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Abstract

Longterm precipitation series are critical for understanding emerging changes to the
hydrological cycle. Given the paucity of lotgrm quality assuregrecipitation records in
Ireland this thesis expands the existing catalogue oftermy monthly precipitation records

for the Island by recovering and digitising archived data. Following bridging and updating,
25 stations are quality assured and homogehising statef-the-art methods and scrutiny

of station metadata. Assessment of variability and change in the homogenised and extended
precipitation recorddor the period18562010 reveals positive (winter) and negative
(summer) trends. Trends in recsradovering the typical period of digitisation (1941
onwards) are not always representative of longer recosisg this quality assured network

of precipitation stations together with proxy rainfall reconstructior@5@year historic
drought catalogue is established using the Standardised Precipitation Index (SPI).
Documentary sourceparticularly newspaper archivespanning the last 250 years are used

to (i) add confidence to the quantitative detection of drought episoakgi) gain insight to

the socieeconomic impacts of historic droughBuring the years 1852015 sevenmajor
drought rich periods with an islawdde fingerprint are identified in 1854860, 18841896,
19041912, 19211924, 19321935, 19521954 and 198-1977. These events exhibit
substantial diversity in terms of drought development, severity and spatial occurrence.
Results show that Ireland is drought prone but recent decades are unrepresentative of the
longerterm drought climatology. Finally, loAgrm homogenous precipitation records are
further utilised to reconstruct river flows at twelve study catchatent850. Reconstructed
flows are analysed to identify periods of hydrological drought and the potentédferent

SPI accumulations to foredasevere drought arexplored Results demonstrate the
importance of catchment characteristics in moderating the effects of meteorological drought
and highlight the potential for drought forecasting in groundwater dominated catchments.
The body of work preentedconsiderably advancesderstanding othe longterm hydre
climatology of a sentinel location in Europe and provides datasets and tools for more

resilient water management.
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1 Introduction

1.1 Background and rationale

The Intergovernmental Panel on Climate Change (IPCC) fifth assessment report (2014)
states thai t i's fNextremely | iirkreases in penhoade gadsas ma n i
concentrations and other anthropogenic forgingve contributedover half the observed

increases inglobal temperature from 1952010 (IPCC, 2014)Observed changes in
temperature &ve resulted inincreasd atmospheric moisturecausing changes in the

global hydrological cycle andrecipitationpatterns (Batest al.,2008;Allan, 2011;Wu

et al, 2013Wattset al.,2015. Thesechanges to the hydrological cydiaveaffecedthe

quantity and quality of water resourcasross many regior{gluntington, 2006; Barnetit

al., 2008; Bateset al., 2008; Allan, 2011; IPCC, 2014)Yhe past 30 years have seen
changes inprecipitation, with increasd precipitation experienced in the northern

hemisphere and decreases across some rggiRin€, 2014.

Future projections suggest increases in the intensity and variability of precipitation across
many areas, but these changes are not consistent, with increased risk from flooding across
most areasnd likely increases in summer drought in other regi®aeset al., 2008

IPCC, 2014). These expected changes in precipitation will increase the risk to populations
living in urban areas from flooding, landslides, drought, water scarcity and seaidevel r
(IPCC, 2014). Populations living in rural areas are expected to experience reduced water
availability, food security and agricultural production with changes in areas of food
production fAhighly I ikelyo (1 PCCwithfatwel 4) . H c
climate projections due to uncertainty associated with future changes in temperature and
particularly rainfall Bateset al., 2008 Hawkins and Sutton, 2009; Prudhometeal.,

2014; Jenkingt al.,2015). Uhcertainties associated with futurejerctions of rainfall and
associated variables are larngéh signalsunlikely to exceed variability by at leagte

first half of centuryHawkins and Sutton, 201IPCC, 2014.

Detecting change in observations can be a challenging task. Due to naituatk cl
variability, trends that are identified in short records often do not reflect thetéomy
climatic changesWilby, 2006 IPCC, 2014De Saedeleer, 20L8Hence, dbngtermgood

quality climate records together with supporting metadata are necessary to conduct robust



climate analysis. Long records help climate scientists better understand, identify, predict
and adapt to climate variability and charayel alsoground truthclimate models(Barker
et al.,2004;Wilby et al.,2006 Brunetet al., 2013; Prohomet al.,2015.

In realising the value of long records previous research has usetefomgprecipitation
records to place recent changes and extreme hydrological events imderahistorical
context (e.g. Joneat al.,2006; Marshet al.,2007; Toddet al., 2013; Burtet al.,2014;
Spraggset al, 2015;Wattset al., 2015). The advantages dbng-term records are that
emerging trends, if any, can be identified more accuragsywell as providing useful
information on how these records have changed and fluctuated over longer periods of
time (Barkeret al.,2004;Wilby, 2006 Wilby et al.,2015; Burtet al.,2014; Toddet al.,

2014) Long records caralso be used to informsociety of potential impacts from
variability andchanggWMO, 2014)

In developing long records of key climate variableangnstidies across Europend the

UK have integrated historical documentanyd proxyevidence into hydralimatology
researchto reconstructpast weather, climatghe frequency and severity @xtreme
events and to validate past observati@rzdil et al.,2006; Macdonald 2006; Pfisteet

al., 2006; Castyet al., 2007 Paulinget al., 2006 Macdonald 2013; Kjeldsen, et al.,
2014;MacDonaldet at.,2014;Benito et al.2015). All these studies note the importance
and value of historical documentary and proxy evidence. The integration of documentary
evidence into historical hydrclimatology research has the potential to greatly cedu
some of the uncertainty associated in using historical observatibasd@énaldet al.,
2014).There are many documentary and proxy sources available but some noteworthy

sources of evidenaan past climate include:

Newspaper and old journal articleswhich often contain information on past extreme
weather events such as floods, drought and extreme heat as well as details on socio
economic impacts (Brazadgt al.,2005).

Census of populationduring the 18 Century census information often contained
information regarding past weather extreme events. In addition, past Census can provide
important and useful details of thebciceconomicimpacts of the time from such

extremes (Census, 1851).



Early instrumental meteorological observationswhich were oftenstarted in places
long before the national meteorological services in tiecgdtury (Brazdikt al.,2005).
Early scientific papers, books and communicationgan also provide information on

past weather extremes, occurrence, causes and impacts (Bt&adR005).

Unlike the UK and Europe most research into historic changes in precipitation in Ireland
has been conducted over relatively short records spanning the period of available digitised
records, typically 1940 onwarde.¢. Kiely, 1999; Sheridar001; Wanget al., 2006;

Leahy and Kiely, 2011; Dwyer, 20L2However, there are some letgym precipitation
recordsavailable for Ireland whichseemsto have been neglected by most previous
researchTabony (1980)and Briffa (1984) compiled orconstructed longerm historical
monthly precipitation recordasing observations afil85 statios across Europe dating

from 1861 or earlier Theselong-term precipitation records for the UK and Ireland have
been subsequentlypdatedand analysedyy studies in the UK(Jones, 1983; Gregomt

al., 1991Jones and Conway, 199Burt et al.,2014).

There are a limited number of studies that have usedtérng precipitation records for
Ireland but these have been for a small number of stations and have lqoibty
assurance of the underlying datcElwain and Sweeney (2007) asses$muy-term
recordsat Birr and Malin Head from 1892003 Butler et al. (1998 conducted research

on long precipitationrecords at Armagh dating back to 1838nes and Conway497)
updated long records to produce area average precipitation data for the British and Irish
Isles from 184a1995. To date there has been no comprehensive research interiong

changes in precipitation at stations located across the Island of Ireland.

Using available longerm precipitation records previous reséanas shown that since the
198G there has been a tendency towards wetter conditions across parts of Europe, the
United Kingdom and Ireland (Todet al, 2015; Burtet al., 2014; Met Eireann, 2016;
Matthewset al.,2016). However, most of these regions have also been affected by major
drought periods in the past (elac Carthaigh,996 Barrington, 1888 Marsh et al.,

2007; LloydHugheset al.,2002; Toddet al.,2013; Spraggst al., 2015;). These studies

have produced important insights into past drought with some research highlighting the

impacts from such extreme events.



Met Eireann classify an absolute drought as a continuous period of 15 days or more where
less than 0.02mrnaf rainfall has fallen(Mac Carthaigh, 1996). However, drought evolves
slowly and can affect specific regions over short periods lasting weeks or persisting for
longer periods from months up to several years or even decades. There are a number of
definitions of drought; meteorological drought is described as continual deficits in rainfall
amounts from the average rainfall, hydrological drought is based on the decline in surface
and sub surface water supply from the average conditions, agricultural dr@ughts
defined by soil moisture deficits which are crucial in crop growth (Mc é&teal. 1995;
Agnew, 2000; Keyantash and Dracup, 2002ishra and Singh, 20)0 Lack of
precipitation often cause both hydrological and agricultural droughts but other factors
such as more intense but Idssquent rainfall, extreme high temperatures, insufficient
water management, soil erosion and bad agricultural practices| estahce the drought
event (Mishra and Singh, 2010).

While there has been some historical drought research in Ireteos assessments have
been limited to specific drought evenBarrington, (1888 provided one of the most
detailed drought analysisrféreland focusing on the severe drought of 18871.aoghog

(1979 analysed the drought period of 197976 using data from the Irish rainfall station
network, whileMac Carthaigh (1996¢onducted a detailed analysis thie drought of

1995 Overall thereis a scarcity oinformation on historical droughts and their spatial
manifestation across the island of Ireland as well as a lack of understanding of the extent

of impacts and responses of past society from such events.

Any changes iprecipitationalsoimpact on river flovg causing issues with water supply,
water quality andncreasedlood/drought risk. Inreland,we alsorely on river flows for
hydro-electric power, water for agriculture, waste water treatment and for tourism
activities such as fishingnd boatingIAE, 2009) Ireland hasa hydrometric monitoring
network of over 800 gauging statiorBut similar to rainfall the majority ofjood quality

river flow records are short, only startingtime 1970s with some longer series from the
1940s (Murphyet al.,2013). Another issue with many Irish catchments is that they have
been affected by arterial drainage. In order to increase the productivity of agricultural land
that was prone to ongoing floodirgyterial drainage schemes warglemented in many
catchments acrodseland from the 1940s (Kinget al, 2008).In many cases the post

drainage rainfall runoff response is considerably different to thelnaieaage response
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which makes it difficult to malyse and can produce misleading resubisataria and
Connor,2004; Harrigaret al., 2014). Long river flow records are required in order to
effectively detect changes, but this task is made difficult in Ireland due to the current
paucity of longrecords (Murphyet al.,2013).

Previous researcin the UK has addressl the issue of shorhydrological recordsy
usingreconstruction techniqués.g. Jonesl984 Joneset al.,2006 Spraggset al.,2015;
Lennardet al.,2015) These studiessedlong precipitation recordalong with potential
evapotranspiration (PET) data to drilagdrological modelg¢o simulate monthly river
flow recordsas far back as the #&entury.The results from these studies have provided

important insights into changesriner flow over the longer time scale.

1.1.1Data rescue and historical records

The World Meteorological Organisation (WMO, 2014) has recently been implementing
and supporting a global initiative to rescue historical meteorological, climatological and
hydrologcal data.ln many countries iktorical climate records have been meticulously
kept in the past which has taken effort, time and resoukssce it is important that
these records are effectively rescued, digitised and utiliSkxbal initiatives have lao

been formed with a focus on rescuing climate data such as The International
Environmental Data Rescue Organization (IEDROJhelInternational Surface
Temperature InitiativéISTI) and the Atmospheric Circulation Reconstructions over the

Earth (ACRE) pojectto name but a few

Ireland has a rich history of weather record keeping dating back several centuries
(Sweeney, 2014). However, early organised weather record keeping only began in Ireland
at the end of the 1B Century. Stations werdypically located in astronomical
observatories at Dunsink (1788), Armagh (1790), Markree (1824), and Birr (1845) with
the National Botanical Gardens (1800) and Phoenix Park (1829) in Dublin also recording
early weather data. By 186@s part of the British Meteomjical Office network
Valentia Island station transmitted the first weather observations to enhance storm
warnings for ships (Sweeney, 2018uring the late 19 and early 2t century daily

observations on rainfall, cloud cover, sunshine and tempei@dusell as storminess and



atmospheric pressure were regularly recorded at stations located throughout Ireland.
Many of the observers were volunteers and were dedicated to recording regular
continuous observations, many spanning several decades. The neatiegs were
taken at least once a day usually at the same time early in the morning, written on broad
sheet sized forms and regularly posted to the Brilsteorologicaloffice for centralised
compilation. The annual Symons and British rainfall bgakislished monthly summaries

from all the network stations along with useful statistics and analysis.

Figure 1.1: Hard copies of rainfall records held inMet Eireann archives (Photos taken by
S.Noone, 201p

The Irish Meteorological Service (Met Eireanmys formed in 1937 to provide weather
information for the growing transatlantic aviation industry, with the majority of digitised
Irish climate records available from 1943weeney, 2014)Some of the original hard

copy archived Irish weather records waedd in the BritishMeteorologicalOffice up to

the 1980s when they were returned to Met Eireann (See Figure 1.1). These hard copy
paper records contain both daily and monthly rainfall observations taken during the 19th
and early 20 century and provida wealth of information about past climate in Ireland.
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Figure 1.2: Map showing the existing longterm precipitation records denoted by black
triangles and the black circles represent the stations with lorterm hard copy monthly
precipitation records held in Met Eireann archives identified for transcribing.

These historical precipitation records have been in some cases the life work of the
observers. Therefore, it is crucial that these records are rescued, quality checked and
utilised to increase undgandingofl r el a n d 6 s Permaissibn haslbeemabtaieed
from Met Eireannfor this study to access these historical hard copy records to identify,
digitize and rescue suitable long station precipitation records. The stations witefdong
monthly precipitation records identified for transcribing are shown in Figure 1.2 and are

represented by black circles, with the existing logrgn precipitatiorrecords denoted by



black triangles. Note that for the rest of this thesis the tengitermrefers tothe entire

period of observations at a given station.
1.1.2Thesiskey aims

The overarching aim of this thesis to rescue and transcribe hard cojpngterm
monthly precipitation records for the island of Irelaabing to the existing series. To
qudity check and assess the letegm precipitation records for variability and change and
analyse the records to identify past drought events. In addition, this thesis aims to
integrate past documentary evidence into the analysis to add confidence ttathedia
present some of the social economic impacts from past drought events. To reconstruct
long-term river flow records utilising the good quality monthly precipitation records and

asses the flow for past drought events.
1.2 Thesis structure

A detailed iterature reviewthat develops the research gaps is presenteltaipter 2 The
transcribingand data rescue methods using hard copy archived monthly precipitation
records are presented ichapter 3 The same chapter presents methods used for
homogenisatiorand quality assurance of the raw d&igether with an analysisf an
expanded longerm monthly precipitatiometwork for Ireland for the period 18%D10.

The identification and assessmenthidgtorical droughtacross this longerm netwok is
presented inchapter 4 along with details ofsocb-economicimpacts and responses
derived from newspaper recordshapter 5 presentghe riverflow reconstructiongor
selected study catchments and subsequent analysis of low flow and drought periods.
Discussion of results, research limitations, priorities for future vmarkfinal conclusions

are presented inhapter 6. Figure 1.2 provides a schematic of the thesis structure and

workflow.



Ch2: Literature review and
identified research gaps

|

Ch3 :Homogenisation and ChS: River flow
analysis of an expanded Ch4: A 250 year drought recons.tructions and
long-term monthly rainfal —— catalogue for the Island of —» .
drought analysis for the
network for the Island of Ireland istand of Ireland
Ireland (1850-2010)
[ Objective 1, 2 and 3 ] [ Objective 4 ] [ Objective 5 ]

l J
! !

Ch6: Discussions, limitations, potential future work and thesis final conclusion

Figure 1.3 Workflow of thesis research showing each thesisbjective and subsequent
chapter

During the 3 years of this PhD research | was involved in the following peer reviewed

publications as either lead author or as collaborating senior author.

Noone S Broderick C, Duffy C, MatthewsT, Wilby RL, MurphyC. 2016.A 250 year
drought catalogue for the island of Ireland (1-288.5) Int. J. Climatol Accepted with

minor corrections.

| was lead author on this paper andelvelopedhe study design, conducted all the data
collection andanalysis as well as contipg all metadatal also wrote up the text with the
help of suggestions and comments from maathors.

Murphy C,Noone S Duffy C, Broderick C, Matthews T, WilbyIR 2016. Irish droughts

in newspaper archives: Rediscovering forgotten hazaktsther Accepted

| was second author on this paper but my contribution was limited to helping with source

material some researciind comments on the draft manuscript.

Wilby RL, Noone S Murphy C, Matthews T, Harrigan, 8roderick C. 2015 An
evaluation of persistent meteorological drought using a homogeneous Island of Ireland
precipitation networkint. J. Climatol.doi:10.1002/joc.4523



| was second author on this paper but my contribution was limited to helping with source

materia] someresearcland comments on the draft manuscript.

Noone S§ Murphy C, Coll J, Matthews T, Mullan D, Wilby RL, Walsh S. 2015.
Homogenization and analysis of an expanded-tengn monthly rainfall network for the
Island of Ireland (185®010).Int. J. Climatol.doi: 10.1002/joc.4522.

| was lead author on this paper and | developed the study design, conducted all the data
collection and analysis. | also wrote up the text with the help of suggestions and

comments from my cauthors.

Chapters in this PhD thesiseatomprised of two of these publications; chapter 3 (Noone
et al.,, 2015) and chapter 4 (Noonet al., 2016). The discussion draws on my
contributions to Murphy et al. (2016). Many of the ideas and components for all of these

publications stem from the reseh undertaken as part of this PhD.
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2 Literature review

2.1 Introduction

This chapteidentifiesthe key research gaps thaill be addressed by thigsearchThe
literature review will highlight the significance of loitgrm climate records, the
importance of data quality assurance and the value of integrating documentary sources to
provide evidence of past climatbange The chapter is organised as follows. Section 2.2
provides a literature review on lottgrm changes in precipitation in Europlee United
Kingdom (UK) and Ireland; Section 2.3 outlines previous work on data homogenisation;
Section 2.4 reviews previous research on changes in river flow; Section 2.5 discusses
previous work on historical drought; Section 2.6 reviews previous réstwthighlights

the value of integrating documentary evidence into the analysis of past observations

before research gaps are identified in Section 2.7.
2.2 Long-term changes in precipitation

In understanding how climate change signals are manifested, ,anereiased focus is

being placed on the detection and attribution of changbservational records to provide

an evidence base for adaptation planning and investment (Hannaford and Marsh, 2006;
Wilby et al.,2008; Murphyet al., 2013; WMO, 2014). Longterm precipitation records

are often difficult to acquire but are important for the accurate detection of change
(Jones, 1984Burt et al.,1998;Baylisset al.,2004; Barkeet al.,2004;Joneset al.,2006;

Wilby, 2006; De Jonghet al., 2006; WMO, 2014. These issues aref particular
importance where risks from extremasch adloods and droughts have the potential to
impact adversely on society with potentially high costs for communities, critical

infrastructure and the economy.

