 are indicative of lesser/greater skill in reproducing the observed spatial
pattern. Skill in reproducing the domain average value (mean % bias) is shown using colour shading of
individual points and interpreted using the colour bar. Comparisons are made using the median estimate
from the bootstrapped samples. Plots are developed for the mean winter/'summer wet-day occurrence (1-
day length; R1mm), precipitation intensity (SDII) and quotient of heavy precipitation (PFLW95).
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The observed data show a number of notable

spatial patterns relating to the distribution of
precipitation intensity and occurrence. As shown

in the supplementary maps in Appendix 1 (Figure
A1.1), the south-west and uplands are characterised
by high-intensity events. In the case of precipitation
occurrence (Figure A1.2) the north-west experiences a
high proportion of wet days and is more conspicuous
nationally. Conversely, for the proportion of total
precipitation from heavy events (Figure A1.3), relative
contributions are greatest along the south-west and
eastern seaboard, particularly during the summer. The
existence of such differences highlights the importance
of using multiple indices capable of capturing distinct
components of the island’s precipitation regime. It also
highlights their significance for investigating different
aspects of model performance.

The results highlight the degree to which no one
ensemble member performs similarly across indices
and model diagnostics. Additionally, comparison
between figures highlights the extent to which domain
averaging can mask spatial disparities in performance.
Models both over- and underestimate (particularly
C1-C4) the domain-averaged winter precipitation
(Ave), but generally tend only to overestimate this
indicator in summer (particularly S5). The majority

of ensemble members underestimate the length of
dry and wet spells during winter; however, they tend
only to underestimate the dry spell during summer. In
addition, all show poor skill (R ~0) in simulating spatial
patterns in the length of winter dry spells. In the case
of precipitation intensity (SDII), differences in spatial
correlations are most notable for ensemble members
contributed by the Max Planck Institute (M1 and M2);
this is evident for both seasons. Similarly, in contrast to
other members, M1 and M2 overestimate the standard
deviation associated with all indices in winter except
PDEXTS3. They also both tend to overestimate the
domain average. Both simulations from the Danish
Meteorological Institute are notable for overestimating
(with the exception of spell length) most indices,
particularly during winter. However, both show high
spatial correlations with the observed data. Based

on Figure 5.2, all ensemble members underestimate
the standard deviation of summer intensity and the
proportion of rainfall from heavy events. The same is
not evident in winter patterns. The results highlight that
the models are better able to simulate indices relating
to average and intensity as opposed to duration-based
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metrics. In cases in which GCM-RCM combinations
differ only in the GCM realisation used (M1 and M3;

K1 and K3), the downscaled simulations tend to exhibit
the same biases, highlighting the importance of the
parent model.

5.3.2  Model projections: domain (Ireland)
average

Figure 5.3 and 5.4 show the seasonal CORDEX
projections for two different time horizons (2040-69;
2070-2099) and each RCP scenario. For each of

the 16 indices used, the results are presented as

the percentage difference estimated relative to the
baseline (1976—2005). Both figures relate to the
domain area (island of Ireland) average. Projections
are highlighted as significant (outside natural
variability) if the signifier of no change (0% difference)
is located outside the 95% and 90% prediction bands
calculated by comparing all bootstrapped samples.
The majority of model projections show an increase/
decrease in average winter/summer precipitation,
commensurate with an increasingly amplified seasonal
regime. For winter, projections suggest a clear
increase in precipitation intensity. This trend is most
pronounced by the end of the century and under the
more emission-intensive RCP 8.5 scenario. Here,

the ensemble average indicates a 16% increase in
wet-day receipts. However, projections for individual
members range between ~7% and ~25%. All
simulations differ significantly from the baseline climate
indicating robustness in the signal with respect to
natural variability. Uniform increases are also noted

in the magnitude of events associated with the upper
wet-day and all-day percentiles (RW95p, RA975p).
Similarly, by the 2080s all projections suggest an
increase in the frequency of heavy events (R20mm,
PNLA95rel and PNLW975rel).

According to the ensemble mean there is a projected
doubling (~100% increase) in the number of days with
receipts of >20 mm (2080s, RCP 8.5). Additionally,
the total amount (PTLA95rel and PTLW975rel), as
well as the quotient (PFLA95rel and PFLW975rel),

of precipitation from heavy events is projected to
increase significantly. Similar to intensity, the signal
becomes more pronounced over successive horizons
and under RCP 8.5. Changes in the intensity indices
are contrary to those relating to spell duration. In this
case, some projections show little difference; however,
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Figure 5.3. Winter (DJF) precipitation simulations from the CORDEX ensemble assessed for changes

in 16 indices of extremes. Percentage changes are quantified for two different RCP scenarios (4.5 and
8.5W/m?) and time horizons (2040-69, 2070-99) relative to the 1976-2005 baseline. Black circles and dots
denote changes that are significant at the 95% and 90% level, respectively. For plotting purposes, values
>100% are identified with a cross. Indices with the suffix “rel” are estimated using the baseline threshold.

Also shown is the ensemble average (Ave).

when a change is registered, disagreements exist in
both magnitude and direction. Overall, the ensemble
mean suggests an increase in the number of wet
days (R1mm, 5.5%, 2080s, RCP 8.5). However, by
the same measure the mean duration of wet and dry
spells (minimum of 3 days consecutively) is shown to
decrease. Based on the ensemble mean, the greatest
difference in duration measures is associated with a
decrease in the extended wet spell (~15%, 2080s,
RCP 8.5).

