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ENVIRONMENTAL PROTECTION AGENCY Monitoring, Analysing and Reporting on the

The Environmental Protection Agency (EPA) is responsible for  Environment

protecting and improving the environment as a valuable asset « Monitoring air quality and implementing the EU Clean Air for
for the people of Ireland. We are committed to protecting people Europe (CAFE) Directive.

and the environment from the harmful effects of radiation and

. * Independent reporting to inform decision making by national
pollution.

and local government (e.g. periodic reporting on the State of
Ireland’s Environment and Indicator Reports).

The work of the EPA can be

divided into three main areas: Regulating Ireland’s Greenhouse Gas Emissions
f 3UHSDULQJ ,UHODQGYTV JUHHQKRXVH JDV

Regulation: We implement effective regulation and environmental Implementing the Emissions Trading Directive, for over 100 of
compliance systems to deliver good environmental outcomes and ¢ largest producers of carbon dioxide in Ireland.

target those who dont comply.

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

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 ~ Strategic Environmental Assessment
environmental behaviour. » Assessing the impact of proposed plans and programmes on the

Irish environment (e.g. major development plans).

Our Responsibilities . . .
P Radiological Protection

Licensing ¢ Monitoring radiation levels, assessing exposure of people in
We regulate the following activities so that they do not endanger ~ Ireland to ionising radiation.
human health or harm the environment: » Assisting in developing national plans for emergencies arising
» waste facilites HJ ODQG;,;OO0OV LQFLQHUDW R fdovh nicled Aceldentsl D Q V IH U
stations); * Monitoring developments abroad relating to nuclear
 large scale industrial activities (e.g. pharmaceutical, cement installations and radiological safety.
manufacturing, power plants); « Providing, or overseeing the provision of, specialist radiation
* intensive agriculture (e.g. pigs, poultry); protection services.
 the contained use and controlled release of Genetically
ORGL{HG 2UJDQLVPYV (GMOs); Guidance, Accessible Information and Education
» sources of ionising radiation (e.g. x-ray and radiotherapy » Providing advice and guidance to industry and the public on
equipment, industrial sources); environmental and radiological protection topics.
 large petrol storage facilities; » Providing timely and easily accessible environmental
» waste water discharges; information to encourage public participation in environmental
« dumping at sea activities. decision-making (e.g. My Local Environment, Radon Maps).

¢ Advising Government on matters relating to radiological safety

National Environmental Enforcement and emergency response.
« Conducting an annual programme of audits and inspections of * Developing a National Hazardous Waste Management Plan to

EPA licensed facilities. prevent and manage hazardous waste.
¥ 2YHUVHHLQJ ORFDO DXWKRULWLHVY HQYLURQPHQWDO SURWHFWLRQ
responsibilities. Awareness Raising and Behavioural Change
« Supervising the supply of drinking water by public water ¥ *HQHUDWLQJ JUHDWHU HQYLURQPHQWDO
suppliers. positive behavioural change by supporting businesses,
communities and householders to become more resource

» Working with local authorities and other agencies to tackle
environmental crime by co-ordinating a national enforcement HI¢FLHQW
network, targeting offenders and overseeing remediation. * Promoting radon testing in homes and workplaces and
« Enforcing Regulations such as Waste Electrical and Electronic ~ €ncouraging remediation where necessary.
Equipment (WEEE), Restriction of Hazardous Substances

(RoHS) and substances that deplete the ozone layer. Management and structure of the EPA
t BURVHFXWLQJ WKRVH ZKR ARXW HQY L TR &RAHsoWNBYed bym AulipigeBaad, rangistingyaf aiDirector
environment. *HQHUDO DQG ¢(YH 'LUHFWRUV 7KH ZRUN L'
21, FHV

Water Management ¥ 21¢FH RI (QYLURQPHQWDO 6XVWDLQDELOL

* Monitoring and reporting on the quality of rivers, lakes, + 21¢FH RI(QYLURQPHQWDO (QIRUFHPHQW
transitional and coastal waters of Ireland and groundwaters; ¥ 21¢FH RI (YLGHQFH DQG $VVHVVPHQW
PHDVXULQJ ZDWHU OHYHOV DQG ULYHW ARFW RI 5DGLDWLRQ 3URWHFWLRQ DQG (¢

 National coordination and oversight of the Water Framework + 21¢FH Rl &RPPXQLFDWLRQV DQG &RUSRUD
Directive. The EPA is assisted by an Advisory Committee of twelve members

» Monitoring and reporting on Bathing Water Quality. who meet regularly to discuss issues of concern and provide
advice to the Board.
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Executive Summary

This report describes the application of numerical reanalysis of the Irish climate carried out by Met

weather prediction (NWP) simulations to develop eLUHDQQ XVLQJ WKH +%$5021,( PRGHO DQG
high-quality, long-term, gridded climate datasets +,5/$0 1:3 VAIVWHP 7KH 0e5$%$ VLPXODWLRQ
of hydro-climate variables for Ireland, covering the a data assimilation component. All NWP models of the

period 1981-2016. There is constant demand for such current study downscaled the European Centre for

datasets from industry, research and governmental Medium-Range Weather Forecasts (ECMWF) ERA-

DIJHQFLHV IRU XVH LQ ¢HOGYV VXFK Ibt&finDgldbal Fedriasesdiatasét.D W H U
resource estimation and management, hydrology and
hydrogeology, public health, energy and planning
and studies on observed climate change trends and
vulnerability. Variables such as evapotranspiration
and soil moisture conditions are crucial factors

in estimating water sustainability, understanding
groundwater recharge, agronomic management and

Modelled ET, data are analysed and validated against
ET, data calculated from meteorological observations
at 22 Met Eireann synoptic stations across Ireland.
Least squared estimator monthly correction factors
were applied to all three raw datasets to improve

the output. Using these ET  datasets, actual

- evgt(potranspirationl\?ET D%G VRLO PRLVWXUH GHy¢l
WKH PDQDJHPHQW RI ARRG DQG GURXJKW ULV 3+ RZHYHU
60'V KDYH EHHQ GHULYHG XVLQJ WKH K\

with the exception of temperature and precipitation,
spatially and temporally homogeneous, multi-decadal,
gridded observational climate datasets are not readily
available for hydro-climatic research applications in
Ireland.

PRLVWXUH GH¢;FLW +60' PRGHO FUHDWH
and in use in Ireland since 2006. The current project

HPSOR\HG D PRUH XS WR GDWH PRGHO ZL
classes. The following datasets were derived using

MERA input variables containing daily, monthly,

One approach to generating the requisite gridded seasonal and yearly time steps:

datasets is through the use of NWP downscaled
simulations. NWP models use mathematical models

of the atmosphere to forecast weather based on

current weather conditions. NWPs can also be used

to “reanalyse” historical weather conditions, whereby

past weather observations such as satellite, surface

and upper-air conditions are used as model inputs.

This report describes the application of downscaled

NWP models to produce gridded climate datasets of
NH\ K\GUR FOLPDWH YDULDEOHYV IR

" ET,
"ET, ¢YH GUDLQDJH FODVVHYV
" 60'V ¢YH GUDLQDJH FODVVHYV

The datasets described above are also available

IRU WKH &2602 &/0 DQG :5) PRGHOV ZLWK
DQG NP JULG VSDFLQ$GGHWIRRMWIOYCHO\
WKH 7HDJDVF ,QGLFDWLYH 6RLO 'UDLQDJF
implemented to capture the actual soil conditions

lﬁ ,UHOI%QG .

throughout the country. All datasets are available for

In this research the performances of three NWP GRZQORDG WKURXJK WKH ,&+(& (5''$3 VHU
models (COSMO-CLM, WRF and MERA) are FDQ EH IRXQG DW KWWSV HUGGDS LFKHF
compared and analysed to assess their ability to (3$B+\GURFOLPDWH

accurately represent hydro-climate variables, focusing
on reference evapotranspiration (ET ) as calculated
using the Food and Agriculture Organization of the

Across all three models, the MERA model is the best
performer for ET,. Using a weighted average across
. ) . . 22 synoptic stations, root mean square errors equated
United Nations (FAO) Penman—Monteith equation. i i

to 0.337mm/day for the MERA model compared with

Two of the NWP datasets assessed were produced
0.402 mm/daFg/ and 0.442 mm/day for the WRF and
E\ UHVHDUFKHUV DW WKH ,ULVK &HOWUH IRU +L

JK .
OSN)O-CLM models, res&)(gc%vely. The MERA model
&RPSXWLQJ ,&+(& XVLQJ WKH &260% &/0 D%G
) . also performs best forthe ET DQG 60' YDULDEOHYV DQ
WRF v3.7.1 models. The third dataset (MERA) 2

. . . therefore the MERA datasets are the recommended
is derived from a 36-year (1981-2016) regional s
datasets to be used as indicative maps for Ireland.

Xi
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An additional project output was to facilitate an update (SPI) and growing season. Gridded datasets of the
to the Agroclimatic Atlas for Ireland. Met Eireann high- SPI for intervals of 1, 2, 3, 6, 12, 24 and 48 months
UHVROXWLRQ NP GDLO\ JUL G G H Gha@Gbheedéii/ed VorR 981420 P6Iking DathXHe H

and precipitation were used to derive agro-climate REVHUYDWLRQDO GDWDVHWY DQG WKH 1:
variables such as the Standardised Precipitation Index  above.

Xii



1 Introduction

There is constant demand from industry and research change, a thorough analysis of the observational past
and governmental agencies for high-quality, long- is required.
term, gridded datasets with high spatial and temporal

. . . As mentioned above, the only readily available
resolution for conducting climate research. These . ) i .
. . . . gridded climate datasets available in Ireland are those
data have the potential to be used in a wide variety

for precipitation and temperature (Bollmeyer et al.,
RI ¢HOGV VXFK DV DJULFXOWXUH &R%OE V D(%é &DXPPL V y
DQG WKHVH YDULDEOHY DORQH DUH L
3HUU\ DQG +ROOL\BtaI.,2002;OHVH%
QDEOH VFLHQWLVWY DQG SROLF\PDNHU\

Abatzoglou, 2013; Jones and Thornton, 2013),
. WR PDNH ZHOO LQIRUPHG GHFLVLRQV 7Kl
K\GURORJ\ DQG K\G U®R a5 ®aRAElitis D \ _ i )
date gridded hydrological datasets, particularly for

et al., 2008; Rajeevan and Bhate, 2009; Keshta and e i . .
evapofranspiration, represents a serious information

(OVKRUEDJ\ 'L /XFD etal X HaWirlflﬁth Qngeorolo and agro-climate studies
et al., 2013; Williams et al., 2013; Merz et al., 2014; gap 9y 9 '

. . This gap was outlined in the 2012 Catchment Flood
Schamm et al., 2014; Seyyedi et al., 2014), public i
, 5LVN $VVHVVPHQW DQG 0DQMalithRIHQW &)5
KHDOWK etXIQNHO 'T,S 2RaD ROIQ; . .
Preliminary Flood Risk Assessment (PFRA) (CFRAM,
Vautard et al., 2013), energy (Troen and Petersen,

2012), which stated that “the information required
1989; SEAI, 2016; Gallagher et al., 2014; Gallagher

WR XigGHUWDNH D SUHGLFWLYH DQDO\VL\
etal 60DWHU DQG SCGbQQLQJ + OPDIQ
RRG. ULVN LPSDFWV RI FOLPDWH FKDQJH
al %RXZHU DQG LQ VWXGLHV RQ REVHUYHG .
. . available, but is under development and once available
climate change trends and vulnerability (IPCC, 2014; ) .
will be used to review the PFRA qQuicomes”. The gap
%ROOPH\HU 7KH QHHG IRU VSDWLDOO\ UHSUHVHOQWHG
. . ) . was also highlighted in the context of groundwater
hydro-climate variables is a prerequisite for many
UHFKDUJH DVVHVVPHQW DQG WKH :DWHU

aspects of hydrological and ecological assessment.
Variables such as evapotranspiration and soil moisture
conditions are crucial factors in estimating water

'LUHFWLYH TXDQWLWDWLYH VWDWXV FKDI
et al., 2013). The datasets produced as part of the

- . current project will allow scientists, engineers and
sustainability, understanding groundwater recharge,
. SROLF\PDNHUV WR VWXG\ REVHUYHG FKD(
agronomic management and the management of

L in hydrological/hydrogeologjcal datasets to an extent
ARRG DQG GURXJKW ULVN +RZHYHU )f)W % YlH%W %UL&%HG

H
. . . . not covered llJ)efore In‘reland and mitigate against
observational climate datasets are not readily available ) ) .
. S the projected adverse effects in the coming decades.
in Ireland, except for temperature and precipitation

7KH SHUIRUPDQFHV RI WKH &2602 &/0 |
(Walsh, 2012). . .
developed by Consortium for Small-scale Modelling
In order to characterise groundwater and surface and Climate Limited-area Modelling Community, (2)
water systems, and to facilitate climate adaptation, a the Weather Research and Forecasting (WRF) model
greater understanding of the primary processes driving  and (3) the Met Eireann Re-Analysis (MERA) datasets
energy and water exchanges within the hydrological are compared and analysed to assess their ability
cycle is required. It is therefore necessary to provide to accurately represent hydro-climate variables. The

WKH HYLGHQFH QHHGHG WR LQIRUPRYRIQIDFO BDINRDWODV RE WIKQQ FSUMRMHFEW ZDV WF
DQG VWDNHKROGHUV RI SRWHQW L Dgidde® dafabBet¥ bf Hydddlmidte vhkaOI&s\i¢iu@ing

issues in Ireland. Such studies also support the reference (ET,) and actual (ET,) evapotranspiration,
development of pre-emptive mitigation strategies VRLO PRLVWXUH GH¢FLWV 60'V UDLQIDC
necessary to contribute towards developing a climate- Standardised Precipitation Index (SPI) for the period
resilient Ireland. To fully comprehend future climate + IRU XVH E\ LQGXVWU\ SROLF\PDNFH

general public and researchers.