Early studies have sed data rescue/recovery methods to produce-tknngobserved
precipitationseriesacross Europe. Tabony (1980) constructed séoied85 statios in
Europe dating from 186Dr earlier to 1970. The study constructed continuousnthly
rainfall series dr such countries as Italy, UK, Sweden and Poland includedl17

stations for IrelandTabony (1980kmployedseveral sources such as the many European
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meteorological service monthly weather reports, the 10 year UK Meteorol@afioze
books anddata fran many other Europeaxieteorological Service In quality assuring
recordsthe study collected and groupgxtecipitationrecords from a number of stations
within 30 km of candidate statia(Tabony 1980). Using an overlapping data period
these records wereorrected annuallysing appropriate ratios and weighBetailed
metadata waslso obtained foeach station along with comprehensive information on
historical rainfall observationd@abony 1980. Briffa (1984) added to th€abony (1980)
series by producing some lotgrm precipitation data using multiple linear regressions
with tree ring widths from oak tree$he main objective of this study wassdemonstrate
the potential usefulness of traéags as a source of past hydramatic information.The
archive oflong-term precipitation series for the UK and Irelaisdavailable from the
Climate Research Unit (CRU) at the University of East Anglia.

2.2.1Long-term changes in precipitatiomcrossEurope

Studies across European regiohave focused on loagrm climate data rescuasnd
analysis(Auer et al., 2005; Paulinget al., 2006; Brunet and Jones, 201Byunetet al.,
2013). Auer et al., (2005) developed an instrumental precipitation dataset for the Greater
Alpine regionfor the period18032002 using archivebservationsThese records were
quality checked by comparison with neighbouring serigh over 2500 issues and 5000
outliers dscovered and removed from the 557 precipitation seAemlyss of this
benchmark precipitationetwork show significant regional and seasonal variations with
increases irprecipitation fornorthwest Europe and decreases in the soutlwastthe
period B00-2002 (Auer et al.,200). Similarly, Brunetet al, (2013) identified, digitized
and quality checked historicemperature and precipitatiabservations at 79 stations
from hard copy log booksThe data seriesovered the Mediterranean North Africa an

Middle East regions with some records starting in the |dfecgatury.

Moberget al. (2006) in a study of daily temperature and precipitation extremes across
Europe for the period 1964000 found that winter precipitation totals have significantly
increased0.05 level)by 12% over past 100 years. The same study found that summer
precipitation indicateweakdecreasing trends. However, it was also noted that due to data
inhomogeneities and sparseness of some records across specific regions of Europe the

robustness of these conclusions are somewhat wedk@ioberg et al., 2006).
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Longobardi and Villani (200) utilized longterm precipitationobservationsover the
Mediterranean region to conduct a trend analysis for the period 1198938 Their results
showed some statistically significant negative trends in both annual and seasonal
precipitation, except for summenhere positive trendsvere present. For Belgium
precipitation records spanning 105 years were employed to detect changes in seasonal and
annual trendswith wavelet analysisconducted onthe series. Statistically significant
trends were found in both areluand winter totals but trends over shorter time psriod
were not representative of the tremasonger record¢De Jonghet al.,2006). De Limeaet

al. (2010) showed that since the 19th century trends in annual and monthly precipitation
totals over Portgal have not changed, but the tests were also sensitive to the period of
analysis with statistically significant trends weakening and strengthening over partial
periods. The study noted that short precipitation records over only several decades can
introduce bias by the period of study (De Lirtaal.,2010).

2.2.2Integration of documentary evidence into research

Several studies have utilised documentary sources combined with observations to
reconstruct past climate records.aBdil (1996) used historical documentary evidence
about weather phenomenon to assess seasonal and annual decadal temperature and
precipitation totals over the past 500 years in the Czech Lands. Results indicate that much
colder and wetter conditions prevailed central Europe between the™and 17
centuries and again in the 19th centuryalil, 1996). Research by Pfister (1999) used
documentary data to reconstruct seasonal and annual precipitation and temperature in
Central Europe in the ¥6century. Tle results of this study provide important insights

into past climate variability while highlighting impacts from past extreme weather events
(Pfister, 1999).Research by Dobrovolngt al. (2015) employed documentary based
precipitation indices and obsenats to reconstruct seasonal and annual precipitation in
the Czech Lands from AD 1501. Results showed that the highest precipitation totals
occurred during the 1Bcentury, with the dries30-yearperiod occurring during the 18
century. The driest yeand driest summer season was identiie@540 with the wettest

year occurring in 1515 (Dobrovolngt al., 2015). Further research reconstructed both
temperature and precipitation for central Europe back to 1500 using documentary sources

and observation@razdil et al.,2016). Results showed a cluster of drigstirsoccurred
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during the start and end of the&ntury and 1540 ialsohighlighted as being the driest
year since 1500 (Brazdit al.,2016).

Rodrigo and Barriendos (2008) analysed sedsand annualprecipitation over tre
Iberian Peninsula using data spannihg past 400 years. The authors reconstructed
rainfall records using a combination observationsand documentary sourcelesults

show changes in seasonal and annual anomalies whwpared to the 1961990
baseline (Rodrigo and Barriendos, 2008). addition, significant dry periods were
identified for the Iberian Peninsula in 1529, 1541, 1628, 1631, 1701, 1725, 1788 and
1821. The study also noted that much dryer conditions wereriexced during the 18
century. The results were validated using proxy data, different data sources and data from
neighbouring regiongRodrigo and Barriendos, 2008)ocumentary evidence was also
employed by Kjeldseret al. (2014) to identify historidaflood events in European
countries. The study concluded that there is considerable potential for integrating
information from historical documentary data sets to improve the reliability of current
flood risk assessments (Kjeldsetnal.,2014).

Casty et al. (2005) reconstruct a high resolution (0.5° x 0.5°) monthly and seasonal
temperature and precipitation gridded dats @t the European Alps (1562000). The
study used instrumental observations for temperature and precipitation at sites across
Europe and integrateskeveral documentary records and proxy sourcesdas predictors

in produdng the gridded data set. The study also incorporated data detailichell et

al. (2004) for the period 1902010. Findings show that winter and summer terafures
indicate a change from much colder conditions prior to 1900 to warmer conditions in
present times (Castgt al., 2005). The years of 1540, 1921 and 2@@8nd out ashe
driest years in the Alpine region over the past 500 years (@astly, 2005). The North
Atlantic Oscillation correlated negatively with precipitation reconstructions but positively
with temperatures during wintebut noted thatcorrelations were temporally unstable
(Castyet al.,2005).

Paulinget al. (2006)used similatechniques to Castt al. (2005)in reconstruahg five
hundred years of gridded high resolution precipitation across Euftygestudyused a

selection of long precipitationobservations precipitation indices from documentary
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sources, tree rings, ice res, corals and speleotherftave depositsfPauling et al.,
2006).This study used transfer functions over a calibration period-1988 and applied
themto the period 150Q900 to produce griddedprecipitationdatasefor Europe. The
results highlighed large inteannual and decadal fluctuations in precipitation
reconstructionsThe study also found that the winter of 1774, spring 1885 summers

of 1666 and 1669 arautumnl1669 were the driest seasons in the past 500 years (Pauling
et al., 2006). Casty et al. (2007) used independent reconstructed gridded temperature,
precipitation and 500Pa geopotential height data spanning the last 235 years to assess the
climate variability and spatial and temporal evolution of these variables for Europe.
Results of this study found that the influence of the (NAO) is more prominent for winter,
spring and autumn with a positive trend detected during the past 40 years for spring and
winter NAO (Casty et al.,2007).Seasonal European temperatures show increasing trend
mostly over the past 40 years with highest values since 1766. The results indicate no trend

present in precipitatiofCastyet al.,2007).
2.2.3The North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO)s the main influencing factor on thvariability of
theclimateacross much of Europe and in particular the island of Ireland and UK (Visbeck
et al.,2001;Pinto & Raible, 201p Studies have found a correlation betwegppaitive

NAO and increased precipitatiafuring winter and spring, with a negative correlation
during the summer following a NAO positive winterlreland (Kiely, 1999Murphy and
Washington 2001 McElwainand Sweeney, 2003; Wanet al., 2006; Leahy and i€ly
2010; Nooneet al.,2015).

Figure 2.1 lllustrations of NAO positive phase (left) and NAO negative phase (right) Source
(http.//www.ldeo.columbia.edu/res/pi/NAD/
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The NAOis an atmospheriphenomenomxplained as harotropic teleconnection pattern
or spatial oscillabn in the troposphere over thethern Atlantic European region (Pinto
and Raible, 2012).The NAO is characterised as being inpmsitive phasevhen an
intensified Azores higho west of the Canary Islandsid a deeper lows presenoff the
coast of Iceland. The positive NAO phase causgsomg meridional pressure gradiémt
the atmosphere over thidorth Atlantic Ocean This causesa strongermoist westery
weather typesver the continents situated in the northern region oAtlantic (Sweeney,
1998) leadingto much moreunstable weatheconditionsand increased rainfall over
Ireland (Figure 2.1). In contrast to thevarmer and wetter conditiorexperiencecver
Northen Eulope much dryer conditions can be seen over southerngddisrope along
the Mediterranean (Visbeek al.,2001; PintoandRaible, 2012)A negative phase of the
NAO is classified with a weaker Azores high and a shallower Iceldoa (Figure2.1).
The meridional pressure is reduced arsd latense westerly airflow is directed across the
north Atlantic and Western Europe (Pirdad Raible, 2012). An NAO negative phase
tends to be associated with more unstable wetter weather over southern Eucopes A
northern Europe there is a tendency for much dryer, colder and stable conditions
remaining for several weeks, caused by the blocking statiorighy dpanning across

eastern, western and central Eur¢@PmtoandRaible, 2012).
2.2.4Long-term changes irprecipitationacrossthe United Kingdom (UK)

The longterm CRU precipitation recordsriginally produced by Tabony (198 have
subsequently been updated and used in several studies to analyse long term rainfall for the
UK. These studies haygoduce important insights into historical extremes and changes

in variability (e.g.Jones, 1983; Gregomst al, 1991; Jones and Conway, 1997; and Burt

et al, 2014).Jones and Conway (1997) constructed area average precipitation by updating
the CRU data for akngland and Wales precipitation series (EWP) 1¥885. The same

study updated and produced a precipitation series for Scotland and Northern Ireland 1760
1995, with a new precipitation series developed for Ireland -1896. Results of this

study showed tit 1995 was the driest summer on record for the b€ was not as

severe for Ireland and Scotland (Jones and Conway, 1997). Results for the EWP series
17661995 suggest little or no trend for spring, weak decreasing trends for summer and
autumn but increang trend for winter (Jones and Conway, 1997). The precipitation

series for Scotland 1751M95 shows significant increases in precipitation during winter
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and spring over the recentl® years, with decreases in summer and autumn precipitation.
The resuls for Ireland 18441995 show that inteannual variability islowest during

spring and greatest during autumn, with no changes present for winter or summer (Jones
and Conway, 1997). The study noted that the recent increases in winter and spring
precipitaton since 1985 are associated with a positive phase of the North Atlantic
Oscillation(NAO).

Researchor the UK used the CRU longerm precipitationarchivefrom 18861997 and
highlighted periods of drought and changes in seasonality (8ual.,1998).The results
also show that wetter winter and drier summer periods were associated with phases of
positive and negative NA@\lexander and Jones (2004mployedthe longterm monthly
precipitation series for the UK (17662000). Fndings showed trends towads drier
summers in the southeast of the UK and wetter winters in the west of Scotland (Alexander
and Jones, 2001). The same study identified that April 2000 was the wettest since records

began in 1766results alsaontextualiedthe extreme precipitaticior autumn 2000.

Barker et al, (2004) constructed 200year precipitation index for the English Lake
District. The studyuseda seasonal regression technique for overlapping data p&oods
different stationdo extend contemporary records back t&8 Analysis of the derived
seriesshowed a significant decrease in summer precipitation since 1960, with increases in
winter and spring which counteradtany summer decreases an annual basisThe
results of thesame study identified several notableipeés of prolonged drought in the
early recordduring the 1850s, 1880s, 1930s and 197@sef&l prolonged wet periods
were also identified duringhe 1820s, 1870s, 1920s, 1940s and 1990s (Baskenl.,

2004).

More recently Burtet al, (2014) producecan updated analysis dhe CRU archive
monthly precipitation series for the UK focusing onthe 1870s decadeThe study
comparedorecipitation during th&870s with theecent wet years/seasons includiiy 2
and winters of 2013/14 to contextualisesextremes. Imaddition,Lamb weather type
counts and the NAO indexwere used to classify specific conditions during these
particulaty wet periods (Buret al., 2014). Results showed that during 1872, 1876 and

1877 extremely high precipitation totals fdret lowlands of the south and east were
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associated with a high frequency of cyclonic weather types. The results also found that
strong westerly airflows are important for high precipitation at upland and northwest
coastal locationgBurt et al.,2014).Work by Toddet al.,(2014) constructed a composite
precipitation series for Carlisle in the northwest of the UK for the period-20%Z. The

study used overlapping periods of records and seasonal linear regression and adjustment
techniques to construct thentinuous composite series. Results of the analysis of the
constructed long precipitation series revealed statistically significant positive trends in
winter precipitation over the period of record. The study identified the wettest years as;
1768, 1839, 187, 1900, 1903, 1916 1954, 1967, 2008 and 2012. The results also showed
the driest years as; 1784, 1788, 1855, 1870, 1933, 1955, 1996, 2@&Pand 2010
(Toddet al.,2014).

2.2.5 Long-term changes in precipitatiomacrossthe Island of Ireland

There has bee limited research assessinigngterm variability and change in
precipitation for IrelandGrew (1951) compiled and quality assured rainfall observations

at ArmaghObservatory This study found some issues due to gauge changes and position
moves in some gars In addressing these errors the studgd correction factors and
adjustments by comparing overlapping gauges to produce a high quality homogenous
series 1838950. The same report also presents historical information on rainfall and
extremes experienced at Armagh and compiled some veryl msefadata and a station
history (Grew, 1951).Adding to this work Butleret al. (1998) analysedupdated
precipitation records for Armagh Observatory in Northern Ireland from -1898.
Results reveal variations in the distribution of rainfall throughbat ytear and indicate

that this station has been experiencing much drier summers in recent decades{(Butler
al., 1998). The same study also found a strong correlation between winter and autumn
precipitation and the corresponding NAO index. Summer pradipit indicates a nen

significant negative correlation withe previous winter NAO index (Butlet al.,1998).

Previous researdh Irelandby McElwain & Sweeney2007) analysedong-termmonthly
precipitation records from 882003 at Birr and Malin Ktad Results showed no trend
present in annual precipitation at Birbut significant increasing trend in annual
precipitation at Malin Head{cElwain & Sweeney 200). More recently Matthewst al.,
(2016) employed longerm Irish precipitation records delepedin this work for 185G
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2015 to examine the changing likelihood of extreme seasonal conditicexddition,the
same study explored how frequently these extremes might iocthe futurebased on the
latest modelprojections. Theresults indicate the likelihood of the wettest winter
(1994/95) and driest summer (1995) has doubled since 1850 respe(iiatthiewset
al., 2016). The results also @l that the most severe enflcentury climate model
projects indicate thahe occurence of wet winters like 1994/%nd summers adry as
1995 may increase by factors of 8 and 10 respectibglythe end of the century
(Matthewset al.,2016).

2.3 Homogenisation and data quality assurance

The reliability and quality of precipitation datdepends on many factors, as
inhomogeeity can arise due to changes in methods of instrumental data collection,
conditions of the site, reliability of measurements or site relocation. The majority of
records have been affected by rdimatic issueswhich make the identification of
climatic variations difficult (Petersoet al.,1998). Therefore, it is important that the data
series is homogenous (Petersenh al,1998; Wijngaardet d., 2003; Dhord &
Zarenistanak, 2033 A homogenous series can be defined as a s#masis only
influenced by climatic variationAny inhomogeneities in the climate series can interfere
with the detection of legitimate climate change signals and can cause poor climatic or
impact model cabration or biased trends and variability results (Beautieal., 2009.
Therefore, the detection and correction of all inhomogeneities in a series is crucial prior to

conducting analysis.

Homogeneity tests can be braoadlay i ¢é as snieftih
Absolute methods are applied to individual stations to identify statigtisajnificant

breaks in the datdVijngaardet al. (2003) and Dhorde and Zarenistanak (2013) applied a
combination of multipleabsolutetests to detect breaks both rainfall and temperature

records The four methods employed were: the standard normal homogeneity test (SNHT)

for single break (Alexanderssoh986), the Buishand range test (Buishab®@82, the

Pettitt test (Pettitt, 1979) and the Von Neumann rgst (Von Neumann,1941). The

SNHT detects breaks near the beginning and the end of a series, the Buishand range and

the Pettitt tests are more sensitive to breaks in the middle of a @Afijagaardet al.,

2003).The resultof all testswere evaluatednd classified based on the number of tests
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that rejected the null hypothesis (no break detected). The next step verified the breaks by
scrutiny of available station metadata, which is crucial in all homogeneity tests
(Wijngaardet al.,2003).

Relative nethods incorporate correlated neighbouring stations for comparison with a
station of inteest to test for homogeneitiReference series or reference sections are used
in detection procedures in many homogenisation methods, (WMO, 2011), as well as being
usal to assess the quality of the homogenisation (Kuglisai., 2009). These reference
series need to experience the same climafeuences as the candidate station
(Szentimrey,1999; Zhanget al., 2001; Causinus and Mestre, 2004; D&larta and
Wanner,2006; WMO, 2011)However, issues can arise in the homogenisation process
when correlated stations also contain inhomogeneities with more than one break detected
(Lindau and Venema, 2013). Moreover, if simultaneous changes in the measuring
technique occur within a regionghelative tests are no longer practical, as all series are
affected at the same time and absolute methods should be employed (Peteakpn
1998; Wijngaardet al., 2003). Detailed metadata and station history are critical in
evaluating identified break otherwise correcting issues within the records is not an
informed decision. Relative testing can be a more reliable and robust method of checking

for breaks in data once the station records are highly correlated (Wijregadr@003).

Many approacks have been developed to identify and adjust inhomogenities in climate
data. Most of these methods use relatéanniquesvhich involves comparison between a
candidate series and a reference series. Alexanderson and Moberg (1997) developed a
new relativetest for detection of linear trends in normally distributed time series. The test
detected and estimated gradual and abrupt changes in the mean of a candidate series
compared with a homogenous reference séAgsxanderson and Moberg 1997). Other
pioneeing work in data homogenisation includes the methods developed byetaes

(1986) and Karl and Williams (1987).

Joneset al. (1986)compiled a new monthly mean surface air temperature dataset for the
Northern Hemisphere 18511984. The study analydehe data to assess homogeneity and

corrected issues using relative hmganisation techniques (Jonesal., 1986) Further
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research by Karl and Williams (1987) used the concepts of relative homogeneity and
standard parametric tests for temperaturerargparametricstatistics for precipitation to

identify and adjust any inhomogenetities.