Summer projections are subject to greater uncertainty,
with larger inter-model differences in the strength,
magnitude and direction of change evident. However,
for the majority of ensemble members a general
increase in precipitation intensity is evident. For

SDIl, the ensemble average suggests increases of
between 5% (2050s, RCP 4.5) and 10% (2080s, RCP
8.5). Similarly, increases are shown in the frequency
of heavy rainfall events (R20mm). This is mirrored

by increases in the proportion and total amount of
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precipitation contributed by heavy rainfall. In addition
to intensity, simulations show an increase in the
magnitude of events associated with upper percentiles.
Here, an increase of 15% in the 95th percentile of
wet-day events is suggested by the ensemble mean
(2080s, RCP 8.5). Unlike winter, there is a greater
degree of concordance between simulations with
regard to changes in spell length, albeit that few are
registered as being significant. In the majority of cases
the duration of dry/wet spells is shown to increase/
decrease. Similar trends are shown for the 95th
percentile of spell length. Additionally, the number of
wet summer days is projected to decrease. This trend
is most pronounced for the 2080s under RCP 8.5.
Results for summer show the extent to which individual
ensemble members can disagree on the direction of
change. For example, K1 projects a ~10% decrease in
R20mm; however, for the same period and scenario,
S1 returns a ~50% increase. Uncertainty in how the
local climate may respond to similar changes in global
forcing highlights the value of using a multi-model
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Figure 5.4. Summer (JJA) precipitation simulations from the CORDEX ensemble assessed for changes

in 16 indices of extremes. Percentage changes are quantified for two different RCP scenarios (4.5 and
8.5W/m?) and time horizons (2040—-69, 2070-99) relative to the 1976—2005 baseline. Black circles and dots
denote changes that are significant at the 95% and 90% level, respectively. Indices with the suffix “rel”are
estimated using the baseline threshold. Also shown is the ensemble average (Ave).

ensemble. Similarly, from an impacts and adaption
perspective it underlines the potential pitfalls of relying
on a single projection or ensemble of limited size.

5.3.3  Model projections: spatially discrete

Figures 5.5 and 5.6 show box plots of the projected
changes in four indices (SDII, RA95p, R1mm and
PDEXT3/PWEXT3) developed using the percentage
difference between the baseline and the future period
for each grid point. Grid point values are estimated
from the median of the bootstrap samples. The box
plots are supplemented by the plots shown in Figures
A1.7-A1.10 (see Appendix 1), which map changes in
rainfall intensity and occurrence projected by individual
ensemble members; also shown is the ensemble
average.

The results show the extent to which projected
changes vary across the island. Winter precipitation
intensity is shown to increase almost uniformly, with an
up to ~25% (2080s, RCP 8.5) increase projected by
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some models. As it cancels out pronounced changes,
the ensemble average is more a conservative
estimate; however, for the same scenario increases
of ~15% are suggested. A similar pattern is shown

for RA975p. For both indices the signal is clearer for
the 2080s and under RCP 8.5. In the case of wet-day
occurrence and spell length, much greater inter-model
variability is evident. In the case of CN1 there are
significant increases in the percentage of wet days
(~20%); however, a number of ensemble members
show progressive decreases, most notably C3. Similar
patterns are registered for the extended wet spell,
albeit that the signal is weaker and more uncertain

in the direction of change. As indicated by Figure

5.6, changes in summer intensity are less spatially
uniform. A similar pattern of change is shown for the
95th percentile (RA975p). In the case of wet-day
occurrence, the majority of ensemble members project
reductions across the island. The stronger spatial
signal for this indicator is reflected in the ensemble
mean, for which an up to 20% reduction in wet days is
projected by the end of the century (RCP 8.5).
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Figure 5.5. Box plots showing the percentage difference between CORDEX-simulated baseline and future
conditions estimated on a grid point basis for winter (DJF). Changes are quantified for two different RCP
scenarios (4.5 and 8.5W/m?) and time horizons (2040-69, 2070-99) relative to 1976—2005. Also shown is
the ensemble average (Ave). Box plot whiskers represent the 5th and 95th percentiles. Also shown are
the median and 25th and 75th percentiles.

5.4 Conclusion from one or more of six different CMIP5 GCMs. This
study uses historical and future simulations for two
different RCPs (+4.5 and +8.5W/m?). Sixteen different
indices relating to moderate extremes are used to
assess precipitation simulations for winter (DJF) and
summer (JJA). Included are measures that quantify
the duration, frequency and intensity of events. The
analysis first examines the accuracy of ensemble
members in simulating a 30-year reference period

To examine changes in precipitation extremes for

the island of Ireland an ensemble of 19 climate
simulations developed within the CORDEX project was
analysed. Ensemble members were derived by eight
participant meteorological organisations that undertook
to run their RCMs at a spatial resolution of 11° for a
European-wide domain, taking boundary conditions
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Figure 5.6. Box plots showing the percentage difference between CORDEX-simulated baseline and future
conditions estimated on a grid point basis for summer (JJA). Changes are quantified for two different
RCP scenarios (4.5 and 8.5W/m?) and time horizons (2040-69, 2070-99) relative to 1976-2005. Also
shown is the ensemble average (Ave). Box plot whiskers represent the 5th and 95th percentiles. Also
shown are the median and 25th and 75th percentiles.