2 Literatur e Review

2.1  Use of Regional Climate Models
for Gridded Data Generation

One approach to generating homogeneous, long-term
gridded datasets is using numerical weather prediction
(NWP) hindcast simulations. NWP models use
mathematical models of the atmosphere to forecast
weather based on current weather conditions. NWPs
can also be used to reanalyse historical weather
conditions, whereby past weather observations

such as satellite, surface and upper-air conditions

are used as model inputs. Using data assimilation
methods, a complete estimate of the atmospheric
state is computed that is both dynamically consistent
and close to observations. The primary advantage

of using reanalysis data is that they provide the best
estimate of the four-dimensional atmospheric state,
for both observed variables and essential climate

The overall basis of the RCM method is to dynamically

downscale the coarse information provided by the

global reanalysis data and provide high-resolution

information on a sub-domain of interest. All models

from global down to regional scale have errors,

however, and more errors are introduced from the

boundaries of the regional models. Numerous studies

have demonstrated that high-resolution RCMs

improve the simulation of precipitation (Rajeevan and

Bhate, 2009; Saha et al 'L /XFD etal, 2012;
Lucas-Picher et al "XHW Ké& BlQ2ap13;

Kendon et al., 2012; Kendon et al %LHQLHN et

al., 2016; McGrath and Nolan, 2016) and topography-
LQAXHQFHG SKHQRPHQD DQG H[WUHPHV Z
small spatial or short temporal character (Feser et

al JHVHU DQG %DUFLNRZV&D
al., 2012; Flato et al., 2013). An additional advantage
is that the phbsiﬁ%ly b,aﬁeHd RCMs explicitly resolve

6 KN

YDULDEOHYV ZKLFK DUH QRWt&JWHQ PHDVX

2014; Bollmeyer et al

UHDQDO\WVLY GDWDVHWYV LQEQIXGH

2011) from the European Centre for Medium-Range
Weather Forecasts (ECMWF) and the National
Center for Atmospheric Research (NCEP) Climate

JRUHFDVWLQJ 6\VWHPV 5HDQDO\VLV

global reanalysis datasets have resolutions of the

more small-scale atmospheric features and provide

6XFK H[DPSOHV RI JOREDO

better representation, of convective precipitation

fsf OWHULE

Rauscher et al., 2010) and extreme precipitation

(Kanada et al., 2008). Other examples of the added

value of RCMs include improved simulation of

QHDU VXUIDFH WHPSHUDWXUH )HVHU
+RZHYHU WKHVH

al., 2016). The latest Intergovernmental Panel on

Climate Chang(e\;lPCC) report has concluded that
H RI H'L

RUGHUNHA ZKLFK LV WRR FRDUVH WR E

regional studies.

To address this problem, a regional climate NWP
model (RCM) is typically employed to dynamically
downscale the coarse global reanalysis datasets at

a higher resolution over the area of interest. This
downscaling can also include the assimilation of local

REVHUYDWLRQV NQRZQ DV D UHJLRQDO UHDQDO\VLYV

local observations are not available a more general
RCM approach is implemented. The constraints

imposed by local observations should yield a more
accurate analysis than the general RCM approach,

WKHUH LV 3KLJK FRQ{GHQFH WKDW GRZQ\
to the simulation of spatial climate detail in regions

with highly variable topography and for mesoscale
SKHQRPHQD DQG H[W Udd.F2013).6 WRFNHU

2.2  Regional Climate Model Data for

Ireland
] WKHVH

5HVHDUFKHUY DW WKH ,ULVK &HQWUH IRU
&RPSXWLQJ ,&+(& FRPSOHWHG WZR KLJK
historical simulations of the Irish climate, by

downscaling ERA-Interim data for the period 1980 to

ZKLFK ODFNV WKHVH ORFDO REVHUYSDWYRQW XRIZGY MKH &266tal.82008) SRFNHO

the data assimilation systems of the NWP model

do not exactly follow observations because of a
broader constraint requiring physical and dynamical
consistency over the three-dimensional volume of the
atmosphere. Both approaches have value, particularly
when multiple NWP models are employed.

DQG :5) Y 6NDPDURFN etal, 2008) RCMs,
ZLWK PD[LPXP VSDWLDONMBREBRWLRQV R
respectively. The WRF nested model domains have

NP NP DQG NP JULG VSDFLQJV DQG I
Figure 2.1. The COSMO-CLM domains have the same
UHVROXWLRQ DSDUW IURP WKHHP LQQHUPR\
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hydro-climate variables such as ET,and ET, 60"V

rainfall intensity and the SPI for the period 1981-2016

IRU XVH E\ LQGXVWU\ SROLF\PDNHUV WK
DQG UHVHDUFKHUV 'DWD IRU DUH PDC
COSMO-CLM and WRF.

2.3  Hydroclimate Indices

231 ET,

Evapotranspiration is the transfer of water from the
land to the atmosphere through a combination of

two separate processes, evaporation from the land
surface and transpiration from vegetation. Although
evapotranspiration can be measured directly,
meteorological agencies generally use calculation
methods to determine a “reference” evapotranspiration
(ET,), which is evapotranspiration from a reference

Figure 2.1. WRF domains of 18 km, 6 km and 2 km. surface that is not water limited. The reference crop

LV W\SLFDOO\ WDNHQ DV JUDVV ZLWK DQ
and are slightly larger than the corresponding WRF RI P D ¢[HG VXUIDFH URWPRVDMDX FH RI
domains. an albedo of 0.23 (Allen et al., 1998). The potential

evapotranspiration of any crop can be calculated by

In 2017, Met Eireann completed a 36-year PXOWLSO\LQJ WKLV YDOXMcEwhieh FURS FRH
(1981-2016) regional reanalysis of the Irish climate .
depends on the crop type and time of growth.

XVLQJ WKH +$5021,( PRGHO DQG WKH $/$',1
+,5/$0 1:3 VIVWHP FDOOHG 0e5$ :KHeohgvetbeen many developments and

al., 2016; Gleeson et al., 2017). In contrast to the improvements in the calculation of evapotranspiration

COSMO-CLM and WRF simulations, MERA includes RYHU WLPH DV LW SOD\V DQ LPSRUWDQW
data assimilation, utilising time series of surface agro- and hydro-meteorology. It is a crucial factor in

observations (Whelan et al DQG KDV D Gstimafiogwatey sustainability and understanding

projection. MERA has performed with high accuracy, agronomic management, is of more importance in a

with small biases in temperatures, pressure and changing climate and is important in the management

10-m wind speeds, and outperformed “ERA-Interim RI ARRG DQG GURXJKW ULVN 1XPHURXV P
reanalysis particularly in terms of standard deviations calculating evapotranspiration exist, including pan-

in screen-level temperatures and surface winds” EDVHG FRHI(FLHQW PHWKRGV VXFK DV G
(Gleeson et al., 2017) and compares well with surface et al. (1998), and the Pereira models (Pereira et al.,

observations. Because of the data assimilation 7TKHVH PHWKRGVY ZLOO QRW EH FRQVI

FRPSRQHQW WKH 0e5% PRGHO H[KL$udyas ETHimira/and)is\writaly@alculated from
than the WRF and COSMO-CLM models despite the observed meteorological data recorded at synoptic
ORZHU UHVROXWLRQ +RZHYHU WK$ati®@p.DQG &2602
&/0 P RGHOV D G G YDOX H JLYHQ WK Hrlhgre%r% Hu%eYoﬁsDa\é\é)lr'ogcges for estimating ET,
resolutions. The comparison of these different models .
based on empirical, mass transfer, temperature,
SURYLGHV LQIRUPDWLRQ RQ WKH UHOOPWLYH VNLt.OO gl.WKH 5&0
radiafion and combination and direct measurement

methodologies.

PHWKRGV %ODQH\ DQG &ULGGOH ODI
In the current study, the COSMO-CLM, WRF and WMO, 1966; Mahringer, 1970; Priestley and Taylor,
MERA datasets are compared and analysed to 6]iV] 'RRUHQERYV DQG 3UXLWW
assess their ability to accurately represent hydro- %XUPDQ DQG 3RFKRS 'LUHFW PHDVX
climate variables. The overall goal of this project ET, are severely limited in Ireland and so these were

ZDV WR SURGXFH GH¢QLWLYH JUL G®Honsiteredimthisistugybtiaeparerggomimended
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more over monthly or longer time periods. Prior to are relatively easy to calculate. The quantity of input
2006, Met Eireann employed the radiation-based variables in the Penman—Monteith equation has its
ODNNLQN PHWKRGRORJ\ (Reith HV W L P Bi¥es @sImaidy locations worldwide do not record all
/IDPENLQ OHW eLUHDQQ S H U V RotbeOeduiReld mt€dptofo§idMl vaigbles. Appropriate
https://www.met.ie/climate/services). Subsequently, documentation is available (Allen et al., 1998) for when
the combination method of the Food and Agriculture this occurs.

Organization of the United Nations (FAO) Penman—
Monteith equation has been used for ET, estimation.
The Penman-Monteith method is recommended

by the World Meteorological Organization as the
sole standard method for estimating ET,, as it has
EHHQ VKRZQ WR KDYH D VWURQJ OLNHQEKREHG RI FRUUHFWO\ (2.2)
predicting ET in a wide range of locations and
climates. Studies such as that by Racz et al. (2013),
which compared 10 different ET, methodologies, found
that the Penman—Monteith equation provided the best

Following the estimation of evapotranspiration for the

grass reference crop outlined in Allen et al. (1998) and

Zotarelli et al. (2010), to obtain evapotranspiration for

D FHUWDLQ FURS D FuhBsShé&dppliedFLHQW K

where ET_is the evapotranspiration from disease-
IUHH ZHOO IHUWLOLVHG FURSV JURZQ L(
under optimum soil water conditions and achieving
full production under the given climatic conditions.

estimates.
'"HSHQGLQJ RQ WKH FURS DQG WLPH RI \HI
Penman (1948) developed a method of calculating values are applied, and are typically employed for
ET, by combining the energy balance with the mass areas where irrigation is a prominent activity. A full list
transfer method and derived the equation to compute of the different K_ values is outlined in Chapter 6 in

open source evaporation from standard climatological Allen et al. (1998).
records of sunshine, temperature, humidity and wind
speed. The method has been further developed,

_ ) _ 2.3.2 ET and SMDs
resulting in the Penman-Monteith ET formula, given a

as: 900 The calculation of ET, is determined by the available
0408 (R, G)+ ——__u,(e, e, _° .
ET = " T, +273 2\ @ 2.1) energy supply and is based on the assumption that
o + (1+ 0.34u2) ' the system is not water limited, i.e. an ample supply

RI ZDWHU LV DYDLODEOH +RZHYHU WKH

where ET  is the measure in mm/day, R is the net
. " water loss from a vegetated surface does not always
surface radiation (MJ/m?day), G LV WKH VRLO KHDW A )ﬁj[ . o
. ] proceed at the potential rate ET,. When vegetation is
(MJ/m?/day), T, is the mean daily 2-m temperature

. ) . unable to extract water from the soil column, ET. falls
(°C), u, is the mean daily 2-m wind speed (m/s), e . - @
S below the eotentlal rate ET . This difference between
LV WKH GDLO\ VDWXUDWLR@ ¥DSRXU SU{-| VXU .
a potential and actua] rates is dependent on the soil
WKH GDLO\ DFWXDO YDSRXU SUHVVXUH N3D 0LV WKH VORSH
) maisture content.
Rl WKH YDSRXU SUHVVXUH ifthkéJ YH N3D f& DQG
SV\FKRPHWULF FRQVWDQW N3D f & When a soil is saturated it will not hold any more
water, and any further rainfall is drained via run-off
or percolation to groundwater. When rainfall ceases,
WKH VRLO EHFRPHV XQVDWXUDWHG XQWL

capacity”, the water that the soil can hold against the

In line with international best practice and current
practices at Met Eireann, the FAO Penman—Monteith
equation has been used for calculating ET, in this

study. force of gravity. When the soil moisture is at or above

Other notable methodologies for estimating ET,,, ¢HOG FDSDFLW\ HYDSRWUDQVSLUDWLRQ

LQFOXGLQJ WKH 7TKRUQWKZDLWH potentialDate)( BTHIEY H W theCaksence of further

6DPDQL DQG 3HQPDQ P H WrKiRfal,\soil mbiSure gradually becomes depleted

be used in place of the Penman—Monteith equation WR SURGXFH D 60' GH¢{QHG DV WKH DPRX

when all required input variables are not available UHTXLUHG WR UHVWRUH WKH VRLO WR ¢H
+DUJUHDYHV DQG $O0eHQ &KH®GO' LQFUHDVHYVY ZDWHU EHFRPHYV PRUH GL

OHWKRGV VXFK DV WKHVH KDYH VL Jegetatiod Q #cE&SMDETVBEIHEY progressively

over the Penman—Monteith equation when data are less than ET.

limited as they require fewer input parameters and
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Actual evapotranspiration is of particular interest communication; https://www.met.ie/climate/services),

to agriculturalists and hydrologists for groundwater with a newer version described in Schulte et al

research for the purposes of monitoring decreases In this model ET_is assumed to reduce linearly to zero

in crop productivity and producing groundwater DV 60' DSSURDFKHY D WKHRUHWLFDO PD]JI
UHFKDUJH PDSV UHVSHFWLYHO\ %béybNdHvhich ET % &kblthetMoR&zero. In the Met

and Keane, 1982; Williams et al., 2013). In Ireland, Eireann model ET, is given by:

ET, DQG 60' DUH W\SLFDOO\ QRW GLUHI__ ___SMD, SMD, EXW 2.3)

are instead estimated from measurements of ET, and : °SMD,_ SMD,

precipitation. In a broadly similar climate to Ireland, the
WhereSMD LV D WKHRUHWLFDO PD[LPXP 60°'
8. OHWHRURORJLFDO 21¢FH KDV HVWDEOLVRHG D UHJXODU .