In building on previous work (e.g. Jonesal., 1986 Alexanderssormnd Moberg,1997;

Karl and Williams, 198y several new techniques have been developed for bréadtida

and adjustment of neclimatic inhomogeneities (Cao and Wan 2012; Tceetl.,2012;
Freitaset al., 2013; Mestreet al., 2013). A comprehensive analysis to assess different
homogenisation methods was includedha scientific programme of the @ST Action
HOME ES 0601: Advances in Homogenisation Methods of Climate series: an integrated
approach (HOME). The HOME objective was to develop a general homogenisation
method for homogenising climate and environmental datasets. This programme
commenced i2007 and was finalised in 2011 with the release of two new software
packages, HOMIR (HOMER) software packager the homogenisation of monthly data
and HOMSPLIDHOM fordaily data homogenisation (HOME, 2013).

2.4 Past changes in river flow

Changes in theydrological cycle at a global scale have been detected and are very likely
due to rising human inducedoncentrations ofat mo s p h e r (Wilby, QME&.6 s
Although flood and drought periods have been detected in historic river ifhotne UK

no underlyingtrends have been detected (Wilby, 2008)e lack of longterm river flow
records makes it difficult to detect climate change signals because of the weak signal to
noise ratio when considered against the greater year to year variance of river flows
(Kundezewiczet al.,2005). In addition issues can arise in river flow observations which
can cause gradual changes in the observatidGtactors such aswveedgrowth,
sedimentation, erosiony works carried out on the channel or floodplain can all influence
therecords and create inhomogeneitigsirfdzewicz and Robson 2004; Svenssoral.,

2005; Fowler and Wilby, 2030

Other issues in hydrometric records can arise from arter@habe schemesand use
change, water abstraction, water storage, diversiahdatharge (Bhattaria and Conor,
2004;Kundzewicz and Robson 2004; Hannaford and Marsh, 2006; Mwtpaly, 2013)
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Arterial drainage isparticularly problematic in Irelandsaextensive arterial drainage
schemesvereconducted across many catchments stheel940s to increase agricultural

land ando alleviate floodingMurphy et al.,2013)

Due to the large uncertainties associated to climate change impact studies there is a need
to fully understand how climate change signals evolve or not in hydricroegervations
(Hannaford and Marsh, 2006; Whitfiedd al.,2012). An increasing number of countries
are making investment in producing Reference Hydrometric Networks (RHNS) to collect
hydrometric data that are only minimally affected by human influ¢gtahlet al.,2010;
Whitfield et al., 2012; Murphyet al., 2013). Bradford and Marsh (2003)roduceda
network of benchmarkcatchments for the UK to improve the ability to identify and
interpret hydrological trends throughout the UKie benchmark network consists of 120
undisturbed near natural catchments with good quality hydrometric Matahy et al.,
(2013) developed an Irish Reference Network (IRN) of hydrometric gauges to monitor
and detect climate driven trends. This work tifesd 43 hydrometric stations across the
Island of Ireland (lol) with catchment sizes ranging from 65 to 2460 km? with the average
record length of 40 years, the longest being 63 years. Key criteria for inclusion of gauging
stations in the IRN were based international RHN standards (Murpétal.,2013) and

include:

1 Good consistent hydrometric data (particularly for extreme low flow) as well as stable
accurate rating curves.

1 Near natural flow regime with either zero or stable water abstractions (it@sact
than 10% of flow or in excess of Q95)
Long records (minimum 25 years).

1 Limited land use influence, statisrwith arterial drainage where excluded where
possible, post drainage records were also used to increase spatial coverage.

1 Stations needed to bepresentative of Irish hydrological conditions with good spatial

coverage (Murphet al.,2013).

Utilising the RHN of neanatural catchments ithe UK Hannafordand Marsh (2006)
applied trend tests to time series rahoff andlow flow indicators (19632002). The

results show that lovilows have been relatively stable since the early 1960s (Hannaford
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ard Marsh, 2006). Iraddition, runoff for catchments in Scotland showed the strongest
positive tend, with some increases in dfihnat western maritime catchments across
Wales and UK (Hannaford and Marsh, 2006). The same studlysedsome longterm
hydrometric records at catchments located in North Wales, East Scotland2(®2)0
and theRiver Thames in southeast England (1:2%02). All three catchmentshowed
increases in annual raff over various periods, with only the Thames showing significant

positive trend in annual runoff (Hannaford and Marsh, 2006).

Stahlet al. (2010) investigated neaatural river flow trends from 441 small catchments

in 15 countries across Europe since 1932. Results suggest positive trends in winter at most
catchments, with a shift towards negative trends from April to August. The same study
found that low flows have decreased in most regions where the lowest mean flow occurs
in summer; with results varying at catchments where lowest flow occurs in winter (Stahl
et al., 2010). Inaddition, results indicate that annually river flows across lseut and
eastern regions are decreasing, with positive trends in annual flow elsewheret(&tahl
2010).

Hannafordand Buys(2012) analysed a network of near natural catchments across the UK
19692008. Results show a high degree of spatial varighitit seasonal trends. The
results indicate that winter flows in upland and western areas have increased, with autumn
flows showing increases in most catchments across the UK. The study also found weak
decreasing trend in spring flows mainly in lowland batents, with no summer trend
identified in any catchments (Hannafoeshd Buys 2012). Hannaford (2015) found
increases in high flow magnitude and duration at catchments in the north and west of the
UK. Studies in the UK have not found any evidence for {tamg increase in flooding.
However, results do indicate a high degree of iaterual variability with notable floed

rich and floodpoor periods in long UK hydrological records (Hannaford, 2015; Wilby
and Quinn, 2013). Most studies have focused upon ifbgodith much less work on
changes in low flows or drought (Watét al; 2015). Similar to floods, low flow or
drought show marked intglecadal variability in long records. However,number of
droughts in the 1®century were much longer and more sevhes those experienced in

the 20" century (Marstet al.,2007).
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Some studies have addressed the issue of a lack of long hydrometric réocoeds1984)
utilised longterm precipitation records to reconstructiéeer-flow recordsfor the UK
dating backio 1844. The study usedrainfall runoff modelthat relates the logarithm of
mean monthly river flomo linear permutations of recent monthly soil moisture and
effectiverainfall (precipitation minus actual evapotranspiratianyl streanilow records

to establish a relationship using multiple regression analysis. The advantages of such a
simple model are that it is easy to calibrated then to validate the model ovean
independent period to assess the performance. The reconstructed river flow deftal is us
for low flow research, but ndbr assessing potential flood events due to the monthly time
scale (Jones, 1984n addition,the reconstructed recordan be used for water system
managementResults of this research indicate drought rich periodag 9251979 with

this periodthreetimes more likely to have experienced extreme drought when compared
to the period 1870924 (Jones1984)

The researctby Jones, (1984)assubsequentlypdatedoy Jones and Lister (1998p to

the mid 1998 and byJoneset al. (2006 to 2002. The latter study assessed recent
hydrological droughts and compared them over ltdmrterm context back to 1860.
Results showed that the low flow periods of 1984, 1989 and 1995 rank in the top 5 lowest
flows since 1865 acrosome catchments. However, the drought years 1870, 1887, 1921,
1933/4 and 1976 were more spatially widespr@hmeset al., 2006). However, some
factors need ttakeinto account when producing reconstructed river flow .daitatly, it

is important toobtain good quality homogenous rainfall records within or close to the
catchment of choice. Secondly the use of constant monthly values of evapotranspiration
along with the potential influence of snow during colder periods can cause modelling
output errorsFurthermore, changes to land use or other artificial influences can alter the
regression relationship over time especially if they coincide with chosen calibration or
verification periodsFinally, the quality of observed river gauges records or anygghan
location will affect the accuracy of the calibration/verification of the model (Jeinak,

2009.

Wilby (2006) analysedthe homogeneous rainfall and river flow mstructions (1865
2002) originally produced by Jones al., (2006) at 15 catchmas across the UKThe

studyinvestigaté the relationship between the strength of the trend and the detection time
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at seasonal and annual time scaRssults indicate significant increases in winter and
decreases in summer precipitation, the same reatdtfound for river flow (Wilby,
2006).The same study also notdtht as the record length is reddd¢be summer trends
tend to weaken, with no such change in annual totals (Wilby, 26808).et al., (1998)
investigated changes in rainfall and river flim 18832000 for the north central region
of the UK, with results indicating increases in recent variability withwiméer to summer

contrast becomintarger forrunoff and rainfall(Burt et al.,1998).

In Ireland there has been limited research into changes in river flow over the longer time
scale, which is due to a lack of continuous ltergn observational recordSince the mid
197Gs research in Ireland has found increasing trends in annual pagoipiwhich also
correlates with a shift towards a more positive phase of the (NAO) around this time
(Kiely, 1999; Sheridan 2001; McElwain and Sweeney, 200Bgsearch b¥iely (1999)

found that river flow at four Irish catchments also experienced #isagrt step change in
annual flow in themid-1970s The study found that since 1975 the increases in river flow
were greatest across the west of Ireland, which would correspond with an increase in
westerly airflow due to the positive NAQhe results fothe river Boynefor the period
19581995 were patrticularly significant, with large increases in both annual and March
flows aroundthe mid-1970s This study concluded that the positive NAO was the main
driver of these changes in Boyne river flofikiely, 1999). However, issues were
highlighted in a more recent a study by Harrigdral. (2014) on attribution of detected
changes stream flow which found that major arterial drainage works carried out on the
Boyne cathment in 1970s and early 1380asthe maindriver of changen annual mean

and high flows.

Murphy et al. (2013) applied the ManKendall and Thiel Sen trend tests to eight hydro
climatic indicators at 43 flow gauges in the IRN, firstly over a fixed period and then for
varying start and end dates. Results suggest that the detected trends are similafl to rainfa
indicating that they are climate driven. However, the large temporal variability makes it
difficult to detect anthropogenic climate change signals. The trend results for summer and
winter are contrary to what would have been expected due to anthrapaijemite

change(Murphy et al., 2013). The study found widespread decreasing trends in mean
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winter flow records over the shorter period with a tendency towards more positive trends
in longer records. Results also showed that when influential extremes\atlile start

and end of summer flows were removed no evidence of decreasing trends were found
(Murphy et al.,2013). There were strong increasing trends in high flow indicators which
may be useful for early detection of climate signals. The study nieatataution should

be taken when conducting trend analyses on flow records over fixed periods when these
may be dominated by weak signals, greater variability andstadgionarity (Murphyet

al., 2013). Hall (2013) conducted analysis on low flows at cag&timin the IRN. The

study found it difficult to distinguish between real letegm changes and medium to
long-term natural variability due to lack of loigrm records. The study also noted that
further research is needed to understand the increasirdsg treow flow indicators for
summer in the IRN (Hall, 2013). Trend results also highlighted the danger of interpreting
trends over shorter fixed periods, as results showed that trends are highly dependent on
the period selected (Hall, 2013).

2.5 Drought analysis.

Drought is a reguldy occurring natural hazard acrossuch of Europe and cause
significant socieeconomic and environmental impadisloyd-Hughes and Saunders,
2002; Marshet al., 2007; Lennarcket al., 2014) Drought evolves slowly and can affect
specific regions over short periods lasting weeksnay persis for longer periods from
months up to several years or even decades. There are a number of definitions of drought;
meteorological drought is described as continual deficits imfala amounts fom the
average hydrological drought is based on the decline in surface and sub surface water
supply from average conditionshile agricultural droughts defined by soil moisture
deficits whichare crucial in crop growth (Mdee et al, 1993 Agnew, 2000Keyantash

and Dracup, 2002). Lack of precipitation often caus®h hydrological and agricultural
droughts but other factors such as more intense but less frequent rainfall, extreme high
temperatures, insufficient water management, soil erosion anddvedltural practices

can all enhance the drought event (Mishra and Singh, 2010; Dai, 2011; Jenkins and
Warren, 2015).

Recent decades have seen some extreme drought emeoss the UK and parts of
Europe most notably19751976, 2003, 2002006 and 200-2012 (Finket al., 2004;

26



Marsh, 2004Toddet al, 2013;Lennardet al.,2014; Spinonkt al.,2015;).Impacts from
these extreme events have been a reduction in water sapglyydro-electric power
generation, environmental damage, and health ig§iods and Marsh, 2006; Briffat al.,
2009; Hannaforcet al.2011; Lennardet al.2014). In light of the potential issues for
water resource management numerous studies have been conducted across Ethlvepe and
UK focusing on the longermto improve understanding pastdrought events and assess
thar impacts (Mishra and Singh, 2010; Gosleigal.,2012; Wattset al.,2014; Lennard
et al.,2014; Lennarcet al., 2015; Kingstoret al, 2015 Spragg<st al, 2015). Bradzilet

al. (2013) usedvarious historical documentary sources along with instrumelatiato
reconstruct historical droughts for the Czech Lands from -P09@. The study found
several historic severe drought events while noting the large spatial variability of
droughts.

Further researchexamined historical drought patterns across Europe and explored the
relationship between regions for developing potential drought forecasting (Hanegaford
al., 2011). This study was able to use the spatial coherence of drought to potentially
derive an early warning system for a specific region from a drought that is developing in a
different region across Europe (Hannafetdal.,2011).Findings from a study by Briffa

et al (2009) into wet and dry summers in Europe since 1750 show that over therdong
there are prevalent trends across Eutoperdsmuch drier summers.loyd-Hughesand
Saunders, (2002) used the Standard Precipitation Index (SPI) to produce a drought
climatdogy for Europe 1901999. The results identified extreme pan European droughts
during the 1940s, 1950s and 1990s, wiluceddrought frequency during the 194,0
1930s and 1980s.

Cooketal ( 2015) constructed an A0l d BJopelbg Dr ouc
using instrumental records, treags and documentary sourdesidentify mega droughts

and pluvials The OWDA also presents spalyatomplete datéo determine theauses of

Old World drought and wetness (Coekal.,(2015).Results indicatethat more severe,

prolonged and extensive medeoughts were experienced across Northern hemisphere

land areas prior to the $@entury. Results indicate that well below average precipitation

during spring and summer 1741 may have contributed to tleityesf the Irish famine

17401741 byimpacting foodproduction. The same study identifies somega droughts
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across Europe during the1.8nd 19 century. The drought events that stand out occurred
during 17791827 with a major long duration droughorfn 1798 to 1808 affecting both
England and Wales (Codat al.,2015).

There have been sontengerterm studies into drought in the UK using precipitation
observationghat takeadvantage of a wealth of available documentary sources to assess
the impacts from past droughts. Results fisome of thesstudies foundhe most severe
andprolonged droughts in the #%entury were caused by a succession of dry winters,
while drier sunmers are more prevalent in recent decades (Cole and Marsh, 2006; Marsh
et al.2007). Major historical drought periods have been identified in the UK during;
18541860, 1887/88, 1890910, 1921/22, 1933/34 causing widespread impacts to society
(Cole and Mash, 2006; Marstet al., 2007 Goslinget al., 2012; Leonarcet al, 2015;
Spraggset al., 2015) Historical drought research in the UK from 18998 by Fowler

and Kilsby (2002) found severe drought events between-1888. The same research
suggests thathe historical drought information should be used to reassess return period
estimates of contemporary drought periods (Fowler and Kilsby, 2002).

A study by Toddet al. (2013) into historical droughts since 16®817the UK identified
drought rich periods during 17360 and 189@011 predominantly due to precipitation
deficits. The same study suggesh increasé the occurrencef more severe droughts in
the last century with the periods 194850 and 1970978 being tB most severe over the
period of recordl6972011. Some drought periods were exacerbated by increases in
temperature and soil moisture deficits (Todd al., 2013). Spraggset al. (2015)
reconstruatd droughts across the myylian region in the (UK) from 18 to 2010 by
producinga reconstructedjridded precipitatiordataset andanodelling river flow. The
results of the analysis identified periods of extreme drought during th€d®tury with
18541860 being the most severe drouglectoss the Anglian regiobroughtsduring
193336 and 1943 946 were most severe in the west of the region, -B288ore severe

in the north and 19688 most severe across the egSpraggset al., 2015). Results
showed that the drought during 185860droughtemerged as havingé highest ranked
severity with theperiod 18931907 also featuring strongl§Spraggset al., 2015). The
study suggests that lofigrm precipitation, temperature and river flow data across the UK

could be used to reconstruct historical drought across @bens(Spraggst al.,2015).
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2.5.1Drought analysis in Ireland

There has been limitednalysis of historical droughts across the Island of Ireland.
However, some studies have produced assessments of specific severe dr@ughts.
Laoghdg(1979) presents results that show the east, midlands and south of Ireland were
more affected by the severe drought of XABZ6 than the west and north due to
contrasting rainfall deficits. Armagh Observatory received the lowest rainfall over the
period April 1975 to August 1975 since records began in 1836L&oghog 1979).
Phoenix Parkin Dublin experienced some heavy rainfall in early May 1975 which
somewhat alleviated the impacts from the drought, but rainfall for April to August 1976
was the fourth lavest since 1837. The driest period at Phoenix Park was experienced
between April and August 1887 with only 125.2 mm of rain recorded, with 1870 and
1864 being other notably dry year§he same study also provides a summary of
agricultural and water suppisnpacts caused by this period of severe droufjine. period
197576 recorded three times the normal amount of potential and actual -evapo
transpiration with soil moisture deficits most pronounced in the south east of the country.
Ellison (1934) noted thahe 1933eventbroke all records for drought across the British
Isles with rainfall totals of only 20.57 inches at Armagh. Severe drought also occurred in
1836 at Armagh with only slightly more precipitation falling than in 1933 (Ellison, 1934).
Although ths was a particularly dry and hot year, vegetation and crops were not adversely
affected, with good harvesting in the dry September (Ellison, 1934).

Dooge (1985) briefly outlintsome severe historical droughts for the period ARZ598

taken from the Anals of Ulsterand Annals of Clonmacnoisand several other historical
AnnalsThe same study wutilised other document a
Census of 1851 tables on AHeat and Drought
and early instrmentation (Dooge, 1985). The study mentions the extremely dry years of

1887, 1927 and 1934 and reports that in 1934 the Barrow River with a catchment size of
1660 km2 gave aunoff of only 1.1 cubic metres or equivalent to one drop per day per

square metrdDooge, 1985).In an examination of the 1976 drought in Ireland Mac
Cérthaigh (1996) compared the drought of 19RBsults showed th#te river flows at

the end of 1976 werthe lowest on record and can be used as a benchmark for future

drought compariges. However, the study also noted that during the end of the 1995
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drought the river flow at some stations was the same as those measured iMa876 (
Carthaigh, 1996).
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Figure 2.2 Table showing rainfall recorded at Fassaroe, Bray 1887 and presents detain
monthly and annual rainfall deficits and mean temperature records taken at Fitzwilliam
square Dublin. Source (Barrington, 1888).