(1976-2005). Subsequently, future projections are (winter) and dry (summer and winter) spell lengths.
examined for each indicator using a resampling Additionally, models tend to underestimate the spatial
technique to determine signal significance. variability of most indices, particularly for summer.

However, ensemble members show good performance
in capturing spatial patterns, highlighting their ability

to resolve topographical forcing, particularly along
Ireland’s western seaboard. The degree of difference
shown in model skill underlines the importance

of using multi-model ensembles. It is universally

It is shown that no single ensemble member uniformly
performs best for all seasons and according to each
component of the precipitation regime. Deficiencies
found that are common to the majority of CORDEX
members include the underestimation of wet
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accepted that adopting an ensemble approach is
superior to relying on any single projection in isolation.
As no one model provides a complete representation
of the climate, using ensembles ensures that those
that capture components of the system differently

or more skillfully can contribute projections to the
collective. Furthermore, ensembles are important for
capturing uncertainty in how the climate might respond
to altered forcing and, as demonstrated in this study,
they provide a reference for understanding the range
of current model capabilities.

Model projections indicate an amplification of

the precipitation regime, with wetter winters and
drier summers occurring. As is the case with

most indicators, projected changes become more
pronounced as the century progresses and for the
most greenhouse gas-intensive RCP 8.5 scenario.
Results indicate that changes are likely to be
experienced (albeit to differing degrees) right across
the island, highlighting the strength of the climate
signal spatially. Most models project significant
increases in the intensity of winter precipitation
accompanied by increases in the number of heavy
events (e.g. >20mm/day). Despite probable reductions
in average receipts, increases in the intensity of
summer rainfall are suggested, albeit that there is
greater uncertainty associated with the magnitude
and significance of changes for this season. Although
we can be more confident about rainfall intensity,
there is less certainty regarding changes in wet-day
occurrence. This also applies to changes in dry- and
wet-spell lengths. In comparison to winter, it is
suggested that summers will experience an increase
in the number of dry days accompanied by longer
extended dry periods. However, findings for summer
are less robust.

In using the CORDEX projections for climate
assessment and planning there are a number of
limitations that must be considered. First, although
ensemble members generally agree as to the
direction of the climate signal, there is considerable
uncertainty regarding the exact magnitude and timing
of future changes. Such uncertainty stems from the
limitations of climate models and differences in their
numerical representation of system processes. This
is compounded by a lack of certainty regarding the
exact trajectory of future greenhouse gas emissions
and the chaotic nature of the climate system, the latter
of which complicates identification of anthropogenic
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signals. Similarly, the ensemble is limited in its utility
for assessing exceptionally rare or localised events
with a long return period. This directly impacts the
utility of the CORDEX data for designing long-lived
and strategically important infrastructure, which must
remain resilient to future exceptional extremes.

Although significant improvements in computing
capacity have made it possible to produce highly
resolved multi-model ensembles such as those
undertaken for CORDEX, relative to the highly
detailed spatiotemporal scales on which some
physical processes occur, models remain limited.
This particularly applies in the case of convective
precipitation, which is parameterised in larger

scale models (> 10km) and represents a significant
source of uncertainty. Higher resolution convection-
permitting models (<4 km) offer a means to address
these shortcomings. In addition, these models
provide an improved representation of orography
and are thus better able to resolve areas with
complex topography. Deficiencies in model skill with
respect to convection suggest that the CORDEX
simulations may underestimate changes in summer
intensities when convective processes are more
active. However, convection-permitting models have
a high computational demand, which restricts their
deployment in large model experiments such as
CORDEX. Despite their limitations, the trajectory of
computing and model developments means that future
studies will benefit from the improved technology that
these models will offer for multi-model assessments
(Prein et al., 2015).

Despite its limitations, the CORDEX ensemble

is a valuable resource for climate impact and
adaption planning. Projections should be interpreted
with caution and supplemented with other lines

of investigation, including using insights from
observational datasets alongside ongoing and past
model experiments (Nolan et al., 2017). Although
ensemble members disagree as to the extent of the
changes, most are in agreement that Ireland’s rainfall
regime will probably undergo significant changes,
characterised by an increase in the intensity, duration
and frequency of extreme events. As such, the results
mirror signals already present in observed data and
support evidence for an ongoing intensification of the
hydrological cycle observed at a regional and global
scale.
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6.1 Introduction

Recent extreme events have served to highlight the
vulnerability of various sectors of Irish society to
climate change. Given the imperative of successfully
adapting to climate change, this work sought to further
develop and expand the types of data available for
decision-making in adapting to climate change. In
delivering on this ambition our project had the following
aims:

1. To provide long-term quality-assured data for key
climate variables, particularly precipitation, for
creating adaptation baselines and for exploring
vulnerability to the range of climate variability and
extremes across multiple sectors.

To present a framework and develop its prototype
implementation for better using climate change
projections for supporting adaptation decisions.
This framework — the ICF framework — is designed
to take advantage of the most up-to-date climate
model ensembles, with multiple end users in mind,
and climate information is tailored to different
uses.

To demonstrate how historical data and climate
change projections from (1) and (2) above can

be used to understand how the frequency of past
memorable extremes has changed in the historical
record and how these extremes are likely to
change in frequency in future.