. . SMD_, LV WKH 60" DW W L P HstataichEMD
procedure for evaluating agricultural water shortage ¢

. - . value above which moisture availability is no longer
in Britain using the water budget approach. The

DOLPLWLOQJ IDFWRU VO\QJ KH 6 (
8.1V OHWHRURORJILFDO 21¢FH 5DLQIDOO DQG ?YDSRUDWLI% Q Q

) than SMD , moisture is not limiting respiration and is
Calculation System (MORECS; Thompson et al., ¢

. . . . . assumed toequal ET, )RU 60' YDOXHV EHORZ WKL
1981) (discussed further in section 2.4.) is applied

critical level, it is assumed that ET decreases linearl

WR JULG FHOOV RR DQ6BIl HPSOR\V UHJXODUO\ 0 y

. ) WR JHUR DV WKH 60' DSSURDFKHV WKH FU

collected meteorological data to estimate ET, value

XVLQJ D PRGL¢{HG 3HQPDQ HTXDWLRQ WKDW DFFRXQWYV

for both meteorological conditions and vegetation Soil moisture conditions are an important interface

characteristics. between agriculture and the environment because of

. . their impact on the length of the grazing season, grass

Several studies have used remote sensing (RS) to P g g g g |
JURZWK FRQGLWLRQV DQG QXWULHQW XS

estimate ET_ rather than physical observations (Soer, ) ) )
@ exchan'%le is driven by the hydrological cycle, one of
1980; Carlson et al 7LPPHUPDQV DQG OHLMHULQN

the most fundamental cycles in the earth—atmosphere
1999; Wu et al., 2006; Senay et al., 2007; Gao et al, system. The hydrolo 'CZI cycle refers to the asspa e
. i
2008; Teixeira, 2010; Elhag et al., 2011; Glenn et al., y y g y P g

. of water in gaseous, liquid and solid forms between the
2011a,b). There are some advantages to this as ET, i )
. oceans, atmosphere, lithosphere and biosphere. It can
can be determined on a large scale rather than by

easily be expressed as a water budget, accounting for
SRLQW PHDVXUHPHQW DQDO\VLV +RZ ,YHLP HDFK FDgwx%H% 9

. L . precipitation (P), evapotranspiration (E), run-off (R)
image is still a snapshot and the temporal resolutions N

. . DQG WKH AXFWXDWLRQV LQ WKH ZDWHU V
can vary between satellites. Field data are usually

L . _ . as:
required in interpreting and calibrating RS imagery,
and validating models for large areas, but extensive P E R=S (2.4)

¢HOGZRUN LQ VXFK FDVHV LV QRW £} iféNeNcR bbbwieen Evddottanshitdfion and
LWH DQG "URRJHUV 56 LV PRydiShtion4dprescRis ié¥ehcss in water stored
DUHDV ZKHUH LUULJDWLRQ LV D NHyiikfii¥ 5ofl LA \a saturated soil, run-off will be
No single method of measuring or calculating generated, and the saturation of the soil is often
evapotranspiration is without fault as some point UHSUHVHQWHG E\ WKH °¢HOG FDSDFLW\’
DQDO\WLV PHWKRGV DUH GLI¢Fxo wihil gare aeshinghg sajagpinsidhe forge of gravity.
et al., 2006), and traditionally ET,_ has been computed ‘KHQ D VRLO LV DW ¢HOG FDSDFLW\ DQ\ t
as a residual in water balance equations. Estimates of  ©ff overland or percolates downwards through the soil.
ET, are derived by means of a ratio or indirectly from OHDVXUHV IRU FRXQWU\ZLGH 60’V DQG VR

(iHOG PHDVXUHPHQWYV DW PHWH R U RN 2 HYW CUMPBWLHESN the Eyjqpean

DQG '"URRJHUV Space Agency (ESA) has been monitoring global

soil moisture using active and passive microwave
Inireland, ET, DQG 60" DUH QRW ZLGHO\ RfdeWRSItESrin et al OHFNOMKQEXUJ
directly (Mills, 2000) but are instead calculated al., 2012). A number of studies have also derived soil
XVLQJ WKH K,\ EULG VRLO PRLVWXU Hp&iskliefaht¥éetsi®mh radaFaid t&ellite imagery
implemented by Met Eireann in 2006 (Schulte et al., SODE\ + Xdt 1 PIDCB; Wagner et

-HLWK /DPENLQ OHW eLUHDQQ al., ZOOﬁ.'AHL}ﬁBQBQternational studies have
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DWWHPSWHG WR HVWLPDWH 60'V XVIL\Q DPNWRRDWQRQLAFBALY DQGet+ ROGHQ

PRGHOV /REtNIZ RRBIB. In Ireland, attempts al 7KH WZR QHZ GUDLQDJH FODVVHYV
have been made to evaluate the soil moisture and are “excessive” and “imperfect”. The new classes

GH{FLW LQ WKH FRQWH[W RI WKH ZbllgwHHe sareEhatasteilsizSad/fét thd older

associations (Gardiner and Radford, 1980). Some of corresponding classes, with the exception of the

the most notable attempts involved the implementation  excessive class, for which the SMD Y D O X HPIPV

max

Rl Di NP JULG VXSHULPSRVHG R QW Rhe urpé&fecQctasxhas drainage of 3mm, with other

measured meteorological variables (precipitation, characteristics similar to those for the moderately and
temperature, sunshine hours) to calculate each of the poorly drained classes. The topographic wetness index
water budget terms (Mills, 2000) and to calculate ET, is used in locations that receive water from both direct

DQG 60'V IRU 1IRUWK &RXQW\ 'XEOL@GUUHRESLWBWMRLRQ DQG DGMDFHQW DUHDV
XVLQJ WKH 3HQPDQ PHWKRG % XU NTFhe only differéhZeHrvthElequations is the topographic

with recent advances in climate modelling and ZHWQHVV LQGH[ IURP ZKLFK D < PRGL¢HL
observations, this can be improved on. put as a denominator to the drain term.

,Q ,UHODQG D PHWKRG IRU HVWLPDRWKHUPHWEKRGRVRI|IWBROOFXODWLQJ 60'V L(
ZKROH FRXQWU\ WKH +60' PRGHO &énKtHedPACH Adleal et al., 1998) and the Penman—

was derived by Teagasc, which has been used at Met Grindley model (Grindley, 1969). These models

Eireann since 2006. The preliminary calculations are calculate ET,_ using alternative methods to represent

described as: the crop stress factor. For the standard Penman—

Grindley approach, the potential evapotranspiration

WHUP WDNHQ WR EH)iSt&ddcedDrieéel DV (7
where SMD, and SMD_, DUH WKH 60'V RQ GDWKH 60' UHDFKHV D VR FDOOHG URRWLQJ

SMD, =SMD, , Rain+ET,_ + Drain

and day t-1 respectively, Rain is the daily incoming value below which evapotranspiration may occur at

precipitation, ET, is the daily ET, and Drain is the its maximum rate. When this occurs, ET,_ is instantly

amount of water drained daily by percolation and/ reduced to 10% of potential evapotranspiration, during

RU RYHUODQG ARZ ZKLFK LV GHSH@GHOQUN R® WODKEKYLRKOWKH FURS LV VWUHV\
drainage capacity. There are three soil drainage WKH 60" LV OHVV WKDQ WKH FURS URRWL(

classes, outlined in Table 2.1. As with the water budget  which transpiration reduces. The point beyond which
HTXDWLRQ 60'VDQG VXUSOXVHV DWHUBRVSKWHWLRERFHDVHY LV NQRZQ DV W

differences between rainfall, ET, and drainage, with FAO assumes that ET, decreases linearly from the
soil moisture surpluses assumed to be removed by rooting constant to the wilting point. The difference
drainage and surface run-off over time. from the Schulte model is the inclusion of the rooting

. ) . . constant and wilting points. For practical reasons,
Since the implementation of this model, an updated ) . )
the updated Schulte model will be implemented in

and higher resolution version has been developed, . . L . )
this study. The primary reasoning is the inclusion

WKH +60' PRGHO YHUV¥taR Q014;, +DOOHW . . . .
of different soil drainage characteristics, which the
Schulte et al 7KH QHZ PRGHO LQFOXGHYV WéR )
i ) ) Penman—Grindley model does not implement. Second,
new soil drainage classes as well as an optional

. . the Penman-Grindley method uses the Penman ET,
module to account for the topographic wetness index . . .
method as an input instead of the Penman—Monteith

Table 2.1. Overview of soil drainage classes in the HSMD model version 1 from Schulte et al. (2005)

Variable Well drained Moderately drained Poorly drained

SMD,__ 110mm 110mm 110mm

SMD, ., Omm —-10mm —-10mm

'UDLQDJH - 10 mm/day PP GD\

Comments Soil never saturates, remaining  Soil may saturate on wet Soil saturates on wet winter
DW (¢HOG FDSDFLW\ HYBQ RO IB\W\ EXW Uasywitd @atenstiRolusH O G
wet winter days FDSDFLW\ RQ ¢ UVW @ralne@aDvery slow rates
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method, which is used by Met Eireann for calculating of this project and are more applicable to end users of
ET,. Finally, the Penman-Grindley method is believed rainfall intensity datasets.
to not operate satisfactorily when the surface or the

Additionally, rainfall intensities have been utilised in
VXEVXUIDFH UXQ RIlI LV D VLIQL;FDQW SDUW RI WKH VRLO ZDWHU
LOQWHQVLW\+tGXUDWLRQzIUHTXHQF\ FXUYF

EDODQFH O0DRFNH H . .
Q @1 Jalee and Farawn, 2014; Liew et al., 2014), which are

6RLO PRLVWXUH GH¢FLWV DUH DQ HKdmrhéntbole tlsed by irRdrance industries and in

monitoring the soil conditions and a measure of water resources engineering for the planning, design

the difference between water in the soil and the and operation of water resources projects. These
amount that the soil can actually hold. As mentioned FXUYHV WA\SLFDOO\ JR GRZQ WR WLPHVFD
SUHYLRXVO\ WKLV LV NQRZQ DV W KHessHwWich goBsBybridithe SRop&\oKthle datasets

soil and can be considered as one of the most viable being produced, which have a maximum temporal

options for ascertaining soil moisture conditions. One resolution of 1 hour.

VWXG\ KDV JRQH IXUWKHU WR GHYHORS D 60' LQGH[ DQG

HYDSRWUDQVSLUDWLRQ GH¢FLW LQSGH(} IdRU BJULFXOWXUDO GURXJKW
fandardised remQ/ltatlon Index
PRQLWRULQJ EDVHG RQ ZHHNO\ YDOXHV 1DUDVLPKDQ DQG

6ULQLYDVDQ 7KH\ ZRUN LQ D VheRsPhBslbegZrDdccapird\askhe best practice

SPI (McKee et al., 1993) and represent conditions standard for monitoring drought events since its

from extremely dry to extremely wet. The study by inception in 1993 (McKee et al., 1993) and it has
1DUDVLPKDQ DQG 6ULQLYDVDQ U HBFROOXEEHHEY WKKHH3 D OPHU "URXJKW 6HYHUL)
DFNQRZOHGJHPHQW WKDW WKH GURIDROWHUIQGLFHMOLOWURGXKHG63, DOORZV |
needed to be aggregated at spatial and temporal analyst to determine the rarity of a drought at a given

scales for comparison with other drought indices. timescale of interest for any rainfall station with long-

'"URXJKWY DUH UDUH LQ ,UHODQG KdRZhsoHddl dathkets. Thd B BKyyically used over
GXULQJ WKH VXPPHU PRQWKYV RI tinfegxalds Yangirg frym bnoRtRsUidHyears but can be
viable option as the impacts of climate change become  updated daily to provide a moving window approach.
more apparent in Ireland. The applications of the SPI Timescales of less than 3 months can be used to

are further discussed in the following section. assess drought severity.

Advantages of the SPI include its simplicity, its being

2.3.3 Precipitation based solely on rainfall, its ability to describe drought
at different timescales and its comparability across
Rainfall intensities different climatic regimes, and its probabilistic nature

provides a historical context that is well suited for

GHFLVLRQ PDN LeQal.,, 199%)Vit¢ Birnplicity is

analysis and are of huge importance in agricultural and ) Q . X) pety
also a disadvantage, as calculation is based solely on

groundwater monitoring (Allen et al., 1998; Williams et . ) .
precipitation; there is no sojl-water balance component
al KHQ UDLQ IDOOV WKH @Uva\/r\]/dnoLélF){"SV Rl H

DW
) . ity to caICLﬁate evapotranspiration ratios.
intercepted by the leaves and stems of the vegetation, )
An updated versio
XVXDOO\ UHIHUUHG WR DV WKH 3LQWHUFH?WLRQV UDE}H ;
) . ) Serrano et al., 2010), attempts to address this latter
the rain continues, water reaching the ground surface a

issue of evapotranspirati
LQ;OWUDWHY LQWR WKH VRLO XQWL L LFJ’HDFKHV

obDWwW \I!IVU L
WKH UDWH RI UDLQIDOO WKH LQWH}? YLIEIN\EHHif
capacity of the soil. After this time, surface ponding Sz
RFFXUV DQG GHSUHVVLRQ DUHDYV DLiJ
RIl LV JHQHUDWHG 7KH LQ,OWUDWL
dependent on its structure and texture, as well as the
soil moisture content as a result of previous rainfall or
dry periods. The main factors that affect run-off are soil
type, vegetation cover, the slope and the catchment

size. The details of these factors are outside the scope

Rainfall intensities are used primarily in run-off

n, devel\(?\P%d in.2010 (Vice '{(/a-

ULO

Tvo I
pr@)
QO
=o
U
w)
T,
=
<~

$W £ PRQWKYV Wt
relationships to groundwater levels and agricultural

drought was well represented at scales of 2—3 months

LQ WKH +XQJDU\ HIDPSOHV ,Q *UHHFH Zk
is becoming more of a concern, the SPI described

drought conditions very well, establishing the onset,
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ending and severity levels of exceptional drought FOLPDWH ULVN PRQLWRULQJ DV SDUW RI
events. ARRG PLWLJDWLRQ SURJUDPPH

Mathematically, the SPI is based on the cumulative The different time periods over which the SPI is

probability of a given rainfall event occurring at a calculated enhances the analysis capacity, as it allows
ORFDWLRQ 7KH KLVWRULFDO UD L Qthe estima&ian\bf differehHargasedeht Gonditondin the

gamma distribution, through a process of maximum VRLOV 6KRUWHU VFDOHV RI + PRQWKV T

OLNHOLKRRG HVWLPDWLRQ RI WKH YRRPDZBWHMU  ZEKXWK E@IDUV VLIJQL,FDQFH
parameters . and . The probability density function is contrast, longer accumulation scales indicate the state
GH¢;QHG DV of subsurface moisture, as well as other surface and

subsurface water resources.

_ 4
glx)= X ‘e (2.6)
() ( ) 7KH ODFN RI FRQVLGHUDWLRQ LQ WKH 63,
such as evapotranspiration was addressed by

where . and are shape and scale parameters, ) ) .
. . S Vicente-Serrano et al. (2010), with the Standardised
respectively, and x is the amount of precipitation. The o o
Precipitation Evapotranspiration Index (SPEI). The

JDPPD IXQFWLRQ + . LV GH¢{QHG DV " o
SPEI is based on both precipitation and temperature

data and has the advantage of combining multi-scalar
character with the capacity to include the effects of

temperature variability on drought assessment. The
6LPSOL¢HG DSSURJL PV IpRrametdi® U WK giffers from the SPI as it includes a climatic

y ‘e’ dy (2.7)
0

are given by: ZDWHU EDODQFH WKH DFFXPXODWLRQ RI
1 A surpluses at different timescales and the adjustment
A 1t 28) 154 log-log logistic probability distribution. The SPEI

performed well under global warming conditions

:z 2.9) DQG LGHQWL¢{¢HG DQ LQFUHDVH LQ GURXJ|
associated with higher water demand as a result of
where: evapotranspiration. The SPEI study (Vicente-Serrano
n (X) et al., 2010) used the Thornthwaite (1948) method of
A= |n(y) - (2.10) calculating evapotranspiration because of its simplicity,
which is given as:
and n is the number of observations (Lana et al., n
2001). There are a number of other approximations ET =16 1N_2 % g (2.11)
to calculate these parameters, which depend on
practicality and size of dataset. where T is the monthly mean temperature in °C; m is

D FXELF HTXDWLRQ FRHI(FLH@& EDVHG R
Vicente-Serrano et al., 2010); NDM is the number of

days in a month; N is the maximum number of sun

hours calculated from the hourly angle of sun rising,

the latitude and solar declination; and | is a heat index.