Barrington (1888 provided a detailed drought event assessment for Ireland focusing on
the severe drought of 1887. Figure pradvidesan example of historical climate records
available in Barrington (1888) and shows the details of the precipitation and temperature
during1887 at Dublin. This study presents information on the impacts on agriculture. The
drought was also illustrated by two maps which show the precipitation deficits during
1887 relative to previous years (Figure 2Bje results showed that precipitationswa
below average for the whole of Ireland during 1887. Markree Observatory in the west
recorded only 2% below average precipitation in 1887, however totals at Rosbercon
Castle in the southeast dropped to 59% below average (Barrington, 1888). During the
sumner months of 1887 the most severe drought was experienced across the south and
south eastern regions. During the summer months Courtown and Kilkenny located in the

southeast and Cork in the south received only 30% of normal precipitation (Barrington,
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1888) Barrington (1888) reports that due to the fierce heat and lack of rain most crops
failed and the grass was burnt brown. This study provides crucial information which will
help to improve current understanding of drought and subsequent-esotiomic
iImpects.

MAP OF IRELAND.

Showing distribution o

--------

Figure 2.3 Maps produced by Barrington, (1888) showing the distribution of rainfall across
the Island of Ireland April 15 to September 3@ and April 1st to June 30th1887. Source
(Barrington, 1888)

2.6 Historical documentary evidence

Many stidies across Europmd the UKhave integrated historical documentary evidence
to reconstrucpast weather and climate, validate observations and to assésxjtiency
and severity ofextreme eventgMacdonald 2006; Brazdil et al.2006; Pauling et al.,
2006, Pfisteret al., 2006; Castyet al., 2007 Macdonaldet al., 2013; Kjeldsenet al,
2014;Benito et al.2015). Macdonaldet al., (2014) note that integration of documentary
evidence into historical hydrdimatology can considerably reduce some of the
uncertainty involved in using historical observatiok&¢donaldet al., 2014).
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Historical documentary sourceslrelandprovide records gpast extreme meteorological
eventsand provide useful details of societal impacts (Ludlow, 2005). In identifying
historic floods and droughts, studies have utilised documentary soerggbd Annals of

the Four Masters Ireland\nnals of Ulster and the Annals of Clonmacnoise) which date
back to 1000 BC (Ludlow, 2006; Hickey, 2011). These monastic annals recorded extreme
events throughout Ireland over varying time periods and although there are some issues
with dates, duplicates and doubtful entries, they are still a very useful source fo

reconstructed past events (Hickey, 2011).

The British Rainfall books were first produced in 1860 by Symons é&sulpage
pamphlet and contained oveB8lrainfall records for stations across the Irish and British
Isles. The publicatio series contined annually until 1993 containing both interesting and
invaluable information (Pedgley, 200lthough these books mainly present monthly
precipitation observationtheyalso provide useful statistics such as number otdays,
maximum rainfall days and ihgrterm average comparisons (Pedgley, 2002addition,
some of the The British Rainfall Book publications include special reportexaonple,
the 1887 edition presents information on historical draughtossthe UK and Ireland
dating back to third entury (see Figure 2 4) comgd usinginformation from various
historical books and articlésscluding the 1851 Census of Ireland.
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35

barley in many places was seared before the grain was
formed.

1825, Ireland. Extreme drought in summer and autumn. C
Very parching July.

1826.  Ireland. Remuﬁmbl) hot and dry from March to June. C.
Excessive drought in June.

1831.  Great dryness from middle of July to August 31st. W.
Long continued drought in Ireland checked vegeta-
tion. C.

1833.  Great heat and drought all May and to June 10th. W.

1834.  Sharp drought February to M:’;y and with little intermis-
sion to fuly 18th. November to December also dry ;
water scarce. .

1835.  Very hot and dry summer. No rain in Suffolk from July
14th to August 25th; pastures burnt up, but wheat
sound and abundant. VJ

1836.  Irish cereal crops defective from excessive drought. C.

1840.  April and August very dry. W.

1842.  Very hot summer, especially August, which was very dry.

Ww.

1843.  Severe drought in the first three weeks of September. W.

1844.  Extraordinary drought Lady Day to Midsummer ; fine
wheat crop. W. Ireland. Excessive drought in
spring, soil so parched that it required a pick-axe to
break it. Most of the springs dried up. C.

1845,  Ireland. February unusually dry, March little rain, April
unusually dry, and very little rain in May. C. Drought
and heat. {.D Unusually dry Oct.. 12th to Now.
16th.

1846.  Severe drought. with heat May 21st to Sep. 23rd. One of
the hottest summers on record.

1847.  Ireland. March, July, August and Septembcr more than
usually dry ; green cropsinjured. C. July and August
extremely hot and dry. W.

1849.  February and March remarkably dry. W.

1850. June very dry and hot, September very dry. W.

1851.  Severe drougi:t in Suffolk at end of June. W. Ireland.
Much drier than usual. C.

1857.  Drought and heat. L.D.

1858.  Drought and heat. L.D.

1859.  Drought and heat. L.D.

1868.  Drought and heat. L.D.

1869, Drought and heat. L.D.

1870. Drought and heat. L.D.

1874  Very dry summer, good harvest.

1879.  Drought from October. L.D.

c2

Figure 2.4 Example of detailed drought information compiled in Symons British Rainfall
Book 1887. Sourc€SymonsBritish Rainfall Book, 1887 pp 35)

In 1851 William Wilde was the sole Assistant Commissioner for the Census of 1851 and

wr ote two Vol ume Statisties ©f®ir 3 ea s & 0o Tasdes dfDe hdete h fin
(Froggatt, 1965). These volumes contained 300 pages of analysis and detailed history of
ARpestil ences, cosmical p heno mehistarical penmpd z oot i ¢
up to 1850 (Froggatt, 1965). Wilde also contributed to the agricultuagists volume

and along the other volumes provides a wealth of information including descriptions and
timings of historical extremeneteorologicalevents such abkigh temperaturesjrought

and flooding. Figure 2.5 presents an example of informationadokaiin the Census 1851
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AN 3204,

A.D. 583.
288-89

592.
713.
717.
720
T44.
748.
759.
703-64.
772,

1006.

1009.
1076.

1091.
1139,
1252,

1262.

1263,

1419.

1471
1403,

1539.

1575.

1607-8.
1643.
167473,

1714-19.
1717,
1718,

DROUGHTS AND HEATS, IIOT SUMMERS ANXD MILD WINTERS. Axavrsis oy

Therc was no rain in Ircland for tea
years, notwithstanding there was
abundance of grain and fruit.

Intense heat in this year.

. A scorching and Jdry summer.

Deficiency of Leas for three years,

Great drought.

A dry summer.

“Was the year of Christ when the
hot summer happencd.”

Great and unaccustomed drought in
the world,

The world was parched with unasual
drynoss.

Excecding great dronght.

Drought beyond measure.

An unusval drought and heat of the

sun.

Great drought from littUe Christmas
to May. Muld weather in this
winter, g0 that the foliage aad the
wild garlic grew.

A burning summer.

Pestilential heas, so as to destroy
very many.

A year of good weather.

A summer of great drought.

Gicat heat and diought prevailed
in ihis summer, destroying muach
cattle.

A great drought this sumuer.,

An exccedingly bot smnmer.

The yoar of the hot smamer.

A Lot summer this year.

So great a drought that many rivers
were almost dried up, and muck
cattle died of thirst.

Ileat, and warvclious drought.

Intensc heat, aud extreme drought
in the sumwer.

Summer very hot.

Summer excessively Lot in England.

The winter uuusually warm and
mild.

Six dry ycars here and in BEugland.

Summer hot and dry.

Summer warm, fair, and pleazaut
Winter mild. 1719 was ooe of
the hottest sumnuers remembered
in England.

. A winter mild.
. The summer was so remarkable for
drought that salt water flowed to

the quay of Limerick.

. Winter mild and open.
. Summer mostly dry.

Summer hot and dry.

. Spriog very dry ; carly summer dry,

but ocoucluded wet; winter so
mild that primroses and violets
bloomed.

A.D. 1734. Spring very warm, and winter wet  DROUGRTS AXD

and mild. Miip Smasoxs.

1736. One of the hottest summers that
bas been remembered.

1737. Somodays in sammerexcessively bot.

1740. April. Not three hours of continued
13in since tho begioning of Novem-
ber, 1739. Sammer dry. Great
scarcity of wator ; great difficulty
getting corn groend.

1741. S8piingexcessivelydry. Sammerhot;
much more so than of late years,

1714, December was memorable for the
great height of the barometer, and
a warmth unusual to the season.

1747. Summer hot and dry. Winter mild.
In England, the hottest summer
since 1710,

1748. January very mild. Summer warm
aonddry. Ia Paris the thermometer
roso bigher than for 100 years
previously.

1730. Some days in June and July the
Lottest in the memory of man.
Horzes dropped down de:d.

1752, Several plants flowered o second time
in September.

1758. Wiater open and mild ; the mildaess
was common to us and Russia.

1759. Winter 20 mild and cpen that many
indigcnous flowers blossomed in the
open ficld.

1760. July excessively hot. Faluenkeit's
thermomoter stood at 78° on the
18th. Tu England a dry summer.

1761. Semmer extraordinarily dry. The
drought comwon to us, Italy, and
Switzerland.

1762. Excessive drought, common to us,
to parts of Eugland and Europe,
and to Virginia.

1764. Winter wann and moist.

1765, Extreme droaght io summer. Dauriag
eight years preceding this period
the Fahrenbeit thermometer oaly
fell twice below the 33° of the scale.

6. The weather so mild in December
that poplar trees blossomed.

8. Summer remarkably ficc.

0. December 19th— Continsance of
thirty days of fair weather ; an
unparalleled phenomenon at this
time of year.

1785. Summer remarkable for heat and

drought,

1794. This country has not experienced so

dry and warm a summersince 1733.

1800. Summer was unusually Lot and dry.

1801.July—So greatadegreeof heat has sel-

om been observed in this climate.

1803. September 17—The e;nxi:ry was

Figure 2.5 Presents information on historical droughts and heats. The page shows
information on the drought as compiled inthe Census of Ireland 1851 (Census, 1851; pp

345).

The Census report of 1851 is part of the Online HisabrPopulation reports (OHPR)
which provides an online resource for Britain and Ireland for the period 18821 The

OHPR includes detailed textual and statistical informationttee economy, society,

weather, disasters, medicine, deaths and births fer 18" and 19th centuries.

Whi stl ecraftds

We at her Al ma n a ¢l884)piovddes wa s

details on meteorological extremes across UK and Irelaratidiiion,the booksClimate

of England (1840pnd Rural Gleanings (1851gontain usefuhistorical information on
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extreme events for the UK and Ireland and present subsequerdesonimmic impacts

and responses (Thwaites, 2015).

Changnon and Easterlif@989 used newspaper archives to understand drought impacts
in two North American cities, citing newspapers as reliable indicators for the timing of
impacts and adjustments as precipitation deficits develop. Mitchell (2011) highlights the
potential utility of historical newspapers for supplementing evidence of past climate

hazards in Ireland.

Freemans Journal 1763-1924, 11.07.1859, page 1

TUNPUNRALLIUN OF DUBLILIN
t} IMPORIANT NOTICE,

Tha Committee No. 1 regret beiog odbhiged to Inform
tho Ciuzecns that, in coos qaience of the lug continued
drooght, the Supp'y of, Water with which they are
served bas bacume d-Beieot, oven for domostic and ma
pufaciaring purpotes, which reuders it napoerstive to cu -
tal thoe Water ng ot 1be Streeta o tho 8Ssotbero Disr
tiict of tye DBetropolis —By ordcr of the Cummitter.

J. REILY, Sceretary. g

Frish Examiner 1841current, 26.08 1837, page &
THE EFFECT OF TUE \VEATHER ON THE
REE Y LINEN TRADE.

The cxtonsive blcach works at Greenvale, near
Castlewellan, county Down, belonging to Mcssrs.
Murland, were closed yesterday for an indefinite

wrind, owing to *he continued drought. Hun-
(llruls of hands are oonfegucntly thrown idle,
and eerious diejress will, it is feared, ensue,

Tratee Chvonicie and Kifaeney Echo 18431881, 08.07.1859, page 4

| We regrct to find many complaints in Ireland of the
'continued drought, from which the barley crop is said to
] have suffered, and oats are much in need of of rain. In

some countiesfarmers have been obliged to put their stock
’on their rueadow lands ; aad if raio should not come

within a few days the green crops will be serivusly -in-
|jured.—Weather suited tor ome description of crop is
|injurious to the other—wheat requires dry weather,
iand is consequently looking well, but we liear thie crup
; has not been extensively sowa this year.—Dublin Even-
; ing Post. y

Figure 2.6 Examples of excerpts from newspapers reporting on the impacts from historical
extreme drought event s, available fromalthe | ri
11/07/1859; Irish Examiner 25/08/1887; Tralee Chronicle and Killarney Echo 04/07/1859)
downloaded from Irish NewspaperArchive: http://archive.irishnewsarchive.com/

The Irish NewspaperArchive is an online resource of over 50 different Irish historical

regional and national newspapers. The archive contains newspaper articles dating from

t he earl vy 17006s to current ti melB890), i ncl u.
Free mandés Jod924) and Thé leihdeB Express (182Lrrent). The Belfast

Newsl etter is one of the worl dodés ol dest CoO
newspapers and provides i mpMichela 2001) Thesi ght s

online database allows for sehes to be conducted using specific key words such as
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http://archive.irishnewsarchive.com/

(drought, floods, or rainfall) over periods of interest to retrieve the exact published format

(See examples in Figure 2.6).
2.7 Gaps in the knowledge and justification for this research.

Previous research using long term rainfall records actiesdJK and Europe have
provided critical information onthe past climate. These studies havgghlighted
variability and change while contextualising recent extreme climatic events such as
prolongeddry and wet periods. The evidence suggests that the hydrology of Europe and
theUK has seen considerable changes over the past two cemtliostsstudiesn Ireland

have been restricted to short recordst there is a clear opportunity to utilise thedha
copy longterm precipitation records iMet Eireannto supplement the existing lostgrm

precipitation catalogue.

Ireland is a sentinel location situated along the Atlantic fringe and it is crucial that long
term records arautilised allowing for morerobust assessments help understand what
changes have occurred over the past centufibs. historical documentary resources
available in Ireland outlined in this chapter can be combined with historical observations.

The literature review presentablove has identified the following research gaps:

Research Gap 1Due to a paucity of good quality losigrm precipitation records there is

a clear necessity and opportunity to rescue and digitise data from the archived records in
Met Eireann. This will pand and extend the existing letegm monthly precipitation
records and allow for more robust quality assurance and data homogenishgsis
objectives (1 and 2) will be addressed i€@hapter 3

Research Gaj2: Previous research as®Europe anthe UK has shown the importance
of long records in detdog trends andidentifying variability and change while
contextualising recent extremeBhereis a considerable gap in knowledge concerning
long-term changes in Irish precipitation due to the lack oéliy assured lonterm

records.Thesisobjective 3will also be dealt with ifChapter 3
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Research Ga@: There has been no detailed assessment of historical drought for the
Island of Ireland.Details on drougtst prior to the 1940s would provide crucial
information for wateresourcemanagementlhis formsobjective 4and will be addressed

in Chapter 4

Research Gap 4There is a significant knowledge gap in our understanding oftenmy
variability and change in river flows, again due to lidek of long-term flow records in
Ireland Most studies havbeen forced to conduct analysis over sipartiods, which can
present misleading results. Addressing research gap 1 would provide an opportunity to
reconstruct longerm lIrish river flows for selectecatchments. Thesabjective 5will be

dealt with inChapter 5

2.8Research objectives
Addressing the above research gaps this thesis has the following objectives

Thesis objective 1:To expand and extend the existilmgpg-term monthlyprecipitation
cataloguefor Ireland by digitising hard copy archivednonthly precipitation and to

compile cetailed metadatand station historfrom all available sources.

Thesis objective 2:Meticulously check the precipitation records faymogemity using

state of he art methods

Thesis objective 3:Conducta comprehensive analysis lobw precipitation has changed

in Ireland at the longer time scale.

Thesis Objective 4:To produce aletailedhistorical droughtatalogue for Ireland and to
integrate galitative historical documentary evidence to validate and add further

confidence to the quantitative assessment.

Thesis objective5: Usethe long precipitation records taeeconstruciong-term monthly
river flow recordsat selected Irish catchmerasd identifyhistorical hydrological drought

The next bapter deals with thesbjective 1in supplementing the existing loitgrm
precipitation records using digitised rescued hard gopgipitationrecords held in Met

Eirean® sarchives. The same chapter will aesk objective 2 to employ HOMER
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homogenisation software tpality assure ancheck the newrish long termprecipitation
series for homogeneity. The homogenous records will be analysed for variability and
change Additionally, to addressbjective 3 annwal and seasonal precipitation will be

assessed to identify emergitignds.
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3 Homogenisation and analysis of an expanded loftgrm
monthly rainfall network for the Island of Ireland (1850-
2010

3.1 Introduction

Long precipitation series help contextualise recent climate variability, identify emerging
trends, groundruth climate model projections and understand impacts on sectors such as
agriculture, water resources and flood management (e.g. éora¢s2006; Wilby and
Quinn, 2013). Higkguality observations prior to 1900 are relatively r@fenes, 1984;

Burt et al., 1998; Barkeret al., 2004; De Jonglet al, 2006; Jonegt al, 2006; Wilby,

2006; Burtet al., 2014). However,several European studies have &yed longterm
precipitation records to detect change and contextualise shorter seriee{ale2005;

De Jongtet al, 2006; Mobergt al, 2006).

The pioneering work of Tabony (1980) is of particular significance to the Biitith

Isles (Bl). Ths composite of longerm monthly rainfall records was based on 185 sites
across Europe with data collated from various National Meteorological Services (Tabony,
1980). Longterm precipitation series were then constructed using combinations of
overlappingrecords adjusted by correction factors to produce continuous series. Briffa
(1984) also produced lortgrm composite rainfall records including four sites in Ireland
using methods similar to Tabony (1980). Others have subsequently updated the work of
Tabory (1980) and Briffa (1984) (e.g. Jones, 1983; Gregefryal, 1991; Jones and
Conway, 1997; and Burtet al, 2014). Additional longerm regional rainfall
reconstructions include the work of Barketr al. (2004) who constructed 200-year
monthly precipitdion series for the English Lake District through bridging between non
continuous station records, and Todd al. (2014) who produced an extension of
composite rainfall series for Carlisle (northwest England) to homogenise station records
back to 1757.

Analysis of these records has yielded important insights. For examplestBar{1998)
used precipitation records from 188097 to show that the most notable period of
drought occurred in 1991 together with changes in the seasonality of rainfall

(winte'summer contrast becoming more extreme in decades prior to 1997). More
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recently, Burtet al.(2014) employed longerm precipitation records for the Bl to analyse
and contextualise very high monthly rainfall totals in the 1870s relative to recent rainfall

extremes.

In Ireland, most precipitation analyses have been restricted to relatively short records
(post 1940s) due to a lack of suitably quality controlled or homogenisedtdong
datasetqe.g. Kiely, 1999; Sheridan, 2001; Wasgal., 2006; Leahy anKiely, 2011;

Dwyer, 2012). A few studies have taken a loAgem view; McElwain and Sweeney
(2007) assessed monthly data at Birr and Malin Head from-2808 and found
significant increases in annual totals at Malin Head with no trends present at Birr
(McElwain and Sweeney, 2007). Jones and Conway (1997) calculated area average
monthly precipitation for the whole of Ireland for the period 18805 using station
observations and reconstructions from tree rings. They found that all regions have seen
increases in winter precipitation and decreases in summer over the period. &udler
(1998) used records for Armagh observatory, Northern Ireland, dating back to 1838 to

show summers have become drier since the 1960s.