4. To examine changes in daily rainfall extremes from
a large ensemble of RCM projections for Ireland.

In this report, Chapters 2—5 deliver on each of the
above aims. In the following sections we distil the

key contributions and insights gained from each
chapter. In section 6.6 we offer overall conclusions and
recommendations for future work.

6.2 Historical Data for Decision-

making

Traditionally, climate model information has been
viewed as the primary source of information for
assessing future climate risks and for informing
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Conclusion and Recommendations

adaptation decisions. Recently, the value of the long-
term quality-assured observations for informing climate
risk management, in the form of adaptation and
decision-making, has become increasingly recognised.
In developing adaptation plans, human memory of
past extremes can be short lived. Thus, having high-
quality historical datasets is a critical tool in developing
resilience across multiple sectors. A key challenge in
successfully adapting to climate change is creating
resilient systems that are capable of functioning

within plausible ranges of change, often beyond the
experience of recent decades. A key requirement,
then, for building resilience is to understand the range
of plausible changes. To successfully capture plausible
ranges of variability, time series that extend beyond
100 years are required. For instance, a key mode of
variability that impacts Irish climate is the AMO, which
varies over periods of 60-70 years. Obviously, records
of shorter duration are not able to capture the full
range of variability.

Historical climate records that take full advantage of
the rich history of weather observing on the island
offer a valuable approach to meeting the challenges
of adaption. Ranges of climate variability and extreme
events within historical records can be useful for
discovering system vulnerabilities by prompting
questions such as “If this event were to occur again,
how might components of our system fail?”. They also
assist in contextualising how rare recent extremes
have been and tracking emerging signals of change
and ground-truthing climate model projections.

In this work we presented three datasets based on
historical precipitation records that extend to the
commencement of rainfall observations in Ireland: the
IIP network (1850-2016), the Irish drought catalogue
of historical drought extending to 1766 and a monthly
rainfall series that extends to 1711 (lol_1711 series).
These resources provide valuable datasets for
understanding Irish rainfall climatology and historical
extremes for informing adaptation. These datasets can
be used for interrogating system vulnerability and for
stress testing the effectiveness of adaptation options.
Indeed, Irish Water are already using these datasets
to do exactly that in developing water plans for the
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island. Further work is required to extend the range of
variables for which we have such long-term, quality-
assured records and to diversify information sources
(see section 6.6).

6.3 Irish Climate Futures

Projections of climate change from GCMs are an
important tool in the armoury for adaptation. Given the
increasing demand for climate change projections for
adaptation, a key challenge is the provision of climate
information in a way that facilitates the needs of end
users charged with developing adaptation strategies.
In particular, climate model information needs to be
presented:

e at a level of complexity that is warranted by the
decision at hand, i.e. there is no need for detailed
regional scenarios when high-level information

at a national scale is required; conversely, when
potentially expensive (socially and economically)
decisions are required, more detailed information
should be available;

in a way that is fully transparent about the
uncertainties associated with future climate
change and allows end users to attempt to
quantify realistic ranges of potential future
changes from the full set of available climate
models;

in a way that limits scientific jargon and in
transparent and simple terms, but in a way that is
scientifically robust;

in a way that is decision centric and allows
decision-makers to choose the type of information
necessary for a decision at hand and to construct
their own information based on expert knowledge
of systems or sectors in question.

In an attempt to meet these challenges, this work puts
forward an ICF framework that provides:

e anovel, flexible and cutting-edge framework in
which complex climate information can be tailored
to the needs of decision-makers and decision-
makers can tailor climate information to their own
needs;

a framework in which full advantage can be taken
of cutting-edge modelling outputs (e.g. CMIP5)
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for informing decision-making in Ireland, using the
best possible information;

a framework in which uncertainty in climate
change projections can be an enabler of more
informed decision-making rather than a barrier to
adaptation;

a framework in which pre-existing and ongoing
national research (e.g. regionalised EC-EARTH
and CORDEX outputs) can be incorporated and
readily updated as new outputs come on stream;

The prototype version of the framework can be viewed
at https://mu-icarus.shinyapps.io/climate_futures_
dashboard_18012018/.

The ICF framework presented in Chapter 3 offers a
pathway to integrating climate change information
into decision-making in a way that is more sensitive
to user needs and the types of information required,
and in a way that is transparent in the presentation of
uncertainties when assessing future climate risks. In
moving away from traditional impacts-led adaptation,
the ICF framework offers flexibility in assessing future
climate risks with climate model projections and tailors
information (basic, intermediate and advanced levels)
to user needs. We have shown how the framework can
be used to develop narrative descriptions of change
that represent plausible ranges of change from the
CMIP5 ensemble of GCMs and how the framework
can be used to stress test system vulnerability or
adaptation options, by allowing users to determine
ranges of change in temperature and precipitation

for exploring their own systems responses. The
framework can also be used for traditional top-down
approaches to impact assessment and is extendable,
using a WG, to exploring climate change signals in
combination with natural variability, at monthly to daily
timescales. Although this work is limited to developing
a prototype exemplar of the framework, the workflow
is designed and implemented in such a way that it
can be easily extended to other locations and units

of analysis (grids, catchments, etc.). The extension

of the framework in this way will require additional
funding support. A caveat, however, is that even the
CMIP5 ensemble of climate models is likely to under-
represent the plausible ranges of future change, and
users of climate model information for decision-making
should be made aware of this fact.
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6.4 Changing Seasonal Extremes