'"HVSLWH 63, EHLQJ W\SLFDOO\ XV H Ghiphgapneeyircrlgwajgd agtherspm of 12 monthly

UHFHQW VWXGLHV KDYH GHPRQVW UT& Mpiies, wwhichsigelivgd KR G ULV N

management. One such study focused on recurrent I

ARRGV LQ WKH VRXWKHUQ &RUGRED 3= ¢ FH LQ $UJHQwLQD (212

(Seiler et al., 2002). The results showed that the SPI

was able to satisfactorily explain the development of Both the SPI and the SPEI have great potential for
FRQGLWLRQV OHDGLQJ XS WR WK U HIRPIEaHN0 R [FE1aNE, doseXqRRIENING apalysiy ¥ H

region from 1979 to 1998. The results indicated the GURXJKWYV DQG ZIKHWHIULRQRERIGNY KDYH QR
potential for SPI as a tool for monitoring hydrological been applied in Ireland or many places worldwide and

FROQGLWLRQV DQG ARRG ULVN DQG WR® BRWME® WdH RYWDEOLVK ,UHODQGTV

incorporating SPI analysis into a regional system for world.

The SPI is measured on a scale of -3 to +3, with zero
representing normal conditions, values less than —2
representing severe drought and values greater than
+2 representing severe wet conditions.
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2.4 International Methodologies system outlines two classes of water availability based
RQ WKHVH YDOXHY )RU YDOXNBWDEHWZHHC

the retention is termed “easily available water” (EAW).

JRU VXFWLRQV EHWZHN®D LIWWQISY WHUPHG
“restricted available water” (RAW). The summation

of these two terms provides the total available water

(TAW) or available water capacity.

As evapotranspiration and soil moisture contents are
critical hydroclimate variables, many nations have
derived methodologies for spatially observing and
modelling these variables. This section will focus
on relevant methodologies, which include systems
implemented in the UK, USA, Australia and New
Zealand. Soil available water data are extracted from the Land
Information System, which contains unique soil and
related environmental data for England and Wales,

241 UK WKH 8.1V 1DWLRQDO 6RLO 0DS DQG D 1DW
7KH 8. OHWHRURORJLFDO 21¢FH 5D La)S0IStmt cogeta (wip Sirge of wapRrriges from

Calculation System was implemented in the UK in water retention to density measurements (Ragg and

1978 as a replacement for the estimated soil moisture SURFWRU +DOOHWW etal 7KH GD

GH¢{FLW (60' DQG ZDV XSGDWHG L fpom largesseplek apdgpave an overall resolution
Jones, 1997). Compared with methods currently in use  of 100mx100m and overall available water content

in Ireland, the availability of digitalized soil databases $$& YDOXHV IRU JULGIF TP UG\W\RHPV
across the UK allowed MORECS access to the soil such as MORECS show the complicated overall

data for calculations of actual soil moisture rather than  structure of an evapotranspiration and soil moisture

soil drainage type. This highlights the need for actual QHWZRUN UHTXLUHG WR \LHOG D PRUH VR
soil moisture measurements across the different soil QHWZRUN

types in Ireland. MORECS is produced in a grid square HU 8 G DWDVHWY DUH &+(66 &OLPDW!
IRUPDWIRINP DQG XVHV GDLO\ V\QRS(\!Vé_COIO WKHU

GDWD WR SURYLGH HVWLPDWHYV R q?lcal research Support S)(stem) JULES
é int UN< ang I%wronme(%t\%mlﬂator) and

HYDSRUDWLRQ DQG 607 LQ WKIHHlRU&%IOBYH'yIPF? \(JVW Rl WKHVH GUDZV PDLQ

potentla;l evapotranslt)lrat:con is calculaftted fkc;r eachllgrld MORECS data (temperature, humidity, wind speeds,
square for a range of surface covers from bare soil to V X VKL§H KRXUV GRZQOVFDOHG WR NP |

IRURVW XVLQJ D PRGLCHG IRUP RINKH SHRE RBWERYWN-WEo En xvHG zLwk

equatlf)n (Monteith an.d U.nsworth, 1990). Estlma.tes of datasets to drive the JULES model, a land surface
potential evapotranspiration are converted to estimates . . . .
model that includes soil moisture, soil temperature

and evaporation. Finally, the COSMOS-UK dataset

LV D QHWZRUN RI VRLO PRQLWRULQJ VWD
that provides near-real-time soil moisture data for

use in a variety of applications including farming,

Crop models are also used in MORECS, but it should ZDWHU UHVRXUFHV ARRG IRUHFDVWLQJ C

of ET, by progressively reducing the rate of water loss
from the potential value to zero as the available water
decreases from a fraction of its maximum value to
zero.

be noted that they are idealised representations of PRGHOOLQJ 1HWZRUNV DQG GDWDVHWYV \
crop growth. The models describe aspects such as which have real-time applications, should be seen as a

plant development through the growth stages, the matter of high importance for Ireland in the near future.

leaf area index, crop height, variation of crop canopy

resistance with weather and crop age. The water in 242 USA

the soil available for plant growth has been the subject

of wide-ranging research over the last 40+ years in ,Q WKH 86% WKH HYDSRWUDQVSLUDWLRQ

WKH 8. 'LI¢(FXOWLHY DULVH LQ HV\Vestima@iey using anegresspp itk ginvateand

water available for plant growth because of variables ODQG FRYHU GDWD 6DQIRUG DQG 6HOQLF
such as rooting depths and in simulating the process BUHFLSLWDWLRQ DQG VWUHDPARZ UHFRU

by which roots extract water from the soil. MORECS is  for 838 watersheds for the period 1971-2000 to
EDVHG RQ VXFWLRQV PHDVXUHG L Qbtriglpng-teunkestioaez pf BT ORrecipiption and
Rl N3D DSSUR[LPDWHV WR ¢ HOG FD&Smpeatyes waredcsed Kemn the BRIBM datasets
YDOXH RINSD LQGLFDWHV WRHKHzL O \anddaod savar (yam the US Geological Survey
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86*6 1DWLRQDO /DQG &RYHU 'DW Dpotentlal evepgdtransgivtidriPand soil moisture and are
has been developed since its inception and at present interpolated using a spline model (Tait et al., 2006; Tait
ArcGIS actual evapotranspiration layers are available and Woods, 2007). In addition to evapotranspiration,
DW NP FHOO VL]H GHULYHG IURP KM ORLOCPRENVW XUH DQRPDOLHV DQG W/
(YDSRWUDQVSLUDWLRQ 3URGXFW D3D-Ginfl BO,diy\finastsl€s @re Wpliated daily, with
LPDJHU\ +RZHYHU GHVSLWH XVLQ owpaikbkoBsinaBefrQm averages and the previous

Monteith equation, the methodology uses satellite RS year. The evapotranspiration values in New Zealand
data rather than physical observations and at present are calculated using the Penman method (Penman,
the data cover only the period 2000-2010 (Mu et al. "HVWHUKRII

2013). Additionally, the USGS has evapotranspiration
QHWZRUNV RQ D VWDWH E\ VWDWH EP‘}/LXUEUEG)IIY%/KHU WKDQ
across the whole country. Soil moisture estimates in o

the USA are surprisingly limited at present but new In Australia, the Bureau of Meteorology and the

measures are being put in place to monitor droughts. Cooperative Research Centre for Catchment

Puerto Rico obtains excellent evapotranspiration +\GURORJ\ UHOHDVHG D VHW RI HYDSRWU
and countrywide soil moisture monitoring from the PDSV IRU $XVWUDOLD LQ DV SDUW RI \
GOES-PRWEB satellite, which provides near-real-time  Climatic Atlas series (Australia Bureau of

maps of ET,, ET,, soil moisture content and radiation Meteorology and Wang, 2001; Chiew et al., 2002).

(PRAGWATER). These maps provide average monthly and annual

values of three evapotranspiration variables: point
and areal evapotranspiration and areal actual

2.4.3 New Zealand . o .
evapotranspiration. The evapotranspiration estimates

In New Zealand, the National Institute of Water are based on the Morton relationship (Morton, 1983).

and Atmospheric Research (NIWA) employs a +RZHYHU WKHVH PDSV DUH QRW XVHG GD
YLUWXDO FOLPDWH VWDWLRQ QHW BRrebN oiWetiodMIdgy IRSBeAd; &l MagsoDpoDt\values

datasets based on the spatial interpolation of actual is provided showing 7-day ET sums, with monthly

data observations made at climate stations across data also available, which is similar to the approach

the country. These observations include rainfall, employed in Ireland.

10



3 Methodology

3.1  StudyArea and Data was calculated using raw model data and a correction
factor was then applied to ET .
7KH VWXG\ DUHD ZzDV WDNHQ RYHU WKH LVODOQG Rl ,UHODQG
using three downscaled NWP models, at three Two correction methodologies were tested: bias
GLITHUHQW VSDWLDO UHVR® XWR R Q tbrrection aridl @&st squared estimator methods. The
of the datasets were produced by researchers at the ELDV FRUUHFWLRQ WHFKQLTXeétalGHYHORS
,&+(& ZLWK QHVWHG GRPDLQV XV LEZDA3)MKdies a6 0 2
&/0 DQG :5) Y PRGHOV DQG WKH WKLUG GDWDVHW
MERA, was produced by Met Eireann. MERA includes M, =0, + —2=F (MREF (t) @) (3.1)

.. . e . . M_REF
a data assimilation component, utilising time series of -

surface observations. An overview of the variables that ~ Where M is the bias-corrected model, O, are the

are produced by each of these models is available in REVHUYDWLRQV WDNHQ RYHWIRQ UHIHUHQF
Appendix 1. Validation data for hydro-climate indices DUH WKH PRGHO GDWD WDNHQ RYHU WKH
(ET,ET, 60" DQG 63, ZHUH REWDLQH@eNWRP WKH OHW

eLUHDQQ QHWZRUN RI VIQRSWLF V \AllhDe\{avd\L/aRnt%gves of thII_SQECWn%l\JAé Igr(e)its simplicity and

the inclusion of standard deviations of both model and

3.2 Methods and Bias Corections reference period. The second method, least squared
estimator, is given as:

3.21 ET, N __
N XY, NXxy
o d= (3.2)
Reference evapotranspiration was calculated from %2 Nx2
the following RCM input variables: 2-m temperature, "
humidity/dew point temperature, 10-m wind speed, b=y ax (3.3)
surface pressure and surface short-wave and A
o L y =ax+b (3.4)
long-wave radiation. As long-wave radiation was
not available in the WRF model variables, it was The variables x and y are the input model data and
calculated USing the Julian day and solar declination observational datasets, respective|y, and O is the
methodology. FRUUHFWHG GDWD RU 30LQH RI EHVW ¢W~

tested, it was determined that the least squared
estimator method produced the lowest errors. As ET,

3.2.2 ET, bias correction
YDULHY FRQVLGHUDEO\ WKURXJKRXW WKF

In their raw format, the variables produced from for each month was derived. The regression analysis

the NWP models have biases. Two approaches was carried out at all stations where ET, is calculated

to correcting these biases were considered: bias from meteorological observations (22 in total) and so

correction of the constituent time series used in the D PRUH FRPSOHWH FRXQWU\ZLGH SUR¢OH
estimation of ET, and an overall bias correction of the The locations of these stations are shown in Figure

calculated ET,, series. 3.1, with blue stations referring to those stations

$ VHQVLWLYLW\ DQDO\VLV zDV XxQGcWEHBR HHARRIRNPH LB [y gorrections

the sensitivity of the component variables of ET,. were calculated for all stations for the period 2006 to

It was found that the most sensitive variables were present.

humidity and radiation. Additionally, it was found that 2QFH WKH UHJUHVV LRI wER Ealquateti Q W V
the errors in ET, using previously corrected input at all stations, the values were interpolated onto the

variables showed very little difference compared corresponding model grids. These gridded datasets

with raw input variables, with root mean square error were then used to correct the corresponding gridded

(RMSE) differences of only +0.01mm. Therefore, ET,  ET_ datasets. This method was repeated for each

11
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- Malin Head

- Finner

- Belmullet
Ballyhaise
Newport

- Knock Airport
- Mt Dillon

- Claremorris

- Mullingar

10 - Dunsany

11 - Dublin Airport
12 - Mace Head

W ~N O W N =
1

13 - Casement

14 - Athenry

15 - Gurteen Agri-College
16 - Oak Park

17 - Shannon Airport

18 - Johnstown

19 - Moore Park

20 - Valentia Observatory
21 - Cork Airport

22 - Sherkin Island

Figure 3.1. Locations of synoptic stations used in hydro-climate model calibration and validation.

month and applied to the full dataset (1981-2016). historical precipitation patterns. These data extended

Figure 3.2, which presents yearly ET  sums for only to 2016 andso ET, DQG 60' VHULHYV DUH OLPL)
'XEOLQ $LUSRUW DQG 9DOHQWLD 2EHWsHiater DWRU\ VKRZV WKH

improvement of the corrected data compared with the
raw output. For the raw WRF data, in particular, there
was shown to be a consistent overestimation of ET,
RYHU WKH ZKROH FRXQWU\ HPIPEHWZ
depending on the station. Figure 3.3 shows the
difference between the raw output and corrected ET,
IRU 'XEOLQ $LUSRUW DQG 9DOHQWL

,Q RUGHU WR VWDUW D +60' PRGHO UXQ I
LV UHTXLUHG IRU 60' 8QFHUWDLQW\ LQ W
|_Puts can be reduced by initialising the model at

WLPH ZRHQ VRLOV DUH DW ¢HOG FDSDF
1980, there was a major rainfall event that caused all

tht long-term synoptic stations in operation to be

DW (¢HOG FDSDFLW\ ,W ZDV DVVXPHG WKL
(HOG FDSDFLW\ RQ WKLV GDWH DFURVV W
3.2.3 ET, and SMDs '"HFHPEHU ZDV WDNHQ DV WKH VWDUW

60' PRGHO
Time series of ET, DQG 60' ZHUH JHQHUDWHG XVLQJ

WKH +60' PRGHO ,QSXWV WR WKH RRtehalaasetsfor@KH QG 60" ZHUH GHULYHG IR

bias-corrected ET data and gridded observational WKH ¢YH VHSDUDWH GUDLQDJH FODVVHYV
precipitation datasets provided by Met Eireann. +60' PRGHO $ VLQJOH FRPELQHG GDWDVH
Observed rather than modelled precipitation data were  produced, which used the Teagasc Indicative Soll

used because of the uncertainties in precipitation 'UDLQDJH ODS IRU ,UH0aD,QE@6) ®UHDPHU

in all three RCM models, and observed data were assign a drainage type and corresponding ET_and

considered to provide a better representation of 60" VHULHV WR HDFK JULG VTXDUH

12
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' a) Dublin Airport (Raw Qutput) : b) Valentia Observatory (Raw Output)
750 4 4
700 -
650 ” % e
E ¥ ol ! 3 e o
E st 2 I T T e " v v . Y *
E ™ ' ; ; i g i : g .
2 500 i :
IE il .
% 400
& -+ ——
T a00 - £
g ¢) Dublin Airport (Corrected Output) d) Valentia Observatory (Corrected Qutput)
750 4
o
& 700 -
7] g £ A, A o
2 i . z 3 -, T B Ty
D A A 3 3 . % - A Ny . i Eon g g
I : o Az gk ST iy Fobiy, R A ; e ’ o iy 3 ¥
450
400
380 +

B T . S 'EP" P 'P(; "E‘\‘s“ﬂe’\ Rt i L gl L L R P

Year

Figure 3.2. Raw output and corrected output for annual ET
Observatory.
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Figure 3.3. Difference in ET | yearly sums between corrected and original ET

and Valentia Observatory.