A homogeneous climate time series i$irtkxl as one where variability is only caused by
changes in weather or climate (Freitgsal, 2013).Most decade to centwuscale time

series of atmospheric data have been adversely impacted by inhomogeneity caused by, for
example, changes in instrumetida or observer practices, station moves, or changes in
the local environment (e.g. urbanisatioBpme of these factors can cause abrupt shifts;
others gradual changes over time, which can hamper identification of genuine climatic

variations or lead toreoneous interpretations (Petersiral, 1998).

Homogeneity tests can be broadly divided
former are applied to individual candidate stations to identify statistically significant
breaks in data while relativenethods entail comparison of correlated neighbouring
stations with a candidate station to test for homogeneity. Reference series, which have
ideally experienced all of the broad climatic influences of the candidate but no artificial
biases, are commonlysed to detect inhomogeneity in relative methods (WMO, 2011), as
well as to assess the quality of the homogenisation process (Kugtitsah, 2009).
Reference series themselves do not need to be homogeneous (Szentimrey, 199&; Zhang

al., 2001; Caussinus and Mestre, 2004), but must encompass the same climatic signal as
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the candidate (DelidMarta and Wanner, 2006). Relative homogenisation is more robust
than absolute methods provided station records are sufficiently correlated (Wijegaard
al., 2003). However, relative approaches can be confounded by lack of long records at
neighbouring stations for comparison, and by simultaneous changes in measuring
techniques across a network (Petersbal.,1998; Wijngaarcet al.,2003).

All homogendéy approaches benefit from reliable metadata and station histories to
account for breaks and potential outliers. Metadata can provide information such as
location of station instruments, when and how observations were recorded, notes on
instrument changeand malfunctions or any environmental changes (such as vegetation
encroachment at the site). This information is critical in interpreting statistical
homogeneity tests and for informing the nature and magnitude of adjustments that might
be applied to data

New techniques are emerging for the detection and adjustment of inhomogeneity in
climate series (Cao and Wan 2012; Toettal.,2012; Freitast al.,2013; Mestreet al.,

2013) and the correction of multiple change points using reference series (Petespn
1998; Menne and Williams, 2005; Toreti al., 2012). A comprehensive assessment of
homogenisation techniques for climate series was included in the scientiffamrae of

the COST Action HOME ES 060Advances in Homogenisation Methods of Climate
series: An integrated approacifhe HOME objective was to develop a standardised
homogenisation method for homogenising climate and environmental datasets. This led to
therelease of two new software packages: i) HOMER for the homogenisation of monthly
data; and ii) HOM/SPLIDHOM for daily data homogenisation (HOME, 2013).

This chapter aims to construct a temporally homogenised;téng Island of Ireland
Precipitation (IIF archive by drawing on the tools of the HOME Cost Action and seminal
works of Tabony (1980), Briffa (1984) and Burt and Jones (2014). The objectives are
four-fold. First, this research expands the existing catalogue oftésngmonthly rainfall
stationsavailable in Ireland by recovering data for an additional eight stations. Where
valuable but discontinuous records are availétikestudyreconstruad composite series.
Secondthis thesishomogenisd the expanded catalogue of 25 stations using thevadt

and approach of the HOME COST action. Third, this research uses the expanded network

to extend and update all stations to a common period of-2850. Fourth, this research
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assesses variability and change within this expanded, extended and qualitydas

network. The remainder of the paper is organised as follows: section 2 describes the
datasets and methods used for data updating and preparation, steps involved in
homogenising the network and the techniques used to analyse variability and change.
Results are presented in section 3 with the main findings discussed in section 4. Final

conclusions and opportunities for further research are set out in section 5.
3.2 Data and Methods

Data analysis was executed in three stages: i) preparation; ii) homoigenisad iii)
analysis of variability and change across the homogeneous IIP nethigike 3.1
illustrates the key steps involved in each stage with the following sections elaborating the

datasets and methods used.

Additional 8 stations Existing 17 stations

Discontinuous stations. Continuous Stations. 5 station records 12 station records

3 stations reconstructed 5 continuous stations transcribed and no update bridged/appended to 2010
through bridging using digitised to 1940 and appended to required using same or neighbouring
donor archived records digitised records to 2010 station records

25 long term precipitation series were checked for outliers any values found to be
Data inconsistent across a correlated network of stations removed from the series
Homogenisation

HOMER adjusts breaks and
extends all records back to 1850
based on ANOVA using a network

of correlated stations

Data A " Assessment of Assessment of variability and
Analysi ssmesr:r?;scomposne seasonal/annual extremes for change using Mann Kendall trend
nalysis stations test for varying start years

HOMER homegeniety Detected breaks are checked
software employed to assess by scrutiny of available
the records for breaks station metadata

Figure 3.1 Workflow stages and key €ps in data preparation, homogenisation and analysis.
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3.2.1Data Preparation

Existing longterm monthly precipitation records for the Island of Ireland (lol) were
obtained from the Climatic Research Uf@RU). This dataset contains monthly data for

17 stations with variable start and end dates. All stations in this archive were updated to a
common endpoint of 2010 using digitised precipitation records for the period20941

For Ireland post 1940 data weretaibed from MetEireann while for Northern Ireland

station data was acquired from the Centre for Environmental Data Archival (CEDA) at
the British Atmospheric Data Centre (BADC). Fistations in the CRU archive required

no updating and were employed asvdtbaded. For a further two sites, data for the same
station were available. Following checks for consistency using an overlapping period,
these series were updated. For the remaining ten stations, records were discontinuous due

to station closures or mos@nd updating was implemented by bridging to local stations.

Following Barkeret al. (2004) and Todct al. (2014) seasonal regression analysis was

used to bridge station records. each case, seasonal mean precipitation series were
derived for availald data, then regression equations calculated for overlapping periods

for final adjustment of donor records to m:
stations6é6 is wused ioms witheverappind recordéa additobab ur i n g
eight stations were recovered from the archives. Data was obtained from two sources at

Met Eireann: i) archived precipitation records collected prior to 1941 and held in paper

form; and ii) digitised records for selected stations (post 1940).

Available hardcopy records werescrutinised for stations suitable ftsanscribingbased

on criteria including: record length, fraction of missing data, availability of post 1941
digitised data, and geographical location. These procedureslistext five records
(Portlaw, Foulkesmills, Drumnsa, Galway and Mullingar) that comprise mainly
continuous records from the 19th century to present. Following checks for consistency
with overlapping periods, data for these stations were simply appended to the start of

existing digitsed station records for the period 12010.
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=Derry
=Belfast
—Armagh
=Ardara
=Enniscorthy
=Cappoquinn
=Killarney
=Phoenix Park
=Roches Point
=Birr
=Markree
=Waterford
Athboy =Drumsna

o =UC Galway
= ) =Foulkesmills
A

uumng’

Dublin Al
Phoenix Park

=Mullingar

L =Portlaw
) A =Dublin Airport
y iy cirum =Cork Airport
e g 4 =Shannon Airport
=Valentia
=Malin Head
=Strokestown
=fthboy

=Rathdrum

1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 3.2 Location and updated records length (before extension to commetart of 1850) for 25 stations used in analysis. Triangles represent
the existing 17 archive stations; circles represent the additional eight stations added in this analysis.
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A further three discontinuous archived stations (Rathdrum, Strokestown and Athboy)
were also identified. Rather than lose the valuable information available for these stations,
bridging and infilling from donor stations (using seasonal regression) wastaketeto
develop continuous series. For these three stations suitable archived donor stations were
also transcribed and digitised to extend primary station records back inRimehe

period following primary station closure, composite monthly sergs fperational local
stations were calculated for years up to 20RiQure 3.2 mapsthe location of all 25
stations used itheanalysis and shows record length for all stations following updating to
2010.Figure 3.3 provides details on the primary and doarchived stations selected for

transcribingand overlapping periods.

Years of observation
1872 1890 1910 1930 1950 1970 1990 2010

Athboy (P)

Summerhill House (D)

Frankville Athboy (D)

Neighbouring stations(D)

Rathdrum (P)

Coolatin Shillelagh (D)

Bray (D)

Neighbouring stations (D)

Strokestown (P) |- -

Neighbouring stations (D) |- .

Figure 3.3 Primary stations (P) Athboy (black), Rathdrum (dark grey) and Strokestown
(grey) and overlapping records for donor stations (D) used for bridging and infilling

3.2.2Bridging of discontinuous stations

Bridging was required for three of the new series and ten stations in the CRU archive
because of station closures/mov@sdging was undertaken using seasonal regression on
overlapping records to derive adjustment factors. éawh station, details on derived
regressions and adjustment factors are gimemable 1.1. All regression models were

significant at the 0.05 level. For these stations appropriate bridging stations could be
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found in close proximity. The poorest regressions were derived for Roches Point, Derry,
Belfast and Ardara where a lack of suitable local bridging stations meant candidates were
derived from further afield. However, with the exception of Enniscorthy,ealé@nally
derived correction factors are <10% but typically much lower (Tak)e

For the three discontinuous series the majority of bridging steps result in seasonally
derived adjustments that are typically within 5% (T&ablg. For Rathdrum and Athbg
bridging with Shillelagh and Frankville House respectively show larger adjustments
(Shillelagh winter and spring; Frankville House all seasons). For Rathdrum, available
records were transcribed from 190858 and extended to 182910. Records at
Shilledlagh were seasonally adjusted and used to infill missing records at the primary
station for the period 1919925 using seasonal regressions derived for the overlapping
period 19091940 (R > 0.66 for all seasons). Longer records available for Bray wete nex
used to extend the record to 1875 using seasonal adjustments developed for the
overlapping period 1908915 (R 0.67 in spring; 0.98 in winter). Finally, the extended
series was updated to 2010 by bridging to the composite series from local recorgls throu
seasonal adjustments developed over the period-1938 (R > 0.90 in all seasons).

At Athboy transcribed records cover the period 12988. Bridging facilitated
reconstruction of the series from 182010. Data from Summerhill House was used to
extend the record to 1896 using seasonal adjustments developed from the overlapping
period 19321950 (R ranging from 0.72 in winter to 0.85 in autumrRecords for
Frankville House were then used to extend adjusted series back to 1890 using adjustment
factorsdeveloped for the overlapping period 18880. Composite series derived from

local stations were used to update the record to 2010 based on seasonal adjustments
derived from the period 1941968 (R ranges from 0.90 in summer to 0.94 in spring and
autumr). Finally, for Strokestown hard copy records were transcribed from 1908 to
station closure in 1961. A composite of local stations were used to update the record to
2010 based on seasonal adjustment factors derived from the overlapping period 1944
1968. Sasonal regressions for this site hadvRlues of 0.95 in winter and summer and

0.98 in spring and autumn.
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Primary station Donor Station(s) Overlapping Winter Spring Summer Autumn

Bray 19081915 R?=0983 R2=0865 R?=0983 R2=0.678
N=8 CFx1.014 CF0.990 CFx0.98 CFx0.979
MAE -0.65 MAE 0.15 MAE-057  MAE 0.10

Shillelagh 19091940 R?=0.665 R2=0.689 R2=0676 Rz=0.799

52;’9?;2‘;’5%'“ N=25 CFx0.855 CFx0.877 CFx0992 CF x0.955
MAE 2.82 MAE1.16 MAE0.39  MAE -1.36
19431958 R?2=0945 R2=0.928 R2?=0.868  R2=.949

62;(') 33535524 N=16 CFx098 CF0948 CFx1.00  CFx0.945

MAE -0.84 MAE 148 MAE0.32  MAE -1.00

231 Frankville House 18961940 R?2=0.775 R?=0.826 R2=0.779  R2=0.832

N= 33 CFx1.188 CFx1.125 CFx1.094 CFx1.177

MAE 0.28 MAEO0.21 MAE0.66  MAE -0.29

Summerhill House 19321950 RZ=0.719 R2=0.822 R2=0.723  R2=0.852

1031 Athboy N=18 CFx0.951 CFx0.971 CFx0.968 CFx0.957
19321968 MAE 0.15 MAE 1.14 MAE 0.68 MAE 0.31
2931 Warrenstown; 1731 19411968 Rz2=0 921 Rz=.9350 R2=0.8962 R2=0.942

Ballivor GS; 431 Dunsany N=27 CFx0.993 CFx0.992 CFx0971  CFx1.041

Castle; 931 Kells; 2531

Navan; 2531 Navan MAE 0.08 MAE 0.28 MAE 0.40 MAE 0.04

Strokestown GS- Tulsk 19411961 R2=0951 R2=0.976 R2=0.952 R2=0.978

Zzglggg'l‘ngw“ GS: Elphin, Dromod, N=18 CFx0956 CFx0.957 CFx0938  CFx0.952
Drumsna MAE -0.03 MAE0.02  MAE 0.18 MAE 0.49

119 19582000 R2=0.996 Rz=0.997 R2=0.994  R2=0.997

Birr Birr N=53 CFx0.999 CFx1.00 CFx0.9936 CFx0.997
18452000 MAE 0.29 MAEO0.58 MAE-043  MAE 0.07
841 19411994 Rz=0.73 R?=0.86 R?=0.63 R?=0.83
Ardara 441 Glenties N=55 CFx0.94 CFx0.93 CFx0.911 CFx0.94
18701994 MAE 2.54 MAE4.72  MAE 6.93 MAE 5.27
19611976 R2=0.80 R?=082 R?=0.88 R? = 0.84

Belfast Hillsborough N=16 CFx0.83 CFx085 CFxO0.81 CF x 0.85
18191976 MAE 053 MAE0.78  MAE 0.70 MAE 4.92
3106 19451994 R2=097 R2=098  R2=0.98 Rz=0.95
Cappoquinn 1106 Cappoquinn N=49 CFx1.00 CFx0.99 CF x 0.99 CF x0.98
18701994 MAE 1.23 MAE 0.54  MAE 0.89 MAE 1.28
19611976 R2=092 R2=066  R2=0.39 Rz=0.86
Derry Coleraine Cutts N=16 CFx0.98 CFx0.99 CF x 0.96 CF x0.99
18611976 MAE 1.23 MAE 054  MAE 0.89 MAE 1.28
2715 4015 Enniscorthy 19661994 R2=092 R?=085 R2=0.79 R?=0.89
Enniscorthy Brownswood N=29 CFx0.74 CFx0.75 CFx0.83 CFx0.83
18701994 MAE -0.02 MAE 241  MAE 1.64 MAE 1.07
3205 19691994 Rz=0.74 R2=0.93 R2?=0.78 Rz = 0.81
Killarney 3205 Killarney N=26 CFx119 CFx093 CFx1.10 CFx1.13
18611994 MAE 921 MAE 454  MAE 3.07 MAE 7.53
636 19401995 R2=094 R2=096  R2=0.97 Rz=0.96
Markree Markree N=56 CFx101 CFx101 CFx1.01 CFx1.02
18331995 MAE 0.82 MAE 2.04  MAE 2.60 MAE 2.40
18901990 RZ=0 70 R?=067  R?=0.63 R?=0.68

Roches Point Cork N=101 CFx1.14 CFx1.07 CFx0.97 CFx 1.07
18901990 MAE 402 MAE278 MAEG5.15  MAE 33.61
112 7412 Waterford 19661994 RZ=0.80 R2=0.95 R? =0.61 R?= 057
Waterford Adamstown N=28 CFx1.03 CFx1.09 CFx101 CFx1.01
18431994 MAE 0.18 MAE3.17 MAE223  MAE 11.47

Table 3.1 Bridging metrics for 13 stations (3 archived stations followed by 10 CRU stations).
Details of the donor station(s) are provided together with overlapping years on which seasonal
regression models were derived. The quality of the bridging is shown by themount of
explained variance (R2), Mean Absolute Error (MAE) and derived seasonal Correction Factor
(CF). All regression models are significant (p<0.05).
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Metadata and methodological information were gathered for the CRU series (ses,
comm). When tanscribing and digitising the eight new stations careful note was made of
available metadata and station notes on hardcopy records for both primary and donor
stations. Other metadata and station notes were derivedMignktireannand Armagh
Observatory. A metadata collected are documented in detailAppendix 1 This
information was used to check breaks detected by the homogenisation process described

below.

3.2.3Data Homogenisation

The HOMER (HOMogenisation softwarE in R) package was a key deliveralitee of
COST action HOME and represents a synthesis of homogenisation approachesdiMestre
al.,, 2013), including PRODIGE (Caussinus and Mestre, 2004), ACMANT (Domonkos,
2011; Domonkoset al., 2011) and CLIMATOL (Guijarro, 2011). HOMER is an
interactive semautomatic method for homogenisation where the user can take advantage
of available metadata in the detection and correction of time series (Verttcalk
2015). HOMERwas deployedo detect and correct inhomogeneity in the 25 monthly [P

series and toxtend all records to a common period 1848110.

HOMER detects change points (or breaks) using dynamic programming (Hawkins, 2001),
penalized likelihood criteria pairwise comparisons, and joint segmentation (Ricakd

2011). This study deployed pairvse comparisons as adopted by PRODIGE. This
algorithm implements optimal segmentation with dynamic programming, an information
theory based formula for determining the number of segments in time series (Caussinus
and Lyazhri, 1997), and a netwernkde unified correction model based on a two factor
ANOVA model (Caussinus and Mestre, 2004; Mestral,, 2013; Mamarat al, 2014).

In pairwise testing, reference series are treated as sections of the time series between two
change points. Reference series apengared with all others from the same climate
region to produce series of differences between the candidate and others in a defined
network. Difference series are then tested for change points (M&mara2014). Once
detected breaks have been checked against metadatdjomogenous series are
corrected using an ANOVA model (for a full technical description see: Messte2013

and Mamarat al.2014).
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Creation of a reference network for a given candidate station is a key step in the
homogenisation process. The network can be defined based on geographic proximity or
station correlation. To ensure that candidate stations have sufficient reference &iations
each year of the series, it is necessary to set the minimum number of reference stations
(Vertacnik et al., 2015). Rather than use geographic distance options fefatively

sparse network, first difference correlations were used to identify I2metestations for

each candidate station as recommended in the literature (Alexandersson and Moberg,
1997; Petersost al.,1998;Gpanek and Mikulova2008; Collet al, 2014). Further, the
selection of 12 neighbours facilitated the homogenisation ar@h&ion of all series to a
common period of 185Q010 while avoiding a known limitation of the software to
correct when there are many blocks of missing contiguous data distributed across
candidate and/or reference series (€bkl, 2015).