Chapter 4 illustrates the value of the work completed
in building historical datasets and the basic level of
interaction of the ICF framework. This work examined
how the probability of memorable extreme events has
changed in the past and how frequent such extremes
are likely to become in the future. Key findings from
the research show that over the period 1900-2014
records suggest that a summer as warm as that in
1995 has become 50 times more likely, whereas the
probability of a winter as wet as that in 1994/95 (the
wettest winter on record until winter 2015/16) has
doubled. The likelihood of the driest summer (1995)
has also doubled since 1850. Under the business-as-
usual (RCP 8.5) scenario, climate model projections
suggest that our hottest summer historically may be
seen as an unusually cool summer in the future. By the
end of the century, summers as cool as that in 1995
may occur only once every 7 years or so. Winters as
wet as that in 1994/95 and summers as dry as that

in 1995 may become 8 and 10 times more frequent,
respectively. Insights into what these changes mean
for Irish society is afforded by examining the impacts
that these extremes had. The hot and dry summer

of 1995 was associated with increased mortality
(especially among the elderly and infirm) in Ireland.
Rainfall deficits and water shortages in summer

1995 also adversely impacted the agricultural sector.
The effects of the latter have the potential to be felt
internationally through Ireland’s agricultural exports.
The possibility of summer temperatures as warm as
those in 1995 occurring almost 90% of the time by the
end of this century under a business-as-usual scenario
must be of concern.

6.5 Changing Rainfall Extremes

Chapter 5 examined changes in precipitation extremes
for the island of Ireland using an ensemble of 19
climate simulations developed within the CORDEX
project. Ensemble members were derived by eight
participant meteorological organisations that undertook
to run their RCMs at a spatial resolution of 11° for a
European-wide domain, taking boundary conditions
from one or more of six different CMIP5 GCMs. This
study uses historical and future simulations for two
different RCPs (+4.5 and +8.5W/m?). Sixteen different
indices relating to moderate extremes are used to
assess precipitation simulations for winter (DJF) and
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summer (JJA). Measures that quantify the duration,
frequency and intensity of events are included. The
analysis first examines the accuracy of ensemble
members in simulating a 30-year reference period
(1976-2005). Subsequently, future projections are
examined for each indicator using a resampling
technique to determine signal significance.

It is shown that no single ensemble member uniformly
performs best for all seasons and according to each
component of the precipitation regime. Deficiencies
found that were common to the majority of CORDEX
members include the underestimation of wet

(winter) and dry (summer and winter) spell lengths.
Additionally, models tend to underestimate the spatial
variability of most indices, particularly for summer.
However, ensemble members show good performance
in capturing spatial patterns, highlighting their ability
to resolve topographical forcing, particularly along
Ireland’s western seaboard. The degree of difference
shown in model skill underlines the importance

of using multi-model ensembles. It is universally
accepted that adopting an ensemble approach is
superior to relying on any single projection in isolation
or a limited selection of projections. As no one model
provides a complete representation of the climate,
using ensembles ensures that those that capture
components of the system differently or more skillfully
can contribute projections to the collective.

Projections from the CORDEX ensemble indicate an
amplification of the precipitation regime, with wetter
winters and drier summers occurring. The results
indicate that changes are likely to be experienced
(albeit to differing degrees) right across the island,
highlighting the strength of the climate signal
spatially. Most models project significant increases

in the intensity of winter precipitation, accompanied
by increases in the number of heavy events (e.g.
>20mm/day). Despite probable reductions in average
receipts, increases in the intensity of summer rainfall
are suggested, albeit that there is greater uncertainty
associated with the magnitude and significance of
changes for this season. Although we can be more
confident about rainfall intensity, there is less certainty
regarding changes in wet-day occurrence. This also
applies to changes in dry- and wet-spell lengths. In
comparison to winter, it is suggested that summers
will experience an increase in the number of dry
days, accompanied by longer extended dry periods.
However, findings for summer are uncertain.
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In using the CORDEX projections for climate
assessment and planning there are a number of
limitations that must be considered. First, although
ensemble members generally agree as to the
direction of the climate signal, there is considerable

uncertainty regarding the exact magnitude and timing

of future changes. Such uncertainty stems from

the limitations of climate models and differences in
their numerical representation of system processes.
This is compounded by (1) the fact that CORDEX,
in attempting to get to a higher resolution than is
possible in the CMIP5 archive, is only forced by up
to six GCMs; (2) a lack of certainty regarding the
exact trajectory of future greenhouse gas emissions;
and (3) the chaotic nature of the climate system,
which complicates identification of anthropogenic
signals. Similarly, the ensemble is limited in its utility
for assessing exceptionally rare or localised events
with a long return period. This directly impacts the
utility of the CORDEX data for designing long-lived

and strategically important infrastructure, which must

remain resilient to future exceptional extremes.

6.6 Key Recommendations

Although this research adds considerably to the range

of climate data of utility for decision-making in adapting

to climate change, much valuable work remains to be
done. Below, we identify what we see as four priorities

for ensuring that we have the range of information
needed to realise a climate-resilient Ireland in the
decades ahead:

1. Perhaps the greatest value of this work to
adaption decision-making are the long-term

records of precipitation that have been developed.