, values for Dublin Airport
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4  Resultsand Validations

4.1 Reference Evapotranspiration

The primary variable analysed, ET, was calculated
over multiple time periods. These include annual,
seasonal, monthly and daily time periods, with both
sums and averages calculated for the three models.
The following sections will investigate the performance
of all three models, which underwent correction using
the methods described in Chapter 3. Following bias
corrections, all models were found to perform with a
high degree of accuracy and were in good agreement
with observations. Prior to validation, it was expected
that MERA would outperform both the WRF dataset
and the COSMO-CLM dataset because of the
advantage of data assimilation. The COSMO-CLM and
WREF datasets were expected to add value because of

ET, 0
WKH KLJKHU UHWPOX@MER QWHVSHFWLYH

WKDQ LQ W IGH \W®54N W

4.1.1 Daily and annual analysis

The models were validated over a 37-year period
(1981-2017) for COSMO-CLM and WRF and over a
36-year period for MERA (1981-2016) at 22 stations.
As a result of the corrections, bias values were
minimised. Table 4.1 shows the errors associated with
daily ET, values for all three models. The MERA model

outperformed both the WRF and the COSMO-CLM

PRGHOV IRU 506( DQG FRUUHODWLRQ FRH
outperformed by the COSMO-CLM model for standard

deviation. This is of less importance because of the

variability of ET, throughout the course of the year.

Analysis in the following sections investigates the

variability in monthly values. Figure 4.1 shows scatter

SORWY DW 'XEOLQ $LUSRUW DQG 9DOHQW

As shown in Figure 4.1, the MERA data show the

EHVW ;W ZLWK WKH PDMRWLRNWKMDOXH
calculated values. The WRF and COSMO-CLM data

are slightly more varied as shown in both Figure 4.1

and Table 4.1.

Among the more important tests is the performance of

noa\n annual basis and whether modelled values

FDQ SLFN XS PRUH DEUXSW FKDQJHV )LJ>
yearly sums of ET) DW 'XEOLQ $LUSRUW DQG 9DO
2EVHUYDWRU\ GDWLQJ EDFN WR $V Pt
previously, the corrections factors were generated

using data from 2006 to 2017, with the resulting best

OLQH ¢WV EHLQJ DSSOLHG EDFN WR

As shown in Figure 4.2, there is a good match
between synoptic values and each of the models. For
some stations, however, sudden drops or increases
in ET, highlight an issue of the least squared

Table 4.1. Errors in daily ET | values for selected stations from 1981 to 2017 and using an overall weighted

average across 22 stations

Station

RMSE (mm)

COSMO- MERA

CLM

WRF
CLM

Belmullet

Casement
&RUN $LUS
"XEOLQ $L
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

Standard deviation (mm)

COSMO-

&RUUHODWLRQ FRHI¢F

WRF MERA COSMO- MERA

CLM

WRF

The best and worst performers are colour coded green and red, respectively.
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: WRF ) COSMO-CLM - MERA PR
61 a) Dublin Airport 7 ” =

25

20

f—— 15
| b) Valentia

Modelled ETg (mm)
(=]
| Calculated from Observations - Madelled ETy, |

9 1 2 3 4 5 B 0 1 2 3 4 5 6 0 1 2 3 4 5 ¢ M,
ETg Calculated From Observations

Figure 4.1. Scatter plots of daily ET | values for each model at Dublin Airport and Valentia Observatory.
The colour coding represents deviation from a one-to-one relationship.
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B - _
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Figure 4.2. Annual ET  sums for Dublin Airport and Valentia Observatory from 1981 to 2017. The solid
black line shows the Met Eireann-calculated values from observations, with a +10% interval shown by the
dashed black line.

estimator method being unable to correct distinct show high values around coastlines, urban areas and

outliers. Nevertheless, all models are able to capture the mouth of the Shannon River. The WRF model

ET, to within 10% of values calculated from station better resolves the urban centres because of the

measurements for all stations analysed. Table 4.2 enhanced dynamics of its urban model. The MERA

shows associated errors in ET for annual summed PRGHO VKRZV D EHWWHU ¢W WR WKH FDO
values for each station analysed above. The pattern than the higher resolution models of COSMO-CLM

is similar to the daily values presented in Table 4.1 and WRF.

+RZHYHU WKH G L} betwdéQtRerhested (7
models (WRF, COSMO-CLM) and data-assimilated .

( . ) ) 4.1.2 Monthly and seasonal analysis
model (MERA) is small.

. Analysis of monthly evapotranspiration values
Figure 4.3 shows corrected maps of ET for all three L I
is of importance because of the variability of

models and is one of the datasets provided for . .
eval otransp\ratlon throgghout the %ear. Figures 4.4
GRZQORDG $ EUHDNGRZQ RI LQGLYLGXDO \HDU VXPV IR
DQG Z WKH DYHUDJH PRQWKO\ VXP"

each model has also been produced. All three models . . . .
synoptic stations and countrywide, respectively.
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Table 4.2. Errors in yearly summed values of ET | at selected stations from 1981 to 2017 using an overall
weighted average across 22 stations

Station RMSE (mm) Standard deviation (mm) &RUUHODWLRQ FRHI¢F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet

Casement
&RUN $LUS
'XEOLQ $L
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.

a) COSMO-CLM © | b)WRF - ' ¢)MERA

Figure 4.3. Average annual ET | maps for the COSMO-CLM and WRF (1981-2017) and MERA (1981-2016)
PRGHOV 7KH 0e5%$ PRGHO VKRZV WKH EHVW (W WR REVHUYDWLRQV DQG WKH
higher resolution models.

—+— Calculated from Weather Obs. - Calc+10% -+ COSMO-CLMET, -+ WRFET, -+ MERAET,

110

100 3 a) Dublin Airport -1 b) Valentia

=

Reference Evapotranspiration sum (mm)

F @@ P PR P @ Y R P
Month

Figure 4.4. Average monthly sums of ET | at selected stations for the WRF and COSMO-CLM (1981-2017)

and MERA (1981-2016) models.
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$V VKRZQ LQ )LIXUHV DQG W KI2U H AdtudRE/@potranspiration
agreement between models and calculated ) ) ) )
! . Given the small error of the ET_ series described in
observations. The largest differences between models i 0 ) o
. . section 4.1, and the use of observational precipitation
were noted around the Shannon region between April

DQG -XO\ VHH )LIXUH 7kH :5) PR® [iBIws RN psponding ET, DQG 60"

. . series would be a close match for observed records.
the largest ET, value, with values approximately

10mm greater than in the MERA model (see Figures Actual evapotranspiration depends on the drainage

DQG $YHUDJLQJ RXW WKH PRRWKRN ¥YRRY DRGG DW SUHVHQW WKHUH D
daily values for all stations gives the errors shown in WASHV LGHQWL¢{HG LQ ,UHODQG IURP H[F
Table 4.3. To quantify an overall view of the model to poorly drained. A combined dataset for ET_was
performance, weighted averages are implemented, calculated using the Teagasc soil map to assign soil
given by: GUDLQDJH FODVVHV WR HDFK JULG VTXDU

n majority of datasets presented in the following sections
X= WX (4.1)  show calculated soil moisture conditions using a single

i=1

soil drainage type for each grid square.
where x is the error at a station and w is the weight

DVVLIQHG WR WKDW VWDWLRQ 'HSHBEEHY ¥ &nGPRGFARPIpUseSRIQyPURls st

of the dataset at each station, a different weight is applies for ET,; however, only well-drained, moderately

assigned. Those with data covering the full model drained and poorly drained soil drainage types are

time period (1981-2016) will have a higher weight calculated from _ETo D QG SUHFLSLWDWLRQ XVLQJ
DQG WKHUHIRUH H[HUW PRUH LQA xNY# A" PG Rayops,Besaippidhe nature

average. With all stations considered, weighted of the model, ET, for moderately drained and well-

averages show that MERA model outperforms the drained soils was found to be nearly identical, so only

WRF model, which outperforms the COSMO-CLM well-drained and poorly drained soils are described in

model. For standard deviations. the COSMO-CLM the following sections. Moderately drained soils are

model performs the best for 11 of the 12 months, and DQDO\WHG LQ PRUH GHWDLO LQ VHFWLRQ

the MERA model is outperformed by both the WRF

DQG WKH &2602 &/0 PRGHOV IRU RIR Q W |-deaihAdidoNé L Q J
the performance seen in the yearly sums of Table 4.2.

)RU FRUUHODWLRQ FRHI;FLHQWYV WX NbUZWLERIE §b ISCA43! R Bl yhen the
best, followed by the WRF model. 60" DW WLPHtx LV HTXDO WR ,Q WKH +6

ZHOO GUDLQHG VRLOV QHYHU VDWXUDWH

Table 4.3. RMSEs of monthly summed ET | values and daily ET  values for each month (1981-2017) using
an overall weighted average across 22 stations

Model Jan Feb Mar Apr

Monthly

COSMO-
CLM

WRF
MERA 2.397 2.437 2.617 3.929 4.016 4.232 3.701 2.119 2.311
Daily

COSMO-
CLM

WRF
MERA 0.197 0.202 0.338 0.433 0.499 0.489 0.419 0.318 0.221 0.197 0.199

The best and worst performers are colour coded green and red, respectively.
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capacity even on very wet days in winter. For all times in turn to produce ET, values) extend to 2016 only.
ZKHQ 6D'PP (/s lessthan ET,, and this has Figure 4.7 shows scatter plots of daily ET, values at
a large effect on the actual values. The difference in 'XEOLQ $LUSRUW

the well-drained soil ET, value relative to the ET value
varies substantially across the country, with the largest
differences in the central and south-eastern regions.

To the west and north, where it is generally wetter and . . .
9 y difference in the relative performance of the models,

more mountainous, the difference is smaller, as soil ) . .
with the MERA model outperforming the WRF model,

saturation is high enough to result in ET_ being equal
which in turn o erforms the COSMO-CLM model. As
toET, PRUH RIWHQ 'LIIHUHQFHV VXFK DV I—L

e COSMO CLM model performs

prewousy note
large effects on the outputs of models that require
VW IRU VWDQGDUG GHYLDWLRQV 5HAH
HYDSRWUDQVSLUDWLRQ DV DQ LQSXW TKLV LV UHAHFWHG L
in ET values relative to ET , RMSE and standard
Figure 4.6, which presents ET—-ET, DW 'XEOLQ $ Ia SRUW
2 values have also decreased. Figure 4.8

. ) eviation
Encouragingly, most of the data points for all three

Table 4.4 shows errors in the ET_values for the eight
long-term synoptic stations and overall weighted
averages of all 22 stations. There is very little

VKRZY \HDUO\ VXPV IURP WR IRU "X
PRGHOV OLHPAWKDQRQH WR RQH UHODWLRQVKL
Airport and Valentia Observatory.

a|
7KH SUHFLSLWDWLRQ GDWD XVHG LQ WKH +60" PRGHO " XVHG

Figure 4.6. Difference between ET  and ET_ for Dublin Airport for the WRF, COSMO-CLM and MERA
models (1981-2016).

Figure 4.7. Scatter plots of daily ET _ values for well-drained soils for each model at Dublin Airport. The
colour coding represents deviation from a one-to-one relationship.
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Table 4.4. Errors in yearly summed values of ET  _ at selected stations and overall weighted averages for
22 stations from 1981 to 2016

Station RMSE (mm) Standard deviation (mm) &RUUHODWLRQ FRHI¢F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet
Casement
&RUN $LU
'XEOLQ $L
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.

Figure 4.8. Annual ET , sums for Dublin Airport and Valentia Observatory synoptic stations from 1981
to 2016. The solid black line shows the Met Eireann-calculated values from observations, with a +10%
interval shown by the dashed black line.

Figure 4.8 shows a good match between all modelled WR 7DEOH VKRZV DQ LQFUHDVH LC
ET, and calculated ET, values as derived through annual ET, sums per year at each synoptic station,

WKH +60' PRGHO +HUH WKH HU U R UWich éstimn@eR EH UE XNV W R 7KLV LV SDUWL
KLIKHU FRUUHODWLRQ FRHI¢FLHQWMdenOn/smatiQnR SMdh Gs Bel@idt ldrid Valentia in

for ET,, where the models occasionally missed out Figure 4.8.

RQ VLIQL¢{¢FDQW GURSV IRU WKH PRVW SDUW PR HOOHG_%}? .
. @ As mentioned previously, there is an improvement in
values are better represented. For the eight long-

. . . . the performance of the models compared to the ET,
term synoptic stations, there is a consistent small
. . HTXLYDOHQW ZLWK D EHWWHU ¢W DQG O
increase in annual sums of 0.73—0.83mm/year from

Table 4.5. Increase in ET , (mm/year) for each station for each model (1981-2016)

Belmullet Casement Cork Dublin Malin Mullingar  Shannon Valentia
Airport Airport Head Airport
COSMO-CLM 0.626 0.732 0.710 0.730
WRF 0.836 0.494 0.843 0.807 1.082 0.769 0.738
MERA 0.810 0.640 0.973 1.223 1.134 0.836
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as shown in Table 4.6. Regarding the overall average of the soil type at each location. The indicative

annual sums, there are large differences between ET, ET, datasets, which use the Teagasc soil drainage
and ET,. This is further illustrated in Figure 4.9, with datasets, are discussed in section 4.2.4. Annual sums
the highest values over to the west rather than the for the eight long-term synoptic stations are shown
eastaswithET, +RZHYHU LW PXVW EH QiRAMiteA4. V0 kind RvetheRmowthly sums across the
that these datasets are not necessarily representative country are shown in Figure 4.11.

Table 4.6. Errors in yearly summed values of ET  for well-drained soils at selected stations from 1981 to
2016 using an overall weighted average across 22 stations

Station RMSE (mm) Standard deviation (mm) &RUUHODWLRQ FRHI¢F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet
Casement
&RUN $LUS
"XEOLQ $L
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.

Figure 4.9. Average annual ET _ maps for well-drained soils for the COSMO-CLM, WRF and MERA models
(1981-2016).

Figure 4.10. Average monthly sums of ET _ for well-drained soils at Dublin Airport and Valentia
Observatory for the COSMO-CLM, WRF and MERA models (1981-2016).
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As shown in Figures 4.10 and 4.11, there is a notable stayed consistent because of the low values of ET,
difference between ET_and ET across the country during these months.