A threestage application of HOMER was adopted to allow greater scrutiny of detected
inhomogeneity before corrections were applied. First, basic quality control and network
analysis were performed. Outliers were identified using both HOMER and visual
inspection by déning minimum and maximum monthly outlies values exceeding
+1.96 standard deviations from the respective series nié@ninitial identified outliers

were checked against correlated reference stations as well as metdaatrroneous
values were edy identified asin most casethey were not comparable with correlated
stations andconsiderably excee@d the +1.96 standard deviationthreshold Once

idenified thelikely cases were removdrbm the series

Second, HOMER was run to identify breaks within each time series. Detected breaks
were not corrected automatically; all were checked for consistency with correlated
reference stations and by scrutiny of metadata. Third, following confirmation of breaks
with available metadata HOMER was used to correct series for inhomogeneity and
missing values. Following the recommendations of Veneshaal (2012) annual
correctionswere applied in PRODIGE with multiplicative corrections applied using the
amplitude of deteted breaks. Therefore, for a break amplitude of e.g. + 0.15, the data
before the detected break is multiplied by 1.15 (increase in mean of 15%). As a final step
HOMER is used to infill missing data for all series to 1850. PRODIGE allows correction
of the missing data using adjustment based on break amplitude with adjustment applied

until the first detected change point of the series.
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3.2.4Quality Assuring Homogenised Series

Following application of HOMER quality assurance of homogenised series was
undertakenin three ways. First this study examined sensitivity of break detection to
network density. Previous experience recommends that at least 50% shared va)iance (r
is needed between candidate and reference series (Schedingler2003; Aueret al,

2005) At lower levels, detection of discontinuities can be hampered by statistical noise.
Scarcity of long records means that station density is relatively low across the island, yet
extension to a common period required selection of 12 reference statiomsclor
candidate to avoid issues of excessive missing data. Both of these objectives have the
potential to lessen the availability of sufficiently correlated reference stations. Thus, the
sensitivity of break detection to network density was explored foymeing HOMER for

all stations over the period 192010 using a finer network of 211 digitised precipitation
stations. Break detection frequency and consistency of timing of breaks in the period

19412010 using both networks was examined.

Second, the Pttt (1979) statistic was used to examine the HOMER homogenised annual
[IP station series for any remaining change points. The Pettitt test is an absolute,
nonparametric test for detecting change points, and is relatively insensitive to outliers and
skeweddata (Pettitt, 1979). The null hypothesis (no change point in time series) against
the alternative (an upward or downward change point in a given year) was tested at the
0.05 level. Finally, this research constructed an Island of Ireland precipitatiprs¢HEs
derived as the unweighted average across all stations for the perio@@Bh0both to
assess variability and change at the island level but also for comparison with overlapping
periods in other long running climatological series, including; Ehgland and Wales
Precipitation (EWP) series (Alexander and Jones, 2001) and storminess indices for the
British-Irish Isles (Matthewet al. 2015) . Spearmanbés rank cor
between seasonal and annual IIP series and the North At@stillation Index (NAOI)

(accessedtittp://www.cru.uea.ac.uk/cru/data/ngo/

3.2.5Analysing variability and change

Variability and change was assessed for all 25 homogenised stations in the IIP network
together with the IIP series. For each statioryddr moving averages for annual and

seasonal (winter (DJF), and summer (JJA)) series were computed. Driest/wettest years
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were identified annually and seasonally at all 25 stations and the 1P series)enkier
compared to EWP. The ngrarametric MantKendall (MK) test (Kendall, 1975) was

used to detect monotonic trends in seasonal and annual mean series for each IIP station
and the IIP series. The MK test statistic (Zs) has mean of zero and variance. of
Positive (negative) Zs indicates a positive (negative) trend in precipitation. The magnitude
of Zs indicates strength of the trend. Trend significance was assessed at the 0.05 level
using a twetailed test. The null hypothesiblp, of no trend (posive or negative) was
rejected if MK |Zs| > 1.96. Homogenised series were also checked for lag one serial
correlation (no lag one autocorrelation detected 0.05 level). Following Wilby (2006) and
Murphy et al. (2013) dependency of trends on the period of record was investigated by
varying the start year of the analysis to explore trend development over time. The MK Zs
statistic was first calculated over the full record, i.e. 18600, then 1852010 and so

on,to a minimum record length of 30 years. Finally, trends in seasonal means for the IIP
series were assessed using a moving windows approach for all possible start and end dates

with a minimum record length of 10 years.
3.3 Results andChapter Discussion
3.3.1Homogenisation and extension to 1850

Following updating and bridging procedures record lengths across the 25 IIP stations
range between 101 and 161 years with mean 139.6 years. HOMER identified 12 reference
stations within the network for each candidate statar pairwise comparison and joint
detection of possible break¥able 3.2provides the mean correlation coefficient$ (

along with the range affor each station and corresponding reference network.

Meanr-values for all pairs of candidate and refere seriesanged between 0.58 (Malin
Head) to 0.80 (Foulkesmills). Outlier detection revealed 53 inconsistent monthly values
across 16 stations. The station at the University College Galway (UCG) accounted for
30% of outliers and Valentia for 16%, withethemainder spread across the other 14
stations. HOMER was first run on all series with known outliers included, and the results
scrutinised; series were thenpmcessed in HOMER following the removal of outliers.
However, the distribution of years witireaks detected by HOMER remained the same,
indicating that for this network break detection by the programme is not sensitive to

outliers.
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Station name Meanr Range ofr

Armagh 0.76 0.70-0.82
Roches Point 0.75 0.63-0.91
Athboy 0.78 0.72-0.87
Foulkesmills 0.80 0.6971 0.92
Waterford 0.78 0.661 0.92
Birr Castle 0.76 0.7071 0.87
Mullingar 0.79 0.72-0.88
Drumsna 0.75 0.6671 0.89
Portlaw 0.78 0.6771 0.89
Phoenix Park 0.73 0.6471 0.98
Belfast 0.72 0.6671 0.82
Enniscorthy 0.79 0.691 0.91
erry 0.70 0.58-0.80
Valentia 0.71 0.6471 0.83
Cappoquin 0.79 0.731 0.88
Killarney 0.71 0.67-0.83
Cork Airport 0.75 0.62-0.91
UC Galway 0.67 0.57-0.78
Strokestown 0.79 0.731 0.89
Shannon Airport 0.71 0.621 0.81
Rathdrum 0.78 0.7071 0.86
Dublin Airport 0.74 0.641 0.98
Malin Head 0.58 0.4371 0.75
Markree Castle 0.75 0.6271 0.83
Ardara 0.69 0.581 0.80

Table 3.2 Mean and range of first difference correlation coefficients for the identified
reference station networks for each of the 25 candidate stations.

Eleven stations were found to be homogenous, but 25 breaks were detected by HOMER
across the other 14 stations. Multiple breaks were found in 7 records: six in the UCG
series; two for MalirHead, Belfast, Mullingar, Drumsna, Portlaw and Roches Point; and

a single break point in each of the remaining seven series. Metadata scrutiny revealed that
20 of the breaks detected are coincident with issues such as changes in gauge size and
position, sations closures and moves, previous bridging/infilling and updating of records.
Table3.3 listsyears of break detection alongside metadata for each case. Years for which
no explanation could be found are highlighted in bold. There is little consistetinying

of break detection throughout the network with 12 breaks occurring before 1941 (i.e. prior

to transcribing and 13 after.
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Station Year of break Years
(amplitude) n Details from metadata
Cork Airport Station recorariginally constructed by Tabony (1980) using a composite of
18502010 1958 (+0.13) 161 stations. Prior to 1962 data is reported from University College Cork which is at i
lower elevation and is likely to explain the detected break.
Stationrecord originally constructed by Tabony (1980) using Birr and composite
Birr stations up to 1971. Updated to 1994 by Jones and Conway (1997) and updatec
18502010 1851 (+0.27) 161 2010 wusing Birr station records frot
during 1850s may have esed detected break.
Station record originally constructed by Tabony (1980) using composite of statio
up to 1975Reading were made at the telegraphic reporting station (Lloyds tower
120 a height of 230ft. In 1921station moved to the coast guard station and at a heigh
Malin Head 1924 (+0.13) approx 20ft above mskrom 19211940 readings were taken at 01.00, 07.00, 10.0!
18912010 1966 (+0.10) 15.00, 18.00 and1.00 GMT but rarely all 6 times. From 1940 to 1950 only
sporadic readings were taken at 04.00 and 13.00 GMT. 1950 reading times chai
again to 0.600, 12.00 and 18.00 GMT May 1955 a new synopt&tation opened,
with subsequent readings taken onlibar.
Killarney Station record originally constructed by Briffa (1984) from compc_)site of s_tations [
18622010 1980 (+0.13) 149 to 1980. Updated to 1994 by Jones and Conway, (1997). Valentia used in 1972
1976 to infill records and may have causletiected break.
Enniscorthy 1888 (0.10) 140 Station record originally constructed by Briffa (1984) from composite of stations |
18712010 ' to 1980. Updated to 1994 by Jones and Conway (1997). Break unexplained.
Station record originally constructed by Tabony (1980) using composite of statio
Belfast 1898 (+0.09) up to 1977. In 1902 the gauge moved to Royal Academic Institute where estima
18502010 1945(-0.09) 161 were applied and may have been the cause of the detected break in 1898edlo is
in metadata to explain break detected in 1945.
. No explanation in the metadata for break in 1937. Archived station Belvedere
x;;lel.'}g%iro 11%% (;602%) 135 House, Mullingar closed in 1950 and was updated to 2010 using station records
’ Mullingar Town and may have caused break detected in 1950.
Rathdrum 1918 (+0.10) 138 Archived station at Rathdrum was infilled from donor station at Coolatin for the
18732010 ' period 19181923 and may have been the cause of detected break.
Missing months infilled from Strokestown 1921 and 19#%ese years and 1938
Drumnsa 1917 €0.22) considered too low. 1939 records of Drumsna never appeared in British rainfgll.
18932010 1941(+(')40) 1942 50 gauge 1° above ground |l eaki:t1
' 118 shaded by fencing. New gauge installed in sheltered position nearby forrczompa
1943 new gauge now official instrument.
S;;ﬁ)nor:,?n 1930 (0.07) 150 Station record originally constructed by Tabony (1980) using corpposite of stagio
18612010 up to 1977. Change from an 80 to 50
Station record originally constructed by Tabony (1980) using composite of statio
Roches Point 1956(-0.1) to the 1970s. Updated to 1990 by Jones and Conway (1997). Bridged to 2010 u:
18902010 1990 (+0.16) 121 Cork Airport which may have caused the detected break in 1990tedimietadata
with no issues that may have caused detected 1956 break.
11?;;; ((%22%)) Metadata show low values recorded in 1875, 1907, 1920, 1921 and 1933 Which
UCG 1920 (+0.22) 149 pe due tmbserver da}ta entry errors. Up to 1951 the values had been recorded in
18622010 1933 (0 i3) !nches but changed in 1952 to millimetres and cot_JId have been cor_lverted
1952 (+(') 18) |ncorregtly which may g)_(plam the_ detected br_eak in 1952. New station opened 1
1087 (+0.10) but no issues are identified éxplain the break in 1987.
Metadata show that from 1940s to the late 1960s several issues occurred. The r
Portlaw 1941 €0.10) gauge had to be replaced several times due to damage and faults. The observel
18502010 1965 (+(') 12) 161 also using anm rainmeasure and dividing by 2 to convert to inchiesaddition,
' over this period vegetation was high and too close to gauge which may have cat
undercatch.
Ardara Station originally constructed by Briffa (1984) from qoosite of stations up to
18702010 1983 (+0.07) 141 1980. Updated to 1994 by Jones and Conway (1997) may have caused detectet

break in 1983.

Table 3.3 Detected break points across 14 stations showing year and amplitude of break point,
number of years in the series tested andssociated metadata. Breaks shown in bold have no

explanation in metadata.
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Overall break detection frequencies are consistent with other studies in Europe (e.g.
Domonkos, 2014 and references therein). Low break detection frequencies, particularly in
earlyparts of the record are testimony to the quality of work by Tabony (1980) and Briffa
(1984) in constructing composite serieBhe amplitude of detected breaks is also
presented inTable 3.3, Amplitude provides an indication of the magnitude of breaks
detected as well as the amount of adjustment needed to correct the inhomogeneity. Across
all stations and detected breaks the mean absolute amplitude was 0.15. The largest break
(amplitude 0.40) was found for Drumsna in 1941 and associated with a leaky gauge a
positionchanges (Tabl8.3). The smallest break (amplitude 0.07) was found in 1930 at

Roches Point and associated with a change from an eight indlvésiach gauge.

Five breaks could not be explained by the metadata. Rather than blindly apply
adjustments, these cases were further investigated by employing the Mann Kendall test to
examine the persistence of trends for uncorrected series relative to trend persistence for
the fully homogenised networkFigure 34). Attention was paid to two aspscti)
persistence of trends relative to the pattern of change across the network as a whole; and
i) notable changes in trend persistence for individual stations before and after detected
change points. Large deviations from trends in the homogenisediseeorerged. For
Mullingar tests commencing before the identified break point in 1937 show persistently
significant negative trends; after the break point positive trends are found. Other large
deviations in trend persistence around identified break pargsfound for Belfast,
Enniscorthy and Roches Point. Given the proximity of the break at UCG to the end of
record this was more difficult to assess, however, confidence in this break is increased
given the very high MK Zs scores for tests commencing afé&0 together with the
number of previously verified breaks (5) for this record. Given the suspicion raised, all

breaks (confirmed and unconfirmed by metadata) were subject to adjustment.
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Figure 3.4 Persistence of trends for stations with breaks unconfmed by metadata relative
to the persistence of trend for fully homogenised records for all 25 stations (grey lines and
including 11 stations with no breaks detected). Dotted horizontal lines represent critical
values beyond which trends are significant a.05 level

Detected breaks were corrected annually with multiplicative adjustments relative to the
break amplitude applied equally across monthly series. This decision was made as the
HOME COST action found the application of yearly corrections by PRE@D&Ze more

stable and accurate, and hence these are currently recommended for homogenisation of
precipitation networks (Venemat al, 2012). In a maritime climate such as Ireland
variability of precipitation from month to month is low enough to allowhsoorrection.

In addition Auer et al. (2005) and Moisselin and Canellas (2005) recomreetitht the

same annual adjustment factor be applied to all months.
3.3.2Quality Assurance of Homogenised Series

While homogeneous series are defined as those wherabiityiis only caused by
changes in weather or climate (Freietsal, 2013), characterisation of homogeneity
depends on the objectives of the study, the tests used and decisions made when applying
methods. In relative homogenisation, as applied heere,ntbst fundamental issue is

selection of reference series for assessment of breaks at the candidate statieh #duer
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2005). Previous experience recommends that at least 50% shared varfgaisceegded
between candidate and reference series (Sepeifet al., 2003; Aueret al, 2005). At

lower levels, detection of discontinuities can be hampered by statistical noise. The
scarcity of long records means that station density is relatively low across the island, yet
extension to a common period reaur selection of 12 reference stations for each
candidate to avoid issues of excessive missing data. Both of these objectives have the

potential to lessen the availability of strongly correlated reference stations.

Table 32 reports correlation coefficiesit for identified reference stations for each
candidate. However, mean reference network correlations for Derry, UCG, Ardara and
particularly Malin Head (mean r = 0.58) fall below the recommended correlation
threshold of 0.71 (i.e.2r= 0.50) (Scheifingeet al., 2003; Aueret al, 2005).Therefore
sensitivity of break detection to network density is assessed-tunneng HOMER for
candidate stations using a finer density network for the period-202Q. In the main,
consistency of break detection frequermry timing add confidence to results. However,
two minor differences resulted. First, a change in year of break is found at Malin Head
from 1966 to 1955 (1942010 with thelatter breakmore in line with metadata. Second,

at Drumsna two new breaks are detected in 1965 and 1968 in the2Q®d1run.
Metadata reveals concern over a defective gauge in 1968. In 1967 the gauge is reported as

being in good order while in 1969 the gauge isaept(Seeappendix 3.L

Following homogenisation the Pettitt (1979) test was applied to annual series for each IIP
station to check for residual breaks. FrBigure 35 a consistent upward change point in

the early 1920s is apparent for many stations sigdificant (pvalues < 0.05) at
Strokestown, Markree Castle, Athboy, Malin Head and Mullingar. The consistency of
timing and direction of these, in the absence of evidence for changes in measurement
techniques across the island at this time, increaseBdeace that such changes are
climatically driven. There is no evidence from metadata to raise suspicion of a

simultaneous change in measurement practice at this time.

However, caution has to be flagged at Malin Head where a break (associated with station
move) is also detected (and corrected) by HOMER in 1924. Given the lowrnoé#ms
candidate with reference stations the amplitude of detected break may be prone to error.
Significant upward change points are also detected at UCG (1915), Ardara é1@B3)
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Drumsna (1933) with the annual series for each presented in Figure 5. At UCG little
metadata is available but nateat the detected break is small in relative terms with a
3.5% increase in mean annual precipitation for the post 1915 record. It sdsiotimat no
change in trend persistence at UCG around 1915 (F&jbire

The Pettitt test revealed a more complex situation at Ardara and Drumsna where a
simultaneous break point is detected in 1933. Drumsna is part of Ardara's reference
network for pairise detection and vice versa. Metadata reveals independent issues at
both stations in this year which is problematic for relative detection methods with the
consequence that HOMER may have missed an artificial break in both series. The
Drumsna gauge is kmm to underestimate rainfall prior to 1940. HOMER detected and
corrected a break in 1944. At Ardara, Briffa (1984) applied a large bridging correction
factor (+1.57) between 19334.

However, 1933 is also a notable drought year being second driestliR tfsee below)

and Drumsna series and driest at Ardara. Absolute changes in mean annual precipitation
for records after 1933 are also very similar with a 5.8% and 5.3% increase evident for
Drumsna and Ardara respectively. Given this complexity cautiats flagged for both

these series. For all three series (UCG, Ardara and Drumsna) the absolute magnitude of
breaks are small and there is no evidence for major changes in trend persistence around
these yearslLittle evidencewas foundfrom metadata thatrbaks were missed by
HOMER. For Markree Castle, Waterford and Phoenix Park there is reference to gauge
position and height changes early in the record that are not detected by HOMER or the
Pettitt test.
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Figure 3.5Top: Pettitt test for change points inmean annual precipitation. The grey shaded
region indicates the region in which pvalues are interpreted as significant (0.05 level). Time
series plots (lower 3 axes) illustrate the mean annual precipitation at the stations with
significant change pointsoutside the 1920s (see text for further detail). These change points
are highlighted with dotted vertical lines; the colours of which correspond to the respective
time series. Note that Ardara and Drumsna both have change points in 1933, hence the blue
and red dotted lines are overplotted. The dotted (solid) black horizontal lines illustrates
mean values before (after) the identified change point; the shaded region spans + 1 standard
deviation.

3.3.3Variability and change in the IIP network

Variability and change was assessed across the catalogue of 25 HOMER homogenised
rainfall series. Figure8.6, 3.7 and 38 present annual, winter (DJF) and summer (JJA)
smoothed series for each station along with trend persistence for both homogenised
(1850-2010) and nothomogenised series (start year to 2010). In smoothing series an 11
year moving averagevas usedto highlight lowfrequency variability. For stations

revealing breaks, MK Zs statistics before/after homogenisation show large differences in
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trends. At Mullingar the trend in annual precipitation changes from significant (0.05
level) negative to significant positive. At Killarney, Cork, UCG and Malin Head,

exceptionally large MK Zs scores in annual precipitation are removed following
homogenisatin. Such differences highlight the importance of this work in increasing the
confidence with which variability and change within the network can be assessed

following homogenisation.