However, we have only scratched the surface of

what is possible, given the rich history of weather

observing in Ireland. Many data remain hidden
from scientific scrutiny on paper records and it
should be a priority to support the digitisation,
quality assurance and analysis of these data.
A number of projects are ongoing to this end
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(see Chapter 2), but there is room for additional
work, particularly for climate variables beyond
temperature and precipitation that are important to
decision-makers.

. Documentary sources of climate information

can also play an important role in establishing
ranges of variability and change historically,
and importantly can shed light on how society
was impacted by, and responded to, historical
extremes. To this end, more could made of
existing weather diaries and archives (including
newspaper archives) that help to bring forgotten
hazards back to life in surveying current
vulnerabilities (see, for example, Murphy et al.,
2018).

. It should also be a priority to temporally extend our

understanding of climate variability and change
further back in time. Ireland has a vibrant paleo-
climate community and the data that it produces,
in the form of climate reconstructions from various
sources, including tree rings and peat records, can
offer value to adaptation decision-making. This

is especially the case in understanding plausible
ranges of variability for assessing vulnerability
and stress testing adaptation options, especially
in summer, for which uncertainties in future
projections of precipitation are considerable. Such
work could greatly expand our understanding of
the spatiotemporal history of droughts and floods
and help bound the ranges of variability that are
plausible for stress testing decisions.

. Finally, we recommend that the ICF framework

that we have developed here for tailoring climate
model projections to meet the needs of end
users be extended to become operational. This
will require further ground testing with decision-
makers, expansion of the methods across the
island and integration with existing climate
services platforms. The prototype ICF Dashboard
can be viewed here: https://mu-icarus.shinyapps.
io/climate_futures_dashboard_18012018/.
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Abbreviations

AMO Atlantic multidecadal oscillation

cC Clausius—Clapeyron

CET Central England temperature

CMIP Coupled Model Intercomparison Project

CMIP5 Coupled Model Intercomparison Project Phase 5
CORDEX Coordinated Regional Climate Downscaling Experiment
EWP England and Wales precipitation

GCM Global climate model

ICARUS Irish Climate Analysis and Research Units

ICF Irish Climate Futures

P Island of Ireland Precipitation

lol_1711 Island of Ireland monthly rainfall 1711-2016
IPCC Intergovernmental Panel on Climate Change
IRN Irish Reference Network

NAO North Atlantic Oscillation

RCF Representative climate future

RCM Regional climate model

RCP Representative concentration pathway

SPI Standardised Precipitation Index

WeaGETS Weather Generator of the Ecole de Technologie Supérieure
WG Weather generator
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Appendix 1 Chapter S Supplementary Maps

Al.1 Maps of Results for Historical Validation of RCM Simulation
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Figure A1.1. Percentage bias in mean winter (DJF) precipitation (Ave) simulated by each CORDEX
ensemble member. For RCM abbreviations see Table 5.1. Also shown is the observed (mm/day) mean
winter (DJF) precipitation (1976-2005).
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Figure A1.2. Percentage bias in mean summer (JJA) precipitation (Ave) simulated by each CORDEX
ensemble member. For RCM abbreviations see Table 5.1. Also shown is the observed (mm/day) mean
summer (JJA) precipitation (1976-2005).
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Figure A1.3. Percentage bias in mean winter (DJF) precipitation intensity (SDIl) simulated by each
CORDEX ensemble member. For RCM abbreviations see Table 5.1. Also shown is the observed (mm/day)
mean winter (DJF) precipitation intensity (1976-2005).

54



C. Murphy et al. (2014-CCRP-MS-16)

162 162 162
116 116 116
&9 o9 a0 3
" ¥ ¥ E
£ H H H
n # n § B n £
2 2 E H 2 B
&0 s E & . B R
-116 -116 116
162 -162 -162
162 162 162
16 116 116
® 5 # o,
n ok n Ok n
3 =
23 E 23 E 2 Z
o * w o 7
-116 -6 -116
162 -162 -162
162 162 162
16 116 116
o, o, % -
n n § £ n |
2 3 2 2 ] Er
F 40 ¥ o 7
-116 116 -116
-162 -162 -162
162 162
15
16 16
oo, [ - %
& g
3 E n E E 3
3 0 &
13 E 2 E z 05
o © w ¢ -
116 -116 :
=162 =182

Figure A1.4. Percentage bias (%) in mean summer (JJA) precipitation intensity (SDIl) simulated by each
CORDEX ensemble member. For RCM abbreviations see Table 5.1. Also shown is the observed (mm/day)
mean summer (JJA) precipitation intensity (1976-2005).
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Figure A1.5. Percentage bias in mean winter (DJF) precipitation occurrence (R1mm) simulated by each
CORDEX ensemble member. For RCM abbreviations see Table 5.1. Also shown is the observed (% days)
mean winter (DJF) precipitation occurrence (1976-2005).
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Figure A1.6. Percentage bias in mean summer (JJA) precipitation occurrence (R1mm) simulated by each
CORDEX ensemble member. For RCM abbreviations see Table 5.1. Also shown is the observed (% days)
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Figure A1.7. Percentage bias in the quotient of winter (DJF) precipitation originating from heavy events
(>RW95p) simulated by each CORDEX ensemble member. For RCM abbreviations see Table 5.1. Also
shown is the observed (% of total >RW95p) quotient of winter (DJF) precipitation originating from heavy
events (1976-2005).
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Figure A1.8. Percentage bias in the quotient of summer (JJA) precipitation originating from heavy events
(>RW95p) simulated by each CORDEX ensemble member. For RCM abbreviations see Table 5.1. Also
shown is the observed (% of total >RW95p) quotient of summer (JJA) precipitation originating from
heavy events (1976-2005).
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Al.2 Maps of Projected Changes for Key Precipitation Indices