EHFDXVH RI WKH ODFN RI PRLVWXUH LQ WKH VRLOV GXULQJ

WKH VXP P.H U P.RQ\.NKV 'XULQJ WKH Zbgw o%rl)etlj?rgr\l/ggs\,gilsljv

expected, there is very little difference noted between

WKH PRGHOV 'XULQJ WKH VXPPHU PH Qifférénce it &abdtrafspi@tdii@twveen

June and July, there is a notable difference between well-drained and poorly drained soils varies across

the WRF model and the other two models, which WKH FRXQWU\ ITURP DRSS UHRDUPDQVHO\

show higher values, particularly in the south and PRXQWDLQRXV UHJLRQV LQ WRPA QRUWK D
western regions. Table 4.7, which presents the year in the eastern and southern regions. As poorly

errors on a monthly basis, shows that, once again, drained soils hold more water than well-drained soils,

the MERA model is the best performer. Errors have yearly sums of ET_are greater in poorly drained soils

also decreased for most months compared with the than in well-drained soils.

ET, equivalent of this table (see Table 4.3). Errors in
monthly sums have decreased by over 1 mm during .
yearly summed ET, values for poorly drained

the summer months for all models and daily value . . L
soils, respectively. Validation results thus far have

HUURUV KDYH GHFUHDFRPF G XU X@&J WK H . .
. demonstrated that the MERA model consistently
summer months. The errors for winter months have

outperforms both the WRF model and the

Tables 4.8 and 4.9 shows the errors for daily and

Table 4.7. RMSEs of monthly summed ET , and daily ET _ values for each month (1981-2016) using an
overall weighted average across 22 stations for well-drained soils

Jan

Monthly

COSMO-
CLM

WRF
MERA
Daily

COSMO-
CLM

WRF
MERA

The best and worst performers are colour coded green and red, respectively.

Table 4.8. Errors in daily values of ET _ at selected stations and using overall weighted averages for 22
stations (1981-2016) for poorly drained soils

Station RMSE (mm) Standard deviation (mm) &RUUHODWLRQ FRHI¢F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet

Casement
&RUN $LUSH
'XEOLQ $LU
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.
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Table 4.9. Errors in yearly summed values of ET |, at selected stations and using overall weighted
averages for 22 stations (1981-2016) for poorly drained soils

Station RMSE (mm) Standard deviation (mm) &RUUHODWLRQ FRHI¢{F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet
Casement
&RUN $LUS
"XEOLQ $L
ODOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.

&2602 &/0 PRGHO +RZHYHU IRU \Hithoraluexir the réfgikirHof 30 mm/year greater than

average RMSE best performer is the WRF model (a IRU ZHOO GUDLQHG VRLROWW EZHYWWUHVVF
possible explanation is provided in section 4.3.3). that these maps assume that all soils in the country

As mentioned previously, ET, for poorly drained are of the same drainage class and do not necessarily

soils is expected to be greater than for well-drained UHAHFW WKH DFWXDO HYDSRWUDQVSLUDV
VRLOV DQG WKLV LV FRQ¢UPHG E\ )dodxtaset end usefKnilskiehkare of the regional
evapotranspiration regions observed in the yearly drainage qualities of soil before utilising them at a

well-drained soil maps of Figure 4.10 remain similar. VSHFL¢{¢F ORFDWLRQ )LJXUH VKRZV WK
The main difference is in the centre of the country, monthly sums of ET, IRU SRRUO\ GUDLQHG VRLOV

Figure 4.12. Average annual ET _ maps for poorly drained soils for the COSMO-CLM, WRF and MERA
models (1981-2016).

Figure 4.13. Average monthly sums of ET _ for poorly drained soils at Dublin Airport and Valentia
Observatory stations from 1981 to 2016.
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Airport and Valentia Observatory, Figure 4.14 shows 4.2.3 Excessively and imperfectly drained
the monthly sums countrywide for poorly drained soils soils

and Table 4.10 shows RMSEs of monthly summed and
daily ET, values for the same soil class for each month
(1981-2016).

Excessively and imperfectly drained soils are the
newest additions to the Irish soil drainage classes, but
60'V IRU WKHVH GUDLQDJH FODVVHV DUH
from observed weather parameters at present. Figures
DQG VKRZ WKH H[FHVVLYHO\ DQG L

Table 4.10. RMSEs of monthly summed and daily ET , values for poorly drained soil for each month (1981~
2016) using an overall weighted average across 22 stations

Jan Feb

Monthly

COSMO-
CLM

WRF
MERA
Daily

COSMO-
CLM

WRF
MERA

The best and worst performers are colour coded green and red, respectively.

Figure 4.15. Average annual ET _ maps for excessively drained soils for the COSMO-CLM, WRF and MERA
models (1981-2016).

Figure 4.16. Average annual ET _ maps for imperfectly drained soils for the COSMO-CLM, WRF and MERA
models (1981-2016).
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drained average annual ET, sums, respectively. The are not included in the current analysis as they are not

imperfectly drained datasets shown in Figure 4.16 FODVVL{;HG XQGHU DQ\ GUDLQDJH FODVV
are very similar to the poorly drained datasets shown an indicative ET, map, which incorporates the spatially

LQ )LIJXUH 7KLV LV EHFDXVH W Ké&iaRl©QWDil dralnddge claFs&Qhough the enhanced

difference between the soils is the drainage term, spatial resolution of the WRF and COSMO-CLM

which assumes maximum drainage for poorly and models may have advantages for certain applications,

LPSHUIHFWO\ GUDLQHG K RU B V SR F WoaBe® @ the performance of the MERA model, we
7KLY HTXDWHV WR [PBLHBUHRJIF B YR+étdunkend that the ET, MERA dataset (as presented
L L LIXUH F VKRXOG EH WDNH DV D
4.2.4 Indicative ETa maps Q) Q Q
dataset for Ireland.
Individual maps, prepared under the assumption that
all areas are of the same drainage class, are useful if .
g 6 ROROL VWM BHL WV
WKH XVHU NQRZV H[SOLFLWO\ WKH W\SH RI VRLO DW KH VSHFL¢F
location of interest. In a previous EPA project (Creamer  The following sections will investigate the performance

et al., 2016), high-resolution soil property maps of Irish Rl WKH +60' PRGHO LQ WKH FDOFXODWLRC

soils were prepared and sorted into their associated well-drained, moderately drained and poorly drained

drainage classes. This dataset was acquired from soils. Because of the nature of the variable, summed

Teagasc and scaled up to the resolution of the three values are not applicable, so monthly averages will be

models in the current study. The dataset contains all DQDO\WHG 7KH QXPEHU RI ¢HOG FDSDFLW

¢YH VRLO GUDLQDJH FODVVHYV DQ G ai@lsbRnieQifateX aéhdl tie Xebuliafe presented in
EDUH URFN DQG SHDW HQYLURQPHOQ®ppahdieXHVH ODWWHU FODVVHYV

Figure 4.17. Average annual ET _ maps incorporating the Teagasc National Soil Map of soil drainage
classes for the COSMO-CLM, WRF and MERA models (1981-2016).
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4.3.1 Well-drained SMD The MERA model is marginally the better performer.
SUHOLPLQDU\ FDOFXODWLRQ RI XQFRUU
JRU ZHOO GUDLQHG VRLOV WKH PD Lde(P 60'.S V(}/LEO# LV )
. . odelled precipitation data as the input, resulted in
110 mm, although this is rarely observed in Ireland.
RRU FRUUHODWLRQV DQG VNLOO VFRUH\
/RRNLQJ DW RYHUDOO GDLO\ YDOXHV . DV VKRZE. Lg 2)['5‘] U S
decided to use Met Eireann observational precipitation
DQG 7DEOH WKH 60'V DUH L _JHU JRRG . . .
) ) ridded datasets, which results in a reliable and usable
agreement with the synoptic values for all models, . GDWDV

60 HW
ZLWK DOO VKRZLQJ YHU\ KLJK FRUUHODWLRQ FRHI{(FLHQWYV

Figure 4.18. Scatter plots of daily SMD values for well-drained soils for Dublin Airport and Valentia
Observatory for all models (1981-2016).

Table 4.11. Errors in daily values of SMDs (mm) (well drained) at selected stations from 1981 to 2016
using an overall weighted average across 22 stations

Standard deviation &RUUHODWLRQ FRHI¢F

Station RMSE

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet

Casement
&RUN $LUS
'XEOLQ $LU
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.
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Figures 4.19-4.21 show yearly averages, monthly the drier regions. Figure 4.21 shows the similarity

averages at synoptic stations and a comparison of Rl1 60' DFURVYV WKH FRXQWU\ XVLQJ DOO W
monthly averages for all models for the whole country, for each month. As differences between models are

respectively. Although monthly analysis is more so small, the higher resolution models, WRF and

relevant, yearly average datasets can help determine COSMO-CLM, can be used as a secondary option to

Figure 4.19. Average annual mean SMD maps for well-drained soils for the COSMO-CLM, WRF and MERA
models (1981-2016).

Figure 4.20. SMD average monthly means for well-drained soils at Dublin Airport and Valentia
Observatory (1981-2016).

29



High-resolution Gridded Datasets of Hydro-climate Indices for Ireland

"(9T0Z—TS6T) SI9POW YHIIN PUB JHM ‘WTD-OWSOD au Buisn sjios paurelp-[jam Joj NS Jo suesw Ajyiuow abelsay "1z a1nbid

30



C. Werner et al. (2016-W-DS-29)

the MERA model. This is further shown in Table 4.12, RQ ZHW ZLQWHU GD\V EXW UHWXUQ WR ¢t
which shows weighted RMSE averages for monthly cUVW GUBOEPHUURUY DUH VXEVHTXHQWO\
and daily values. moderately drained soils than for well-drained soils, as

shown in Table 4.13.

4.3.2 Moderately drained SMD For moderately drained soils, a small variability in
. . . errors is noted between models, with the WRF model
Moderately drained soils are most commonly found in . . .
outperforming the MERA model on occasion. The

the centre of the country and extend to the northern
FRXQWLHV RI 'XEOLQ DQG /RXWK ) C% MO-CLM madel is cc§n5|stentl)£outp%formed
'ﬁ Fﬁ]er mocPeIs for RMSE and correlation

VRLOV WKH PLQLPXRP 6URL®\W PD\ V WX DWH
FRHI¢FLHQWY 7DEOH DQG )LIXUH (

Table 4.12. RMSEs of monthly average SMD (well drained) (mm) and daily values for each month (1981—
2016) using an overall weighted average across 22 stations

Model an Feb Mar Apr \EW Jun Jul Aug Sep Oct Nov Dec
Monthly

COSMO-
CLM

MERA
Daily

w _

CLM
MERA
The best and worst performers are colour coded green and red, respectively.

Table 4.13. Errors in daily values of SMD (mm) (moderately drained) at selected stations from 1981 to
2017 using an overall weighted average across 22 stations

Station RMSE Standard deviation &RUUHODWLRQ FRHI¢F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet

Casement
&RUN $LUS
"XEOLQ $L
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.

Table 4.14. RMSEs of monthly average SMD (moderately drained) and daily values for each month (1981
2016) using an overall weighted average across 22 stations

Monthly

COSMO-
CLM

MERA
Daily

COSMO-
CLM

The best and worst performers are colour coded green and red, respectively.

MERA
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that all models have performed well and there isonlya  COSMO-CLM models, particularly in the north and

small difference in model errors. The monthly maps in ZHVW 7DEOH VKRZV WKDW LQ FRQWU!
Figure 4.22 show very little difference between models  analysis and tables, the MERA model is the worst
for all months. SHUIRUPHU EHFDXVH RI KDYLQJ 60'V QHD

DW (HOG FDSDFLW\ GXULQJ WKH ZLQWHU
HPSKDVLVH WKH HUURUV KLIJKOLJKWHG L
JLIXUH SUHVHQWY GDLO\ YDOXHV RI 6
For poorly drained soils, water surplus is drained at drained soils at four locations. The scatter plots show

PP GDUHVXOWLQJ LQ VRLOV EH L QuigeDdiffergiit& Getw&es hdNMERA model and the
for larger portions of the year. Poorly drained soils are other two models, with the MERA model consistently
SDUWLFXODUO\ FRPPRQ DURXQG &DY¥QO®HUHMMWULPBDWLEOB W.KHN 60' 7KH SRRU St
and Mayo. The change in water surplus and drainage of the MERA model for poorly drained soils may be

4.3.3 Poorly drained SMD

rates results in a large difference between the model attributed to the lower spatial resolution of the MERA
performance statistics. This is illustrated in the yearly GDWD RU WKH WUDQVIRUPDWLRQ RI NP |
averages shown in Figure 4.23, with the MERA model WR D NP JULG

VKRZLQJ VXEVWDQWLDOO\ ORZHU 60'V WKDQ WKH :5) DQG

Figure 4.23. Average annual mean SMD maps for poorly drained soils for the COSMO-CLM, WRF and
MERA models (1981-2016).

Table 4.15. Errors in daily values of SMD (poorly drained) at selected stations from 1981 to 2016 using an
overall weighted average across 22 stations

Station RMSE Standard deviation &RUUHODWLRQ FRHI¢F

COSMO- WRF MERA COSMO- WRF MERA COSMO- WRF MERA
CLM CLM CLM

Belmullet
Casement
&RUN $LUS
'XEOLQ $L
0DOLQ +HD
Mullingar
Shannon Airport
Valentia

All

The best and worst performers are colour coded green and red, respectively.
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Figure 4.24. Scatter plots of daily SMD values for poorly drained soils at Dublin Airport and Valentia
Observatory for all models (1981-2016).

JLIXUH KLIKOLJKWYV WKH QHJD WTaie#. Bl \Bith eRdrsRrRIQ WERA\model consistently

0e5%$ 60' YDOXHV ZLWK WKH O DU JH ¥igtextiGa®thosdeHvike MARD #hd B@BWIO-CLM

noted for the winter months. Countrywide weighted PRGHOV 'HVSLWH WKLV DV WKH 0e5% PRC
averages for monthly and daily values are shown in performer across all other drainage classes and

Figure 4.25. Average monthly SMD means for poorly drained soils at Dublin Airport and Valentia
Observatory (1981-2016).