For annual indices the majority of stations show -smmificant positive trends
throughout the record. However, Killarney, Cappoquinn and Foulkesmills show negative
trends for long records. The greatest number of significant (0.05 level) trends was found
for tests commencing in the 1880s, with trend significance highly depeadeperiod of
record tested. In winter, with the exception of Foulkesmills, Cork Airport and
Cappoquinn, long records show a tendency for positive trends. The strongest positive
trends are found for Markree Castle, Malin Head and Ardara with signifigdi level)

trends found for records commencing before 1890 for these stations. However, in winter
shorter records are not representative of loigen trends with all stations showing
negative trends for records commencing after 1980.

In summer, longacords show a tendency for negative trends, with significant (0.05 level)
trends found for stations in the south and east (Killarney, Cappoquinn, Enniscorthy,
Foulkesmills, Athboy and Rathdrum) for tests commencing before 1880. Again, shorter
records are ot representative of long term trends. For tests run from thel®&%fs
onwards all stations show positive trends, many of which are significant from the mid
1960s to miell970s.
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The notable yearswvere assesseloth seasonally and annually for the extended and
homogenised network. Table43shows the wettest/driest years for each station. On an
annual basis the exceptionally wet years 2002 and 1872 stand out. Year 1872 was the
wettest at Ardara, Derry, Cappoquinn and Waterford with 2002 being wettest at Belfast,
Strokestown, Drumsna, UCG and Dublin Airport. 1887 is the most frequently identified
driest year (6 stations), followed by 1933 (4 stations) and 1893 (3 stafinmspars

1891 and 1964 rank as those with the driest wintersne and six stations respectively.
Years 1877, 1994 and 1995 stand out as wettest ranked winters across 12 stations. In
summer, 1995 is driest at 6 stations (Armagh, Athboy, Phoenix Park, Foulkesmil
Enniscorthy and Rathdrum) while 1976 is driest at Belfast, Birr and Mullingar. In terms

of wettest summers, 1861 ranks top across 8 stations located along the west coast while
1958 is wettest for stations in the east. Latter years of the 2000s aldmstedbecause of

wet summers (in 2007, 2008 and 2009). Spring 1947 was the wettest for 15 stations with
both 1995 and 1976 notable as the driest springs.

3.3.4Variability and change in the IIP Series

— IIP — EWP

s09 MWWW\/\ o
200

240

‘/W”"W 200

r = 0.68 200
MMW 200

160

r=0.76

Winter (mm)

Spring (mm)

Summer (mm)
=N NN
0 ON & G0
coooco0o

160 360

340
320
r=0.71 300
280
260
240

1200 220

1100 W
= 1000 r=0.71

Autumn (mm)

Annual (mm)
©
o
1)

Figure 3.9 Comparison of smoothed (11 year moving averay Island of Ireland
Precipitation (IIP) and England and Wales Precipitation (EWP) (mm) for the common
period 18562010. Plotted from top are winter, spring, summer, autumn and annual series.
Also shown are Spearman's rank correlation coefficients

63



Figure 3.9 shows an annual and seasonal comparison between the smoothyedhr11
moving-average) IIP and England and Wales Precipitation (EWP) series for the period
18502010. Of note is the close correspondence of series acrossaatins. Table 3.5
shows theranks of seasonal and annual wettest and driest years for the IIP series. The
wettest year in the 161 year record is 1872 with wettest seasons being 1994 (winter), 1947
(spring), 1861 (summer) and 2000 (autumn). In the EWP series for the period analysed
1872 is also the wettest year while in winter 1994 ranks 4th wettest; 1947 ranks 2nd in
spring. The wettest summer in the EWP series for &AM is 1912 which ranks 4th in

[IP. In both series 2000 is the wettest autumn in the period. The 1870s featusnfieq

in the wettest ranks for the homogenised IIP series.

In addition to 1872 being the wettest year, 1877 ranks as the 7th wettest year and the 5th
wettest winter, 1879 is the 3rd wettest summer and 1875 the 4th wettest autumn. The
2000s also featurdarsngly in the ranks for wettest summers and autumns. The sequence
of very wet summers in Ireland in 2007, 2008 and 2009 rank as 8th, 2nd and 4th wettest
summers respectively over 183010. For IIP the driest year is 1887 which ranks 2nd in
EWP, while thedriest summer is 1995 in both series for the period -Z&A®. Spring

1893 is the driest in both series. For the IIP record 1933 is the driest autumn while the

driest winter was recorded for 1891 followed by 1964.

Strong correspondence is also eviderthwie storminess indices produced by Matthews

et al. (2015) for the BritisHrish Isles. Year 1872 (wettest year in IIP series) ranks as the
stormiest year in the period to 2010 and is explained by exceptionally high cyclone counts
for the region. The sead and third wettest years in the IIP series (2002 and 2009
respectively) also rank highly in terms of storminess. Further similarities with Matthews
et al. (2015) include 1915 being ranked as the stormiest winter and 4th wettest in the IIP
series. Autumn2000 ranks as the wettest for IIP and highest for cyclone counts.
Spearman's rank correlation coefficients were derived for annual and seasonal IIP series
and the corresponding NAO index (NAOI) (i.e. winter IIP and winter NAOI etc.).
Statistically signifcant (0.05 level) but weak positive correlations are found for winter (

= 0.295), spring r( = 0.202) and autumnr (= 0.116). IIP summer precipitation is
significantly and negatively correlated with summer NA©OE(-0.154). A positive but
nonsignificant correlation is found between annual NAOI and annuat BHRO(116).
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Winter Spring Summer Autumn Annual

Station Wettest Driest Wettest Driest Wettest Driest Wettest Driest Wettest Driest
Ardara 1937 1963 1986 1929 1861 1984 1954 1933 1872 1933
Derry 1994 1891 1907 1929 1956 1885 1872 1915 1872 1933
Malin Head 1995 1891 1916 1900 1861 1900 1967 1894 1954 1900
Armagh 1877 1891 1947 1870 2007 1995 1870 2007 1852 1933
Belfast 1877 1964 1947 1875 2007 1976 1954 1933 2002 1855
Strokestown 1994 1891 1947 1929 1861 1913 1954 1933 2002 1921
Markree 1995 1964 1985 1852 1861 1864 1917 1856 1924 1864
Drumsna 1994 1964 1947 1929 1861 1909 1954 1922 2002 1929
Birr 1995 1964 1947 1915 2007 1976 2000 1912 1946 2003
Athboy 1994 1891 1947 1893 1958 1995 1944 1893 1924 1893
UC Galway 1995 1891 1986 1918 1879 1940 1954 1871 2002 1905
Cappoquinn 1883 1992 1931 1893 1903 1909 1875 1919 1872 1921
Mullingar 1915 1891 1947 1953 1861 1976 2000 1922 2002 1887
Phoenix Park 1979 1891 1947 1929 1958 1995 1960 1904 1958 1887
Dublin Airport 1979 1964 1947 1929 1958 1887 2002 1904 2002 1887
Shannon 1995 1964 1994 1893 1861 2006 2000 1933 2008 1933
Airport

Portlaw 1966 1855 1931 1896 1903 1869 2006 1919 1903 1887
Foulkesmills 1912 1907 1947 1990 1912 1995 1875 1978 1928 1887
Enniscorthy 1966 1855 1947 1893 1997 1995 1875 1969 1960 1893
Rathdrum 1966 1891 1947 1893 1958 1995 1960 1893 1966 1893
Valentia 1915 1934 1913 1893 2009 1940 2000 1932 2009 1971
Cork Airport 1883 1855 1947 1990 1878 1869 1881 1942 1881 1854
Killarney 1995 1963 1903 1893 1861 2006 1916 1922 1861 1971
Roches Point 1900 1992 1947 1990 2008 1909 1960 1919 1928 1887
Waterford 1912 1855 1947 1893 1997 1913 2006 1919 1872 1893

Table 3.4 Seasonal and annual wettest and driest years for each station in the extended and homogenised IIP network-2850.
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Variability of trends within the IIP series was examined using a moving windows
approach to assess trends asrall possible start and end dates (minimum of ten years).
The resulting trends in seasonal precipitation for the IIP series are preseiftigdran

3.10 For winter long records show positive trends; however, significant (0.05 level)
trends are only assmted with tests commencing before 1860. As with station based
analyses, shorter records are not representative of longer term trends. For tests
commencing after 1910 negative trends are evident for the winter IIP series. For spring,
the full record lendt shows weak positive trends with the direction and significance of
trends dependent on period of analysis. Significant positive trends are found for tests
commencing between 1930 and 1940. In summer, long records show significant (0.05
level) negative tneds. These trends only become significant for tests ending after the
1970s. Again the period of record is critical with tests commencing after the 1970s
showing positive trends. Finally, positive trends are found for all start years in autumn,
however sigiiicant trends are only returned for series commencing between 1880 and
1910.

Winter Spring Summer Autumn Annual
Rank Wettest Driest Wettest Driest Wettest Driest Wettest Driest Wettest Driest

1st 1994 1891 1947 1893 1861 1995 2000 1933 1872 1887
2nd 1995 1964 1981 1990 2008 1913 2006 1922 2002 1933
rd 1883 1855 1913 1929 1879 1869 1954 2007 2009 1855
4th 1915 1934 1986 1944 2009 1870 1875 1919 1852 1971
5th 1877 1953 1920 1887 1912 1976 1982 1912 1928 1893
6th 1966 2006 1897 1915 1958 1975 1944 1879 1903 1975
7th 1990 1858 1993 1975 1860 1983 1960 1854 1877 1953
8th 1869 1874 2002 1984 2007 1940 2002 1855 1960 1921
9th 1937 1963 1862 1875 1985 2006 1916 1893 1924 1854
10th 1974 1888 2006 1938 1852 1959 2009 1942 1958 1919

Table 3.5 Top10 ranked wettest and driest seasons and years from the homogenised and
extended Island of Ireland precipitation (1IP) series 1852010

In summary, for both the IIP and individual station series there are few persistent trends
evident with the magnitudelirection and significance of trends highly dependent on the
period of record in all seasons due to strong idémradal variability. For the typical
period of record available for digitised data, trends in winter and summer are not

representative of redsl from longer records, while even shorter records commencing
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from the 1960s onwards show negative (positive) trends in winter and summer.
Coherence in the temporal evolution of trends across all stations for both annual and
seasonal indices increases ¢gafce in the homogeneity of the network, as does the
close correspondence with the England and Wales precipitation series and storminess
indices of Matthewst al. (2015).
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Figure 3.10 Moving windows trend tests for seasonal Island of IrelanBrecipitation (lIP)
series. Trends calculated using the Mann Kendall test with MK Z statistic plotted for all
combinations of start and end years (minimum of ten years). Significant (0.05 level) trends
have a MK Zs > |1.96|. The yaxis denotes start year ad x-axis the end year of analysis.
Blue indicates positive trends; red negative trends.

3.4 Chapter Summary

This chapterhas constructed an extended Island of Ireland Precipitation (IIP) archive for
the period 1852010 using a suite of homogenisation taghas. The resulting network,
comprising 25 stations together with a composite series for the Island of Ireland,

highlights the vital importance of lortgrm records in contextualising climate variability
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and change. Regionally, the derived IIP serieseisd in longevity only to the EWP
series; hence its addition to the research field offers rich opportunities to understand long
term variability at the scale of the Britdhsh Isles- a sentinel maritime location on
Europeds At |l ant noe between siatected Greaks aadsapadable raetadata
demonstrate the value of applying qualitative and quantitative techniques in parallel.
Following homogenisation and adjustment of detected breaks using HOMER the
assessment of variability and change ower pperiod 185@010 indicates positive trends

in winter and negative trends in summer precipitation. Trends in records covering the
typical period of digitisation (1941 onwards) were not always representative of trends
since 1850. Furthermore, results pbemogenisation revealed changing magnitude and

even direction of trends at some stations.

While cautionary flags are raised for some stations, confidence in the derived series is
increased by collating metadata for each station, by coherence of trends #te
network, and by consistency with the England and Wales Precipitation series (Alexander
and Jones, 2001), cyclone metrics derived for the Btitish Isles (Matthewset al,

2015) and consistency with the North Atlantic Oscillation Index (NAGHpr
transparencythis study provides all available metadata as supplementary information

(Appendix 1)and encourages this as standard practice in homogenisatiors.studie

There is much scope for developing this initial work. Further stations could be tdded
the network by recovering additional hardcopy data from the archives using the methods
adopted here. This would be particularly important for increasing confidence in the
homogeneity of early parts of the record and for increasing confidence in lateakiah

for stations with low correlations among reference networks. As an artefact of availability
of long records there is also spatial bias in the IIP network that such future work could

address.

Finally, thischaptershows the sense of advancing ustinding of Irish climate on an all
island basis using a network that could have wide utility in future research and in

delivering improved baseline data for climate services. To this end the dataset produced

here is freely available for use and downloadvevw.met.ie/download/Lond ermtIP-

network.zip or by email withthe author. As far as known, this work represents the first
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application of HOMER to a lonterm precipitation network anbdodes well for use in

other regions.

This chapter has addredisesis objectives 1, 2 and .30bjective 1: Chapter 3 has

expanded and exteedthe existing long ternmonthly rainfall catalogue bydentifying

and digitising suitablehard copy archivedhontHy rainfall records heldiMet £1 r eann 6
archives In addition,detailed metadata and station histbeve been compiled and made

available for future researclbjective 2: This chapter hasneticulously checked the
precipitation records fohomogemity using state of the art methods ashetailedstation

metadata and station not&bjective 3. Chapter 3has alsaconducteda comprehensive

analysis ofhow rainfall has changed in Ireland at the longer time sd#lis.chapterhas
alsoanalysedong term, quality assured precipitation records for evidentesods while

contextualigng recent extremes.

The next chapter will deal witthesis objective 4 Chapter 4will further analysethe
long-term precipitation records tproduce adetailed historical droughtcatalogue for
Ireland Furthermore, galitative historical documentary evidence will be accessed from
available sources to validate the results and add confidence to the results.
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4 A 250 year drought catalogue for the island of Irand
(17652015)

4.1 Introduction

Recent decades have witnessed severe drought events across Europe &Fj@004;
Lennardet al.,2014; Toddet al.,2013; Spinoniet al., 2015; Marsh, 2004) with serious
impacts including reductions or loss of water supply, decreased agricultural production
and power generation, environmental degradation and even loss of life (Cole and Marsh,
2006; Briffa et al., 2009; Hannaforcet al., 2011; Lennardet al., 2014). Appropriate
drought planning, particularly in the context of future climate change begins with
understanding the magnitude and semonomic impacts of past events. To this end a
growing number of studies are using letegm obsevations alongside documentary
evidence to identify and assess historical droughts (Mishra and Singh, 2010; @bsling
al., 2012; Wattset al.,2012; Lennarcet al.,2014; Lennarcet al., 2015; Kingstoret al.,
2015).

For example, Marstet al. (2007) and ©le and Marsh (2006) identify periods of
prolonged drought in the UK during 183860 and 1891910- which were attributed to
sequences of dry winter and summer seasons. Using long term observatiorR801L6Q7
Todd et al, (2013) reconstructed droughtsrass the southeast UK, identifying several
drought rich periods including 194350 and 1974978. Spraggst al (2015) identified

long drought periods in the $9Century, with the most notable being 188860 for the
Anglian region (UK). Barkeet al (2004) reconstructed 200-year precipitation series
Central English Lake District, noting prolonged dry spells in the 1850s, 1880s, 1930s and
1970s.

Going back further in timeBrazdil et al (2013) used documentary, proxy and
instrumental sources to m@struct droughts for the Czech Lands from 1090, identifying
two important drought rich periods (in 186874 and 200£012). Cooket al (2015)
constructed an AOl d World Drought Atl aso
instrumental records, treengs and documentary sources to identify mégaughts and
pluvials. Others have reconstructed ldagn gridded monthly and seasonal precipitation

records for Europe using proxy sources and {tamg observational data sets (e.g. Casty
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et al, 2007). Cast et al. (2005) revealed that 1540, 1921 and 2003 were the three driest
years in the last 500 for the European Alps. Paudih@l (2006) find that the driest
seasons in the past 500 years occurred in winter 1774, spring 1686, and autumn 1669 with
extremdy dry summers in 1666 and 1669. Despite their increasing availability, such long
term precipitation reconstructions have generally been wundised for drought

assessment.

In Ireland, less detailed work has been conducted on historical droughts. §dagi@o)
investigated the impacts of the severe drought of 11976. Mac Carthaigh (1996)
analysed the 1995 drought from a water management perspective-sfi@gealysis of
drought at Armagh Observatory, highlights that the lowest rainfall amoumts iIgnords
began in 1836 fell between April to August 1973 [aoghdg 1979). Beyond recent
experience, historical droughts were briefly discussed by Dooge (1985) for the period AD
7591408. More recently, Wilbet al (2015) examined the persistence ofteaeological
droughts using the Island of Ireland Precipitation (IIP) network 288 (Nooneet al,

2015). This study demonstratéde potential for below average rainfall to persist for
periods in excess of ten years, thus highlighting Ireland's \abii¢y to longdry-spells.

To further understand historic droughts across the island of Ireland this research uses the
[IP network to construct a detailed catalogue of drought events for the perio@Q@B850

To extend this further this research emplayailable precipitation reconstructions for the
period 17651849. Available documentary sources are integrdte (i) support the
guantitative findings and (ii) explore the so@oconomic impacts of notable droughts.
Section 4.2 describes the datasetsmethods employed; results are presented in section
4.3 with the main findings and future work discussed in sectibntide conclusions are

set out in section 8.
4.2 Data and methods
4.2.10bserved Rainfall 185@015

The Island of Ireland Precipitation (IIP) matrk (Nooneet al, 2015) consists of
homogenous monthly rainfall totals for 25 stations (Figure 4.1) and an Island of Ireland
(lol) series calculated as the arithmetic mean of all stations. Neicade (2015) used the
HOMogenisation softwarE in R (HOMBERpackage (Mestret al, 2013) and station
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metadata to homogenize and infill/extend all records for the period2@BD Here, all

stations in the IIP network and the lol series are updated to December 2015 using data

provided by the Irish meteorologicsérvice (Met Eireann). Where station closures have

occurred or no data were available, bridging using correlated neighbouring station records

was undertaken using linear regression (intercept of zero) to derive seasonal adjustments

(as in Nooneet al., 2015). The updated IIP network and lsériesare employed to

identify historic droughts over the period 183015.
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Figure 4.1 Location of the 25 stations in the Island of Ireland Precipitation (IIP) network
and the abbreviated station names used later ifater figures. Also shown are counties of
Ireland to provide context for documentary references to locations.
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4.2 .2Reconstructed Rainfall 1768849

Castyet al (2007) provide gridde@.5 x 0.5) monthly precipitation reconstructions for

the North Atlantic/ European area (80°N and 50W-40°E) for the period December
1765 to November 2000. Paulieg al (2005) describe the methods used to reconstruct
the monthlyprecipitationwhich involved priipal component regressiorcteiques. The

study used prediors such as long instrumental records and precipitation indices derived
from documentary evidence and natural proxies (e.grings, icecores, corals and
speleothem) to reconstruct the pre@pon (15001900). The study nosesome reduced

skill in reconstructios are present in sonregionsdue toreduced predictor availability

over certain periods (Paulingt al 2005).Data from 1900 onwards being the gridded
CRU TS2 reanalysis (Mitchell dnJones, 2005 To further extend the drought analysis,
gridded precipitation reconstructions are extracted for the Irish land area to produce a
composite series of monthly rainfall totals. Monthly regressions (intercept of zero) were
derived for data ovéapping the lol series (1852000) and used to adjust the
reconstructed to the homogenised lol series. This extended monthly series (December
1765 to December 1849are referred to as lolextseries In assessing drought

characteristics the lolext series is analysed separately to thetii®rkfor 18502015.
4.2.3Standardized Precipitation Index

The widely used Standardized Precipitation Index (SPI) (Moktesl, 1993; Guttman,

1999; LloydHughes andSaunders 2002; Redmond, 2002; Guttman, 1999; Van Loon,
2015) is used to identify drought events. This index was selected as it is applicable to
monthly series, does not require additional climatological variables, and is recommended
as a key drought indi¢or (WMO, 2012). The SPI is calculated by summing precipitation
over specified accumulation periods (typically, 1, 3, 6, 9, 12 and 24 months) and fitting
accumulation series to a parametric distribution from which probabilities are transformed
to the stadard normal distribution (McKeet al, 1993; Guttman, 1999; Lloydughes

and Saunders, 2002). SPI values give standard deviations from typical accumulated
precipitation for a given location and time of year. This allows the frequency, duration,

intensity and magnitude of drought events to be quantified and compared even across

73



climatologically different regions (McKeet al, 1993; LloydHughes and Saunders,
2002; Jenkins and Warren, 2015). SPI values between 0.9908f1 are generally
considered to beear normal;1.00 to-1.49 is moderate droughtl.50 to-1.99 is severe
drought, and less tha@.00 is extreme drought (WMO, 2012).