Ensemble Avera,
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Figure A1.9. Percentage changes in the intensity of winter (DJF) precipitation simulated by each CORDEX

ensemble member. For RCM abbreviations see Table 5.1. Changes are estimated for the 2080s (2070-99)
under RCP 8.5 relative to the 1976-2005 baseline.
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Ensemble Averag

Figure A1.10. Percentage changes in the intensity of summer (JJA) precipitation simulated by each
CORDEX ensemble member. For RCM abbreviations see Table 5.1. Changes are estimated for the 2080s
(2070-99) under RCP 8.5 relative to the 1976—2005 baseline.

nsemble Avera

Figure A1.11. Percentage changes in winter wet-day occurrence (>1 mm) simulated by each CORDEX

ensemble member. For RCM abbreviations see Table 5.1. Changes are estimated for the 2080s (2070-99)
under RCP 8.5 relative to the 1976-2005 baseline.
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nsemble Avera
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Figure A1.12. Percentage changes in summer wet-day occurrence (>1mm) simulated by each CORDEX
ensemble member. For RCM abbreviations see Table 5.1. Changes are estimated for the 2080s (2070-99)
under RCP 8.5 relative to the 1976-2005 baseline.
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AN GHNIOMHAIREACHT UM CHAOMHNU COMHSHAOIL
T4 an Ghniomhaireacht um Chaomhni Comhshaoil (GCC) freagrach as an
geomhshaol a chaomhnt agus a theabhst mar shdcmhainn luachmhar do
mhuintir na hEireann. Taimid tiomanta do dhaoine agus don chomhshaol a
chosaint ¢ éifeachtai diobhalacha na radaiochta agus an truaillithe.

Is féidir obair na Gniomhaireachta a
roinnt ina tri phriomhréimse:

Riala: Déanaimid corais éifeachtacha rialaithe agus comhlionta
comhshaoil a chur i bhfeidhm chun torthai maithe comhshaoil a
sholathar agus chun diriti orthu sivud nach gcloionn leis na corais sin.

Eolas: Solathraimid sonrai, faisnéis agus measuni comhshaoil ata
ar ardchaighdean, spriocdhirithe agus trathiil chun bonn eolais a
chur faoin gcinnteoireacht ar gach leibhéal.

Tacaiocht: Bimid ag saothri i gcomhar le grupai eile chun tacti
le comhshaol ata glan, tairgivil agus cosanta go maith, agus le
hiompar a chuirfidh le comhshaol inbhuanaithe.

Ar bhFreagrachtai

Ceadunu

Déanaimid na gniomhaiochtai seo a leanas a rialt ionas nach

ndéanann siad dochar do shlainte an phobail na don chomhshaol:

 saoraidi dramhaiola (m.sh. ldithredin lionta talun, loisceoirt,

» gniomhaiochtai tionsclaiocha ar scala mor (m.sh. déantusaiocht
cogaisiochta, déantusaiocht stroighne, stdisivin chumhachta);

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

« Tsaid shrianta agus scaoileadh rialaithe Organach
Géinmhodhnaithe (OGM);

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

e aiseanna mora storala peitril;

¢ scardadh dramhuisce;

» gniomhaiochtai dumpala ar farraige.

Fortheidhmiu Naisitunta i leith Cirsai Comhshaoil

» Clar naisiinta iniuchtai agus cigireachtai a dhéanamh gach
bliain ar shaoraidi a bhfuil ceadinas 6n nGniomhaireacht acu.

* Maoirseacht a dhéanambh ar fhreagrachtai cosanta comhshaoil na

e (Caighdean an uisce 0il, arna sholathar ag solathraithe uisce
phoibli, a mhaoirsit.

* Obair le hudarais aititla agus le gniomhaireachtai eile chun dul
i ngleic le coireanna comhshaoil tri chomhorda a dhéanamh ar
lionra forfheidhmitchain naisiunta, tri dhiria ar chiontoiri, agus
tri mhaoirsiti a dhéanamh ar leasuchan.

* Cur i bhfeidhm rialachan ar nés na Rialachan um
Dhramhthrealamh Leictreach agus Leictreonach (DTLL), um
Shrian ar Shubstainti Guaiseacha agus na Rialachan um riala ar
shubstainti a idionn an ciseal 6zoin.

e Andli a chur orthu siud a bhriseann dli an chomhshaoil agus a
dhéanann dochar don chomhshaol.

Bainistiocht Uisce

* Monatdireacht agus tuairisciu a dhéanamh ar chailiocht
aibhneacha, lochanna, uisci idirchriosacha agus costa na
hEireann, agus screamhuisci; leibhéil uisce agus sruthanna
aibhneacha a thombhas.

e Combhordu naisiunta agus maoirsiti a dhéanamh ar an gCreat-
Treoir Uisce.