Table 4.16 RMSEs of monthly average SMD (poorly drained) and daily values for each month (1981-2016)
using an overall weighted average across 22 stations

Monthly

COSMO-
CLM

WRF
MERA
Daily
COSMO-
CLM
WRF
MERA

The best and worst performers are colour coded green and red, respectively.
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GHPRQVWUDWHY WKH KLJKHVW VN Lpp®lyldQ@inddisoils dataSed, tdnd th@amibularlitie Q
of ET, and ET,, the MERA dataset should still be LQGLFDWLYH 60' GDWDVHW
FRQVLGHUHG DV WKH GH{QLWLYH 60' GDWDVHW IRU ,UHODQG
Figure 4.26 shows comparisons of monthly means of . .

g P y 3.4 Excessively and imperfectly

4.3.
SRRUO\ GUDLQHG 60'V DFURVV WKH ZKROH_FRé WU\
drained D

As discussed throughout this section, in contrast
to well-drained and moderately drained soils, the

MERA model has not performed as well for poorly . .
are not currently available and it is therefore not

drained soils. This is highlighted further in Figure
gnlig g IQossible to validate the models. Excessively drained
H WKUHH GUDLQODJH

ZKLFK VKRZV GDLO\ 60'V IRU W
VRLOV KDYH D 60PRPIDPPG RUH FRQ;{;QHG W
FODVVHVY DQDO\WHG DW 'XEOLQ $LUSRUW 7KH ERWWRP ULJKW

. . . small area around Wexford. Imperfectly drained soils
window of Figure 4.27 shows a greater proportion of
. . KDYH D PD[LPXP GUDALQREHIRUIH FRQ¢QHG
underestimated values for the MERA model compared
. WR DUHDV LQ/DIRANORQZG :HVWPHDWK )LJX
with the COSMO-CLM and WRF models. These errors
DQG VKRZ DV?}?HXDOSI%YHUDJH 60' PD

VKRXOG EH WDNHQ LQWR DFFRXQW ZKHOQ XWLOLVLPJ / ,(?e .
excessively and imperfectly drained soils, respectively.

Similarly to ET,, excessively and imperfectly drained
60'V FDOFXODWHG IURP REVHUYHG PHWHF

Figure 4.27. Comparison of daily SMDs for (A) well-drained, (B) moderately drained and (C) poorly
drained soils for Dublin Airport (1981-2016).
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Figure 4.28. Average annual mean SMD maps for excessively drained soils for the COSMO-CLM, WRF
and MERA models (1981-2016).

Figure 4.29. Average annual mean SMD maps for imperfectly drained soils for the COSMO-CLM, WRF and
MERA models (1981-2016).

4.3.5. Indicative SMD maps of the soil drainage class at the location of interest

. is required by the end user prior to utilising these
AswithET, 60' GDWDVHWYV ZHUH GHULYH XVLQW

DVHWY LJXUH VKRZV LQGLFDWLY
7THDJDVF ,QGLFDWLYH 6RLO UDLQDJ|—| DSV % H
Il drainage classes for each month.
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4.4  Standardised Pecipitation Index

The SPI has been derived for Ireland using gridded
observational datasets of precipitation.

Gridded datasets have been produced for the period
1981-2016 (an example of which is shown in Figure

IRU '"HFHPEHU DW
24-month timescales.

Additionally, a script has been written allowing the end

user to enter a latitude and longitude of interest and
return the SPI values at that location for 1981-2016.
An example of the output is provided in Figure 4.32.
Additional station plots are presented in Appendix 2.
The SPI script is shown in Appendix 3.

DQG

Figure 4.31. Gridded SPI sample for December 2016 for six different timescales.

Figure 4.32. SPI sample focused on Valentia Observatory for 1 month and 24 months.
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4.5  AgroclimaticAtlas of Ireland 4. mean daily temperatures;

In 1996, Collins and Cummins produced the mean monthly temperatures;
Agroclimatic Atlas of Ireland, which included maps of

; . . 6. PD[LPXP PLQLPXP WHPSHUDWXUHV IRU
Irish agricultural climatology and geomorphology. One

i i - months;
of the project aims was to facilitate an update to these
maps. 7. number of frost days;
Met Eireann provided historical gridded datasets 8. ET;

RI SUHFLSLWDWLRQ DQG WHPSHUDV\{)XLJ.lH DW NP UHVROXWLRQ
from 1981 to 2016. For all agro-climatic variables,

the 30-year period 19812010 is considered, 10. 60'V

corresponding to the current climate normals. The QXPEHU R | cHOG FD
ODUJH QHWZRUN RI WHPSHUDWXUH D(R/I%Rggtase LWDWLRQ
observations allowed for the development of such

high-resolution datasets. The agro-climatic variables 12. growing season length and start and end dates;
that have been derived to facilitate an update of the
Agroclimatic Atlas of Ireland are as follows:

SDFLW\ GD\V GHUL

13. SPI (varying thresholds).

Unless stated otherwise, all datasets were derived

using the Met Eireann observed gridded rainfall and

2. mean monthly precipitation; WHPSHUDWXUH GDWDVHWY ZLWK NP JUL
more detail and maps of the gridded datasets above,

see Appendix 2.

1. mean annual precipitation;

3. number of wet days per year (varying thresholds);
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5 Conclusions and Recommendations

+LJK UHVROXWLRQ JULGEH&IG D W D Viekibast Bytiqri having the next lowest errors and
60'V KDYH EHHQ SURGXFHG XVLQJ LERBXWANODMIPRWKRRHH; FLHQWY +RZHYHU I/

RCMs. ET, was calculated using RCM data as dataset for each variable and to avoid internal

input to the FAO Penman—Monteith equation, in inconsistencies, particularly with the combined maps
line with international best practice and the current and datasets, it is recommended that the MERA

ET, calculation method used by Met Eireann. The dataset should be used.

datasets were validated against Met Eireann synoptic o
e research also facilitated an update of the
VWDWLRQ PHDVXUHPHQWY DQG RXWSXWV RI D ?0' PdRG o
. Agroclimatic Atlas of Ireland, by preparing a
at 22 locations across the country. Of the three RCM

numbegr of additional datasets using Met Eireann
GDWDVHWY DQDO\WHG &2602 &/0 :5_& Y
. . gridded observational datasets of temperature and

MERA, the MERA model has been shown to be the o ) )

. precipitation. The derived agro-climate datasets
best performer across most categories. The advantage | ]

. . include the number of wet days at different thresholds

of the MERA model can largely be attributed to the
. : L . ) _ PP WKH QXPEHU RI IURVW GI
inclusion of data assimilation during model simulation. rowing season lenaths and the SPI at varvin time
It is recommended that the reference gridded national ignterva?s d ying
datasets for ET,ET, DQG 60" DUH WKRVH GHULYHG IURP
the MERA dataset. The research described in this report is based solely

on calculated values for evapotranspiration and does
+RZHYHU GHVSLWH WKH :5) DQG &2602 &8}8 P P

. . not include validation against direct observations.
models not performing as well as the MERA model,
. . 7KH ODFN RI DGHTXDWH REVHUYDWLRQDO
both datasets complement the MERA model well in

L ) ) for evapotranspiration and soil moisture conditions
estimating the hydro-climate variables and have the
KDV EHHQ UHFRJQLVHG DV D VLIQL¢;FDQW
DGYDQWDJH RI KLIJIKNB DRGR® XWLRQ . ) ) )
source of uncertainty in hydro-meteorological studies
UHVSHFWLYHO\ WRPQHWKPR Dkl5E
LQ ,,UHODQG 'HYHORSLQJ VXFK LQIUDVWU
DGYDQWDJH ZDV KLIJKOLJKWHG ZKHS YDOLGDWLQJ 60"V
. . . . HRI JUHDW EHQH{¢W WR IXWXUH K\GUR F
for poorly drained soils, with the MERA model . o .
in Ireland, as well aw)rowdlng baseline data for
XQGHUHVWLPDWLQJ 60'V IRU WKH ZtheQrWHU PRQWKV HVXOWLQJ

- . . . uture assessment and development of the
in higher errors. For climate studies and academic . . S

. methodologies and datasets described in this report.
purposes, the WRF dataset is recommended as the
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Abbreviations

CHESS
ET

0

ET,
FAO
HSMD
ICHEC
JULES
MERA
MORECS
NWP
PFRA
RCM
RMSE
RS

SMD
SPEI
SPI
USGS
WRF

&OLPDWH +\GURORJLFDO DQG (FRORJLFDO UHVHDUFK 6XSSRUW 6\\
Reference evapotranspiration

Actual evapotranspiration

Food and Agriculture Organization of the United Nations

+\EULG VRLO PRLVWXUH GH¢{FLW

,ULVK & HQWUH IRU +LJK (QG &RPSXWLQJ

Joint UK Land Environment Simulator

Met Eireann Re-Analysis

OHWHRURORJLFDO 2l¢FH 5DLQIDOO DQG (YDSRUDWLRQ &DOFXODWL
Numerical weather prediction

Preliminary Flood Risk Assessment

Regional climate NWP model

Root mean square error

Remote sensing

6RLO PRLVWXUH GH¢FLW

Standardised Precipitation Evapotranspiration Index

Standardised Precipitation Index

US Geological Survey

Weather Research and Forecasting
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Appendix 1 List of Archived Variables from Each Model

Table A1.1. List of variables from the COSMO-CLM5 dataset produced by ICHEC researchers

Variable Units Variable Units
Surface pressure Pa Surface lifted index K
Mean sea level pressure Pa Showalter Index K
Surface temperature K Surface net downward SW radiation W/m?
2-m temperature K Averaged surface net downward SW radiation W/m?
2-m dew point temperature K 'LUHFW VXUIDFH GRZQZDUG 6W/HDGLDWLRQ
U-component of 10-m wind m/s Averaged direct surface downward SW W/m?
radiation
V-component of 10-m wind m/s Averaged surface diffuse downward SW W/m?
radiation
Surface roughness length m Averaged surface diffuse upward SW W/m?
radiation
Maximum 10-m wind speed m/s Averaged downward LW radiation at the W/m?
surface
6XUIDFH VSHFL¢{F KXPLGLWWJ NJ Averaged upward LW radiation at the surface ~ W/m?
P VSHFL{F KXPLGLW\ NJ NJ Averaged surface net downward LW radiation ~ W/m?
2-m relative humidity % Averaged surface photosynthetic active W/m?
radiation
Snow surface temperature K Surface albedo 0-1
7TKLENQHVV RI VQRZ m 6XUIDFH ODWHQW KHDW AX[ W/m?2
+HLJKW RI IUHH]LQJ OHYHOm 6XUIDFH VHQVLEOH KHDW A X [W/m?
Precipitation rate NJ B Surface evaporation NJ 2P
Large-scale rainfall NJ 2P Total precipitation amount NJ 2P
Convective rainfall NJ 2P Soil temperature (eight levels) K
Large-scale snowfall NJ 2P Soil water content (eight levels) m
Convective snowfall NJ 2P '‘DLO\ DYHUDJH P WHPSHUDWXUH
Large-scale graupel NJ 2P '‘DLO\ PD[LPXP P WHPSHUDWKUH
Surface run-off NJ 2P '‘DLO\ PLQLPXP P WHPSHUDWXUH
Subsurface run-off NJ 2P 'DLO\ GXUDWLRQ RI VXQVKLQS
Vertical integrated water vapour NJ 2P 'DLO\ UHODWLYH GXUDWLRQ RI VXQVKLQH
Vertical integrated cloud ice NJ 2P Below variables archived at 20, 40, ... 200m:
Vertical integrated cloud water NJ 2P U-component of wind m/s
Total cloud cover 0-1 V-component of wind m/s
Low cloud cover 0-1 Air density N J P
Medium cloud cover 0-1 Wind speed m/s
+LJK FORXG FRYHU 0-1 Cube wind speed md/s®
&$3( NP - NJ Wind direction '"HIJUHHYV

CAPE, convective available potential energy; LW, long wave; SW, short wave.
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Table A1.2. List of variables from the WRF dataset (v 3.7.1) produced by ICHEC researchers

Variable Units Variable Units
Surface temperature K Air density at lowest model level NJ 3P
Surface pressure Pa U-component of wind (Earth) at 40, 60, 80, m/s
100, 120m
Sea level pressure Pa V-component of wind (Earth) at 40, 60, 80, 100, m/s
120m
Sea level pressure Pa 6: AX GRZQZDUG DW VXUIDFHW®RVWDQW
2-m temperature °C 6: AX[ GRZQZDUG DW VXUIDFHVOHFXPXODWHG
Total cloud fraction 0-1 %XFNHW 6: AX[ GRZQZDUG DW W/XUIDFH
accumulated
Time varying roughness height m Friction velocity m/s
Water vapour mixing ratio at 2m NJ NJ Liquid path water NJ 2P
Relative humidity at 2m % Ice path water NJ 2P
U-component of wind at 10m m/s *URXQG KHDW AX] W/m?
V-component of wind at 10m m/s Physical snow depth m
Maximum 10-m wind speed previous m/s : DWHU HYDSRUDWLRQ AX[ DW NX®IDFH
output time
Total precipitation mm Soil temperature, at four levels K
Accumulated snowfall mm Soil moisture, at four levels m3/m3

SW, short wave.

Table A1.3. List of variables from the MERA dataset produced by Met Eireann

Variable Units Variable Units
Surface pressure Pa Cloud base m
Mean sea level pressure Pa Cloud top m
Surface temperature K ORPHQWXP AX[ Y FRPSRQHQWm?
2-m temperature K ORPHQWXP AX[ X FRPSRQHQWm?
2-m relative humidity % +HLJKW, =R isatherm m
U-component of 10-m wind m/s +HLJKW RI f LVRWKHUP m
V-component of 10-m wind m/s Total precipitation NJ 2P
Total cloud cover 0-1 Rain NJ 2P
+LJK FORXG FRYHU 0-1 Graupel NJ 2P
Medium cloud cover 0-1 Snow NJ 2P
Low cloud cover 0-1 6HQVLEOH KHDW AX] Jim?
Mixed layer depth m /IDWHQW KHDW AX[ RI HYDSRUBWLRQ
'LUHFW 6: LUUDGLDQFH Wim? /IDWHQW KHDW AX[ Rl VXEOLP-DWLRQ
LW irradiance W/m? Water evaporation NJ 2P
Snow depth NJ 2P Snow sublimation NJ 2P
Total cloud cover (fog) 0-1 Net SW irradiance J/m?
Visibility m Net LW irradiance J/m?
Icing index - 'LUHFW 6: LUUDGLDQFH J/m?
Precipitation type - LW irradiance J/m?
Global irradiance J/m? U-component of wind m/s
'LUHFW QRUPDO LUUDGLDQ FRJn? V-component of wind m/s
Lightning m? Vertical velocity m/s

50



Table A1.3. Continued

Variable

+DLO GLDJQRVWLF
Maximum temperature
Minimum temperature

Gust, u-component

Gust, v-component

'LUHFW 6: LUUDGLDQFH

Net SW irradiance

Net SW irradiance (accumulated)

Net LW irradiance

Net LW irradiance (accumulated)

Temperature
U-component of wind
V-component of wind
Relative humidity
Geopotential
Precipitation type

LW, long wave; SW, short wave.

C. Werner et al. (2016-W-DS-29)

Units Variable Units
NJ 2P Relative humidity %

K Cloud ice NJ 2P
K Cloud water NJ 2P
m/s Cloud top temperature (infrared) K

m/s T, (water vapour) K

J/m? T, (water vapour) +cloud correction K

J/m? &0ORXG ZDWHU UHAHFWLYLW\ YLVLEOH
J/m? Precipitable water NJ 2P
J/m? Rain NJ 2P
J/m? Snow NJ 2P
K Graupel NJ 2P
m/s Cloud ice NJ 2P
m/s Cloud water NJ 2P
% Soil temperature (two levels) J/m?
m?/s? Soil moisture content (three levels) J/im?

K Surface soil ice (three levels) J/im?
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Appendix 2 Agroclimatic Atlas of Ireland

The following agro-climate datasets were prepared for the Agroclimatic Atlas of Ireland:
1. mean annual precipitation;
2. mean monthly precipitation;
3. number of wet days per year (varying thresholds);
4. mean daily temperatures;
mean monthly temperatures;
6. PD[LPXP PLQLPXP WHPSHUDWXUHV IRU VSHFL¢{F PRQWKYV
7. number of frost days;
8. ET;

0

9. ET;

a

10. 60'V

11. QXPEHU RI ¢HOG FDSDFLW\ GD\V GBHWDYH®/ IURP WKH 0e5$%$
12. growing season length and start and end dates;

13. SPI (varying thresholds).

For all agro-climate variables, the current climate normal period of 1981-2010 is considered. Unless stated

otherwise, all datasets were derived using the Met Eireann observed gridded rainfall and temperature datasets,

ZLWK NP JULG VSDFLQJV )LUVW IRU QR LW VKRXOG EH QRWHG WKDW WHEK
FDSDFLW\ LV HTXDO WR WKDW IRU H[FHVVLYHO\ GUDLQHG VRLOV 6HFRQG W
instead of O for well-drained soils and —9.9 for all other soil types. This is to accommodate regions where the soils

DUH YHU\ QHDUO\ DW ¢HOG FDSDFLWRUDWWORBIOH) MRR BA'UHIJLVWHUHG DV D ¢
([DPSOH ¢(JXUHV RI DJURFOLPDWH RXWSXWV DUH VKRZQ LQ )LIJXUHV $ +$
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Figure A2.1. Mean daily temperature (left) and mean daily temperature range (right) for 1981-2010.

Figure A2.2. Mean January minimum temperatures in 1981-2010 (left) and mean July maximum
temperatures in 1981-2010 (right).

Figure A2.3. Grass-growing season: (a) mean season start date, (b) mean season end date and (c) mean
season length in days per year (1981-2010).
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Figure A2.4. Mean daily temperatures for individual months (1981-2010).

Figure A2.5. Average number of frost days per year Figure A2.6. Mean annual precipitation (mm/year)
(1981-2010). from Met Eireann gridded observational datasets
(1981-2010).
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Figure A2.7. Mean monthly precipitation (mm/month) from Met Eireann gridded observational datasets
(1981-2010).

JLIXUH $ 1XPEHU RI ZHW GD\V DW GLI{HJHOW WKDRGKROGV ¢«
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Figure A2.9. SPI windows from 1981 to 2016 for Belmullet (left) and Cork Airport (right).

Figure A2.10. SPI windows from 1981 to 2016 for Casement Aerodrome (left) and Dublin Airport (right).
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Figure A2.11. SPI windows from 1981 to 2016 for Malin Head (left) and Mullingar (right).

Figure A2.12. SPI windows from 1981 to 2016 for Shannon Airport (left) and Valentia Observatory (right).



Appendix 3 Accessing the Datasets

7KH GDWDVHWY DUH PDGH DY DL O D ROdiedwK tHdRddtasetsraidrhpplet (&age
(55'$3 VHUYHU KWWSV HUGGDS Ldh#uttibelntadeltd Ghdsoshes iekher@ichec.ie,
(3$B+\GURFOLPDWH paul.nolan@ichec.ie or naughto@tcd.ie. Queries

. . UHJDUGLQJ WKH (5''$3 VHUYHU VKRXOG EI
The data for all models are available over the island of
DODVWDLU PENLQVWU\#LFKHF LH

,UHODQG $W SUHVHQW WKH GDWD DUH DYDLODEOH LQ QHW&")

IRUPDW RQO\ 7KH (OHV DYDLODEOForltRlETG ROGORD G DWBVHWY WKH IROGHU
RXWOLQHG LQ 7DEOH $ DQG WKH gotatibny i @achk aVikd sbil Ranagekcldsses are as

(5'"'$3 VHUYHU LV RXWOLQHG LQ )L JKlIdwk:$

An SPI time series for any location can be extracted " (" H[FHVVLYHO\ GUDLQHG
using the cdo (climate data operators) program and a ot ZHOO GUDLQHG
VLPSOH VFULSW ZKHUHE\ WKH XVHU'VBHFRREM DD WRIQJLGWOCA K HG
and latitude location and a time interval (1-48 months). "' LPSHUIHFWO\ GUDLQHG
The script is provided in Figure A3.2. " 3" SRRUO\ GUDLQHG

Table A3.1. List of variables available for download at ICHEC’'s ERDDAP server

File name Description Variables
(Model)_(variable)-daily.nc 'DLO\ GDWDVHW IURP WR ET,*ET, 60'
(Model)_(variable)-monthlysums.nc Monthly sums from 1981 to 2016 (432 time steps) ET,*ET,
(Model)_(variable)-monthsumavg.nc Average of monthly sums 1981 to 2016 (12 time steps) ET,*ET,
(Model)_(variable)-seasonsum.nc Seasonal sums from 1981 to 2016 (108 time steps) ET,? ET,
(Model)_(variable)-seasonsumavg.nc Average of seasonal sums 1981 to 2016 (4 time steps) ET,ET,
(Model)_(variable)-yearlysums.nc Yearly sums from 1981 to 2016 (36 time steps) ET,*ET,
(Model)_(variable)-yearlysumavg.nc Average of yearly sums 1981 to 2016 (1 time step) ET,*ET,

26LJQL¢,¢HYVY GDWD IRU &2602 &/0 DQG :5) DYDLODEOH IRU

JLIXUH $ +LHUDUFK\ Rl (OHV LQ ,&+(&TV (5''$3 VHUYHU
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iz User Input iz

RCM = OBS ## Dataset

lon =-7.36; lat=53.54; ## Lat / Lon Location
len_month=48 ## SPI run period
iz End of User Input iz

cdo —s remapnn,lon=${lon}_lat=%{lat} —selname,SPI_M${len_month} SPI_${RCM}_1981-2016.nc temp.nc
cdo —s infon temp.nc > al

sed —i '/9.9692e+36/d’ al

awk {print $1,$3,$9} al > a2 && rm al

sed ‘'s/-/ /g’ a2 > a3 && rm a2

tail —-n +2 a3 > a4 && rm a3

echo “M${len_month}=[" > top

echo “];” > end

cat top a4 end > SPI_M${len_month}_${RCM}_lat${lat}_lon${lon}.m

JLIXUH $ 6FULSW XVLQJ FGR FOLPDWH GDWD RSHUDWRUV WR REWDLQ WK
the SPI dataset.
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AN GHNIOMHAIREACHT UM CHAOMHNU COMHSHAOIL Monatéireacht, Anailis agus Tuairisciu ar
Ta an Ghniomhaireacht um Chaomhnt Comhshacil (GCC) freagrach as g, gComhshaol

gcomhshaol a chaomhni agus a theabhst mar shecmhainn luachmhar dg
mhuintir na hEireann. Taimid tiomanta do dhaoine agus don chomhshaol a
chosaint ¢ éifeachtai diobhalacha na radaiochta agus an truaillithe.

Monatoireacht a dhéanamh ar chailiocht an aeir agus Treoir an AE
maidir le hAer Glan don Eoraip (CAFE) a chur chun feidhme.
e Tuairiscit neamhspleach le cabhr le cinnteoireacht an rialtais
P . , . naisiunta agus na n-udaras aititil (m.sh. tuairiscia tréimhsiuil ar
Is féidir obair na Gniomhaireachta a staid Chomhshaol na hEireann agus Tuarascélacha ar Thascairi).
roinnt ina tri phriomhréimse: )

Rialu Astaiochtai ha nGas Ceaptha Teasa in Eirinn
Rialt: Déanaimid cérais éifeachtacha rialaithe agus comhlionta  Fardail agus réamh-mheastachain na hEireann maidir le gais
comhshaoil a chur i bhfeidhm chun torthai maithe comhshaoil a cheaptha teasa a ullmhu.
sholathar agus chun diriti orthu sidd nach gcloionn leis na corais sin.« - An Treoir maidir le Tradail Astaiochtai a chur chun feidhme i gcomhair

breis agus 100 de na tairgeoiri dé-ocsaide carbéin is mé in Eirinn.
Eolas: Solathraimid sonrai, faisnéis agus measunit comhshaoil ata

ar ardchaighdean, spriocdhirithe agus trathuil chun bonn eolais a Taighde agus Forbairt Comhshaoil

chur faoin gcinnteoireacht ar gach leibhéal. « Taighde comhshaoil a chistiti chun brdnna a shainaithint, bonn
) . . eolais a chur faoi bheartais, agus reitigh a sholathar i réimsi na
Tacafocht: Bimid ag saothr i gcomhar le grupai eile chun tact haeraide, an uisce agus na hinbhuanaitheachta.

le comhshaol ata glan, tairgitil agus cosanta go maith, agus le
KLRPSDU D FKXLU¢;GK OH FRPKVKDRO L Qfesih&cht Striitéiseach Timpeallachta

» MeasuUnacht a dhéanamh ar thionchar pleananna agus clar beartaithe
Ar bhFreagraChtai ar an gcomhshaol in Eirinn (m.sh. mérphleananna forbartha).

Ceadlnu Cosaint Raideolaioch

Déanaimid na gniomhaiochtai seo a leanas a rialti ionas nach ¢ Monatéireacht a dhéanamh ar leibhéil radaiochta, meastnacht a

ndéanann siad dochar do shlainte an phobail na don chomhshaol:  dhéanamh ar nochtadh mhuintir na hEireann don radaiocht iantichain.

» saoraidi dramhaiola (m.sh. laithreain lionta taltn, loisceoiri, e Cabhru le pleananna naisitunta a fhorbairt le haghaidh éigeandalai
staisiuin aistrithe dramhaiola); ag eascairt as taismi nuicléacha.

» gniomhaiochtai tionsclaiocha ar scala mér (m.sh. déantlsaiocht Monatoireacht a dhéanamh ar fhorbairti thar lear a bhaineann le
cogaisiochta, déantusaiocht stroighne, staisitin chumhachta);  saoraidi ndicléacha agus leis an tsabhailteacht raideolaiochta.

+ an diantalmhaiocht (m.sh. muca, éanlaith); - Sainseirbhisi cosanta ar an radaiocht a sholathar, né maoirsiti a

¥ ~VIiLG VKULDQWD DJXV VFDRLOHDGK UL Qi@&nhkih latshal&tider@ddskikohisi sin.
Géinmhodhnaithe (OGM);

« foinsi radaiochta iantchain (m.sh. trealamh x-gha agus Treoir, Faisnéis Inrochtana agus Oideachas
radaiteiripe, foinsi tionsclaiocha); ¥ &RPKDLUOH DJXV WUHRLU D FKXU DU IliLO
e daiseanna mora storala peitril; agus don phobal maidir le habhair a bhaineann le caomhnu an
« scardadh dramhuisce; chomhshaoil agus leis an gcosaint raideolaioch.
» gniomhaiochtai dumpala ar farraige.  Faisnéis thrathuil ar an gcomhshaol ar a bhfuil fail éasca a
chur ar fail chun rannphairtiocht an phobail a spreagadh sa
Forfheidhmia Naisitinta i leith Cursai Comhshaoil chinnteoireacht i ndail leis an gcomhsh@nolsh. Timpeall an Ti,

« Clar néisitnta inichtai agus cigireachtai a dhéanamh gach Iéarscaileanna raddin)
bliain ar shaoraidi a bhfuil ceadtinas 6n nGniomhaireacht acu. * Comhairle a chur ar fé” (;Ipn Rialtas maidi,r le habhair a o

« Maoirseacht a dhéanamh ar fhreagrachtaf cosanta comhshaoil naPhaineann leis an tsabhailteacht raideolaioch agus le cirsai
n-tdaras aitiail. prainnfhreagartha.

« Caighdean an uisce 6il, arna sholathar ag solathraithe uisce  * Plean Naisilinta Bainistiochta Dramhaiola Guaisi a fhorbairt chun
phoibli, a mhaoirsia. dramhail ghuaiseach a chosc agus a bhainistit.

f 2EDLU OH K~GDUIiLV iLWL~OD DJXV OH JQOtRPKDLUHDFKWDt HLOH FI,(XQt GXO
i ngleic le coireanna comhshaoil tri chomhord a dhéanamh ar MUSCalilt Feasachta agus Athra lompraiochta
lionra forfheidhmitichain naisidnta, tri dhirit ar chiontoiri, agus * Feasacht chomhshaoil nios fearr a ghinidint agus dul i bhfeidhm
tri mhaoirsit a dhéanamh ar leastichan. ar athrd iompraiochta dearfach tri thacu le gnéthais, le pobail

« Cur i bhfeidhm rialachan ar nés na Rialachan um agus le teaghlaigh a bheith nios éifeachtila ar acmhainni.

Dhramhthrealamh Leictreach agus Leictreonach (DTLL), um * Téstail le haghaidh radéin a chur chun cinn i dtithe agus in ionaid
Shrian ar Shubstainti Guaiseacha agus na Rialachan um rialG ar 0ibre, agus gniomhartha leastchain a spreagadh nuair is ga.

shubstainti a idionn an ciseal 6z6in. L ; ) .
« Andli a chur orthu sidd a bhriseann dii an chomhshaoil agus a Bainistiocht agus struchtdr na Gniomhaireachta um

dhéanann dochar don chomhshaol. Chaomhna Comhshaoil
Té an ghniomhaiocht & bainistid ag Bord lanaimseartha, ar a bhfuil
Bainistiocht Uisce Ard-Stilrthoir agus cuigear Stiurthéiri. Déantar an obair ar fud cuig
¢ Monatodireacht agus tuairiscit a dhéanamh ar chailiocht FLQQ Gf2L¢Jt

aibhneacha, lochanna, uisci idirchriosacha agus césta na $$Q 2L¢J XP ,QPKDUWKDQDFKW &RPKVKDRL
hEireann, agus screamhuiscf; leibhéil uisce agus sruthanna ¥ $Q 2L¢J )RUIKHLGKPLWKH L OHLWK F~UVD

aibhneacha a thomhas. F$Q 2L¢J XP )LDQDLVH LV OHDV~Q~
* Comhordu néisitnta agus maoirsiti a dnéanamh ar an gCreat- ¥ 2L¢J XP &KRVDLQW 5DGDtRFKWD DJXV ORC
Treoir Uisce. T $Q 2L¢J &XPDUVILGH DJXV 6HLUEKtVt &RU
* Monatdireacht agus tuairisciti a dhéanamh ar Chailiochtan T4 Coiste Comhairleach ag an nGniomhaireacht le cabhr 1éi. Ta
Uisce Snamha. 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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