* Monatdireacht agus tuairiscia a dhéanamh ar Chailiocht an
Uisce Snambha.

Monatéireacht, Anailis agus Tuairiscii ar

an gComhshaol

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

 Tuairisciti neamhspleach le cabhru le cinnteoireacht an rialtais

.....

staid Chomhshaol na hEireann agus Tuarascéalacha ar Thascair).

Rialii Astaiochtai na nGas Ceaptha Teasa in Eirinn

« Fardail agus réamh-mheastachain na hEireann maidir le géis
cheaptha teasa a ullmhu.

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

Taighde agus Forbairt Comhshaoil

» Taighde comhshaoil a chistiti chun brunna a shainaithint, bonn
eolais a chur faoi bheartais, agus réitigh a sholathar i réimsi na
haeraide, an uisce agus na hinbhuanaitheachta.

Measuinacht Straitéiseach Timpeallachta
* Measutnacht a dhéanamh ar thionchar pleananna agus clar beartaithe
ar an gecomhshaol in Eirinn (m.sh. mérphleananna forbartha).

Cosaint Raideolaioch

¢ Monatodireacht a dhéanamh ar leibhéil radaiochta, meastinacht a
dhéanamh ar nochtadh mhuintir na hEireann don radaiocht iantichdin.

» Cabhru le pleananna ndisitinta a thorbairt le haghaidh ¢éigeandélai
ag eascairt as taismi nuicléacha.

e Monatoireacht a dhéanambh ar fhorbairti thar lear a bhaineann le
saoraidi ntiicléacha agus leis an tsabhailteacht raideolaiochta.

« Sainseirbhisi cosanta ar an radaiocht a sholathar, n6 maoirsit a
dhéanamh ar sholathar na seirbhisi sin.

Treoir, Faisnéis Inrochtana agus Oideachas

* Comhairle agus treoir a chur ar fail d’earnail na tionsclaiochta
agus don phobal maidir le habhair a bhaineann le caomhnt an
chomhshaoil agus leis an gcosaint raideolaioch.

 Faisnéis thrathtil 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,
léarscdileanna radoin).

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

» Plean Naisitinta Bainistiochta Dramhaiola Guaisi a fhorbairt chun
drambhail ghuaiseach a chosc agus a bhainistiu.

Miuiscailt Feasachta agus Athra Iompraiochta

» Feasacht chomhshaoil nios fearr a ghinitint agus dul 1 bhfeidhm
ar athru iompraiochta dearfach tri thact le gnothais, le pobail
agus le teaghlaigh a bheith nios éifeachtala ar acmhainni.

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

Bainistiocht agus struchtir na Gniomhaireachta um
Chaomhni Comhshaoil

T4 an ghniomhaiocht 4 bainistiti ag Bord lanaimseartha, ar a bhfuil
Ard-Stiurthéir agus cuigear Stiurthéiri. Déantar an obair ar fud ctig
cinn d’Oifigi:

* An Oifig um Inmharthanacht Comhshaoil

* An Oifig Forfheidhmithe i leith ctirsai Comhshaoil

* An Oifig um Fianaise is Meastinu

* Oifig um Chosaint Radaiochta agus Monatoireachta Comhshaoil
* An Oifig Cumarsaide agus Seirbhisi Corparaideacha

Ta Coiste Comhairleach ag an nGniomhaireacht le cabhrti 1¢i. Ta
daréag comhaltai air agus tagann siad le chéile go rialta le plé a
dhéanamh ar abhair imni agus le comhairle a chur ar an mBord.
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Identified Pressures

The realisation of a climate-resilient Ireland over the coming decades depends on decisions taken at all
scales to adapt to climate change. Good decisions depend on the type and quality of information used

to inform planning. Building resilience requires the diversification of the types of information used to
understand past and future climate variability and change, and improved insight into the plausible range of
changing conditions that will need to be addressed.

Informed Policy

The need to adapt to climate change means that there is a demand from a variety of different users and
sectors for actionable climate information. For instance, in the Irish context, guidance is provided for
sectors and local authorities in developing and implementing adaptation plans. In particular, climate
information is required to (1) assess the current adaptation baseline, which involves identifying extremes
in the historical record and examining the vulnerabilities and impacts of these; (2) assess future climate
risks; and (3) identify, assess and prioritise adaptation options. A key challenge to undertaking these tasks
is identifying the kinds of climate data that are required for the development and implementation of
adaptation planning. This challenge is explored and aspects are addressed as part of this research. Outputs
from this work have been used to inform the Citizen’s Assembly deliberations on climate change, the
National Adaptation Framework and the Oireachtas Joint Committee on Climate Action.

Developed Solutions

This work draws together long-term, quality-assured records of precipitation and historical droughts that
extend back to the 1700s. These records can be used to interrogate vulnerability to climate extremes

in adaptation planning in a range of water-sensitive sectors. In addition, a Climate Futures framework

is proposed that allows climate model information to be tailored for different user needs, ranging from
basic research users to intermediate and advanced research users. To aid in the communication of risks
from past and future climate change, recent seasonal extremes are used as climate change analogues and
an assessment is provided of how these extremes have become more likely over the past century and

are likely to become even more frequent in the coming decades. Finally, changes in rainfall extremes are
assessed using output from the CORDEX ensemble of regional climate models.
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