Choice of accumulation period, reference period and statistical distribution are key
methodological decisions when applgi SP1. Shorter accumulation periods6(inonths)

are useful for examining agricultural drought, whilst longer duratiorZ4(onths) are
more indicative of hydrological drought and water scarcity (WMO, 2012). Given the
objective of examining impacts assmultiple sectors this study derives -3Rlusing the
GPED package i n R (SBreagou261B8)2cafit aagantma Wistribidion ttoe
accumulated precipitation. Staggeal, (2015) examined candidate distributions for SPI

of various accumulatianacross Europe and confirmed the utility of the-paoameter
gamma distribution for accumulation periods greater than one mohéhSPF12 was
derived separately for reconstructed and observed series with normalisation performed
relative to the medianrgcipitation of their respective full records (i.e. 176%9 and
18502015).

4.2.4Drought Identification

Following previous analyses, drought commencement is defined as the month in which
SPF12 falls below-1.00, with the return to positive values indicating the month of
drought termination (Mishra and Singh, 2010; Lenredrdl, 2014; Lennarcet al, 2015)
Variability in the drought climatology of the lol composite series is examined by deriving
30 year accumulations of SP2 for identified droughts in all (ovdapping) 30 year
periods from 188P015. Additional statistics were derived for each droughgng

including:

Duration: number of months from commencement to termination
Accumulated deficit: sum of SRR values during the event
Mean deficit: Accumulated deficit divided by drought duration

Maximum intensity: Minimum SP12 value achieved duringdlevent
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Given the focus on long droughts, these statistics are used to identify events in the lol and
lolext series of greater thab8month duration. Selection of 18 months allows this
research to look in detail at droughts exceeding approximately thep8€centile of all
events in terms of duration. Given the impracticality of identifying uniform start and end
dates for events across 25 stations, drought rich periods are examined in the IIP network.
These are defined as years in which at least 40%hefstations in the IIP network

experience drought events of at leB&monthduration.
4.2.5Documentary Sources

Documentary evidence is used to confirm the occurrence of drought events and to
examine their socke@conomic impacts. Digitised and searchabléohisal print media are

accessed through the Irish Newspaper Archwevw.irishnewsarchive.con Sixteen

national and regional titles are included (Table 4.1) which collectively spanned various
political positions. Of particular note are theelfast Newsletteand theFr e e man 6 s
Journalwhich began reporting in the early and riigth Century respectively. A further

nine titles commence in the 19th Century with many continuing to present day. Drought

start anl end dates identified from the SPI analysis were used to guide the search of
newspaper archives for articles containing
6crop failurebd. For inclusion in tttyem anal y:¢
either the title or main text. Identified articles were saved by month and year of reporting

and used to develop insight into the timing of drought development, associated impacts

and responses to each event. Historical documents are also utiibadirig; the 1851
Census of Ilreland (Wilde, 1851), Ri chard M.
(Barrington 1888), the British Rainfall rep
Rural Gleanings or Facts worth Knowing (Whistlecraft, 1851)
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Publication

Title Abbreviation Start and end year County Frequency
Belfast Newsletter BN 09/01/1738 30/08/1890 National (NI) Daily
Freemands J:FJ] 03/01/1763 19/12/1924 National Daily
Kerry Evening Post KEP 1813- 1917 Kerry Weekly
Tuam Herald TH 13/05/1837- Current Galway Weekly
Nenagh Tribune NT 21/07/1838 Current Tipperary Weekly
Irish Examiner IE 30/08/1841 1999 National Daily
The Nation N 15/10/1842- 05/06/1897 Dublin Weekly
Tralee Chronicle TC 18/03/1843 20/05/1881 Kerry Daily
Anglo-Celt AC 06/02/1846- Current Cavan Weekly
Western People WP 04/05/1889 Current Mayo Weekly
Meath Chronicle MC 01/05/1897- Current Meath Weekly
Longford Leader LL 14/08/1897- Current Longford Weekly
Kerryman K 20/08/1904 Current Kerry Weekly
Irish Independent Il 02/01/1905 Current National Daily
Connacht Tribune CT 22/05/1909 Current Galway Weekly
Irish Press IP 05/09/1931- 25/05/1995 National Daily
Irish Framers Journal IFL 16/03/1957- 26/12/1998 National Weekly
Irish Times IT 1785- Current National Weekly
Nenagh Guardian NG 21/07/1838 Current Sligo Weekly
Leinster Express LE 24/09/1831- Current Offaly Weekly

Table 4.1 Newspaper titles accessed through the Irish Newspaper Archive
(www.irishnewsarchive.con) together with the abbreviations used in text, the start and end
dates of publication, readership (national/county) and frequency of publication.

4.3 Results
4.3.1Update of observations anektension using reconstructions.

Results of the IIP network update to December 2015, together with stations used for
updating and the seasonal corrections applied are presented in Table 4.2. Of 25 IIP
stations, 17 were updated by appending the Z2Wb data to station records. For 8
statons, bridging to neighbouring gauges using seasonal regressions was necessary due
mainly to station closures. Seasonal adjustments range from 0.79 at Enniscorthy for
spring to 1.03 at Athboy for autumn. The largest mean actual error (MAE) (9.85 mm) is
as®ciated with the bridging of summer precipitation between Glenties (donor) and
Ardara (IIP station). Following extraction of monthly precipitation for the island of
Ireland from Castyet al, (2007), data for the reconstructed period (:1889) were

adjuged to the lol composite series. Monthly adjustment factors derived for the
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overlapping period of 185R000 are shown in Table 4.3. Monthly adjustments are all

within £10 per cent, while July and November show largest MAES.

Donor Winter Spring Summer Autumn
IOF Station Station
(overlapy # CF MAE # CF MAE # CF MAE P CF MAE
Belfast ﬁ‘;g"’;g}‘g 0.83 087 339 085 095 194 081 098 654 084 090 0.26
Victoria
Birr Lock 0.63 101 210 082 105 -1.02 063 094 338 069 1.00 0.15
(1941-2010)
Ardara %%1%%&010) 0.77 0.89 -361 086 0950 -3.02 0.87 0.87 985 0.89 0.89 049
Delvin
Athboy Castle 072 1.08 355 086 1.10 190 051 0.8% 654 092 103 025
(2000-2010)
Coleraine
Derry Cuts 068 098 417 061 1.01 -2.11 064 097 698 062 1.00 030
(1961-2010)
UC Galway Knock 076 099 152 053 109 -0.76 065 1.02 264 0.63 1.00 0.11
© (1997-2010)
Station
Cappoquinn  House 0.83 080 -0.79 076 0.79 -043 0595 075 146 093 0.80 0.06
(2002-2010)
Enniscorthy Bunclody 0.87 082 241 050 085 -1.24 0.88 091 432 0.86 090 0.18

(2002-2010)

Table 4.2 Seasonal bridging rseults in updating 8 Island of Ireland Precipitation (lIP)
network stations. Listed for each station is the neighbouring (donor) station used for
updating, the seasonal correction factor (CF) used together with the coefficient of
determination (r?) and mean absolute error (MAE) (mm) for each seasonal regression
(intercept zero).

Month r2 Adjustment Mean

factor Absolute

Error (mm)
January 0.73 1.05 2.56
February 0.75 1.09 2.80
March 0.74 1.00 2.26
April 0.76 1.05 2.13
May 0.84 1.03 1.78
June 0.74 0.96 4.10
July 0.77 0.98 2.88
August 0.84 0.96 1.72
September 0.80 1.09 3.14
October 0.74 1.01 2.70
November 0.68 1.05 3.75
December 0.76 1.05 1.91

Table 4.3 Details of monthly adjustments made to reconstructed precipitation. The
coefficient of determination (r?) and Mean Absolute Error (MAE) (mm) are shown for
regressions on overlapping years between reconstructed series and the Island of Ireland
(lol) composite series (1902000). Also shown are the resultant adjustment factors applied
to reconstructed precipitation to derive the Island of Ireland extended (lolext) series (1765
1849).
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4.3.2Drought events in the lol series (1858015)

Figure 4.2 shows the SRP index for the lol series (18D15). The relative paucity of

long droughts in rece years (1980s onwards) is evideas is a tendency for more
intense droughts to occur earlier in the record. In total, 45 individual drought events are
identified in the lol series for the period 188015. Of these, 22 are shorter than 10
months, 19 hae durations of between 10 and 20 months, and 4 last longer than 20
months. Figure 4.3 plots drought duration against maximum intensity and mean deficit for
all identified events, whilst Table 4.4 presents the top 10 droughts in the lol series ranked

by duation, showing drought start/end dates and drought severity.

SPI-12

3 _

| | | | | | | | | |
1850 1865 1880 1895 1910 1925 1940 1955 1970 1985 2000 2015

Figure 4.2 SP}12 series for the Island of Ireland (lol) composite series 1852015. Dashed
horizontal line is threshold for severe drought {1.5) and solid horizontal line is threshold for
extreme drought (-2.0).
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Drought

Rank  Gion” ' Temmmaton  SPii2 Denat . Duraton T
(Months)
1st 185404 186005 -1.34 -97.54 73 -2.84
2nd 190502 190802 -1.15 -41.48 36 -2.07
3rd 197102 197402 -1.12 -40.47 36 -2.24
4th 192106 192310 -1.00 -27.86 28 -1.67
5th 195209 195405 -1.49 -29.74 20 -2.59
6th 197506 197702 -1.55 -30.98 20 -2.42
7th 188707 188902 -1.54 -29.29 19 -3.14
8th 189010 189202 -1.10 -17.64 16 -1.94
9th 189505 189609 -0.73 -11.72 16 -1.41
10th 187004 187107 -1.07 -15.99 15 -2.04

Table 4.4 Top ten drought events identified in the Island of Ireland (lol) composite series
(18502015) ranked by duration. Also shown are drought start and termination dates
together with mean SP#12, the accumulated deficit and maximum intensity (min. SRP12

value) recorded during each event.

In the lol series the longest drought occurred from 1B%80, persisting for 73 months

with maximum intensity ofSPF12 =-2.82. The most intense drought occurred from
18871889 recording a minimuniSPF12 =-3.14) in February 1888. The most recent
drought in the top 10 occurred between June 1975 and February 1977. This event ranked
6th, lasted 20 months and had thyestmean SRIL2 over the period of drought (SE2

= -1.55). Figure 4.3 highlights the lack of notable droughts since the 1980s. Variability in

drought climatology for the lol series is further assessed in Figure 4. 4. This plots

accumulations of SP12 for identifieddroughts in all 30 year periods from 183Q15.

The relative paucity of prolonged drought events in recent years underlines the value of

using longterm data to establish a more comprehensive picture of the drought

climatology for the island.
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Figure 4.3Drought duration plotted against a). maximum intensity and b). mean SP12 for
each of the 45 droughts identified in the Island of Ireland (lol) series 185R015. Circle size
denotes duration (months) while the colour ramp indicates intensity and mean &R2
respectively.
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Figure 4.4 30year accumulated SP412 values for identified drought events in the Island of
Ireland (lol) series.
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4.3.3Drought rich periods across the IIP network (185D15)

Figure 4.5 shows the SRP matrix plotted for all 25 statioria the IIP network with
values colour coded based on drought severity. It is clear that many drought events
identified in the IIP series have been island wide in extent. Also evident is the tendency
for severe droughts to cluster in time. The relative pawd droughts in recent decades

noted in the lol series is also seen across individual stations.

A detailed drought catalogue for each of the 25 stations in the 1IP network is provided in
the appendix (4.1), where all drought events for each station leted along with
information on the duration, the mean, total accumulated and minimwh2SRilues for

each eventSee Table 4.5 for example showing the complete detailed drought statistics for
lol series 185015. In the next sectionttantion is focusd on understanding the
development of drought and attendant samonomic impacts during drought rich
periods in the record. Using the definition of a drought rich period as years in which at
least 40% of the stations in the IIP networkperience eventsf at least 18nonths
duration, the following periods are noted: 18850, 18841896, 19041912, 19211924,
19321935, 19521954 and 1969977.

Figure 4.6 shows the progression and spatial distribution of these events in more detail.
Of note is the divesity of drought signatures in terms of their severity and spatio
temporal development. For instance, the events of-1888 and 1969977 are marked

by intermittent periods of extreme and moderate drought conditions, while the events in
18541860, 19321935 and 1952954 are characterised by prolonged, severe drought
conditions. The 061B6D prgviowsly aentfibdt ird theollP netwBrk 4
(Wilby et al.,2015) and UK (Marslet al.,2007) series is evident. However, in the south
and southeast ith event appears more intense but of shorter in duration. The drought
period of 19211924 is the least spatially extensive of those considered, but extreme
drought conditions are noted as persisting for a relatively long period at a small number of

statiors.

81



Drought Maximum

Drought Drought Accumulated -
Sta?t termingtion Mean SPH12 SPI Deficit Duration SPI.
Months Intensity
185201 185211 -0.68 -6.81 10 -1.16
185404 186005 -1.34 -97.54 73 -2.84
186410 186508 -0.94 -9.40 10 -1.6
186807 186812 -1.02 -5.10 5 -1.37
187004 187107 -1.07 -15.99 15 -2.04
187401 187501 -1.15 -13.81 12 -1.86
188006 188106 -0.67 -8.02 12 -1.79
188503 188510 -0.82 -5.71 7 -1.26
1887+07 188902 -1.54 -29.29 19 -3.14
188907 188910 -0.72 -2.15 3 -1.19
189010 189202 -1.10 -17.64 16 -1.94
189308 189411 -1.14 -17.08 15 -2.47
189505 189609 -0.73 -11.72 16 -1.41
190210 190302 -0.64 -2.55 4 -1.08
190502 190802 -1.15 -41.48 36 -2.07
190908 191008 -0.75 -9.05 12 -1.87
191106 191201 -1.45 -10.16 7 -2.27
191406 191408 -0.84 -1.67 2 -1.10
191808 191809 -1.01 -1.01 1 -1.01
191910 192007 -1.05 -9.44 9 -1.63
192106 192310 -1.00 -27.86 28 -1.67
192702 192709 -0.68 -4.75 7 -1.09
193211 193303 -0.78 -3.11 4 -1.42
193309 193412 -2.10 -31.55 15 -3.12
193803 193811 -1.20 -9.58 8 -2.11
194112 194209 -0.85 -7.69 9 -1.31
194211 194311 -0.47 -5.61 12 -1.08
194403 194502 -1.15 -12.67 11 -1.82
194912 195007 -0.58 -4.03 7 -1.01
195209 195405 -1.49 -29.74 20 -2.59
195511 195702 -0.99 -14.91 15 -2.45
195908 196002 -1.34 -8.01 6 -2.51
196301 196311 -0.89 -8.92 10 -1.46
196411 196501 -0.68 -1.35 2 -1.06
196912 197011 -1.15 -12.62 11 -1.70
197102 197402 -1.12 -40.47 36 -2.24
197506 197702 -1.55 -30.98 20 -2.42
198501 198506 -0.78 -3.91 5 -1.21
198909 199002 -0.84 -4.20 5 -1.13
199102 199104 -0.76 -1.51 2 -1.06
199202 199209 -0.95 -6.67 7 -1.29
199703 199709 -0.86 -5.18 6 -1.47
200112 200205 -0.52 -2.58 5 -1.46
200311 200410 -1.16 -12.81 11 -1.60
200604 200611 -0.73 -5.08 7 -1.11

Table 4.5: Island of Ireland (lol) series (18562015);. Drought start and termination dates
together with the duration, mean SP}12, accumulated deficit and maximum intensity (min.
SPI-12) for each event identified in the lol series. (185R015).
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In the following sections each of the drought rich periods identified above are further
analysed and their ddepment and impacts are traced with reference to documentary
evidence using the sources outlined in section 4.2.5. Note that when tracing the evolution
of each drought, the date of publication of newspaper articles is also provided

18541860

This droughtbegan in December 1853 in the northeast, spreading to western and northern
regions by January 1854. It extended south to Shannon Airport by April 1854. Drought
reached other parts of the south and southeast around September 1854. In all regions
drought pesisted until April/May 1860, lasting more than 70 months at 16 stations in the
IIP network. The drought was most intense in the south and southeast with minimum SPI
12 values for Valentia-8.99), Cork {3.83), Killarney (3.14) and Waterford-2.87)
recaded between January and April 1855. Despite being most intense, events were

relatively less protracted in these areas.

There are references to drought commencement in several newspapers (AC, 27.04.1854,
page 2; FJ, 27.05.1854, page 4). The e e ma mndlsoted the increasing cost of
agricultural produce at Dublin Market with a lack of fodder and unusually late potato and
wheat crops (FJ4.05.1855, page 4). THash Examinerreports that the soil was very
absorbent with rainfall being soaked up b tparched earth (IB)7.06.1854, page 4).

Due to the scarcity of pasture many cows remained dry of milk and unsold at the Dublin
market, with similar conditions and falling prices experienced at other monthly fairs
across the island (IB,7.06.1854, pagé).

Some respite came with rainfall across specific regions in summer 1854. Whilst some
crops recovered in time for harvesting, rainfall was not sufficient to relieve drought
conditions (N,08.07.1854, page 14). Later in the drought there are also ascoiint
sporadic wet weather. However, there are also references to rain events that made the land
unfit for yielding crops due to the soil damage caused by the preceding drought (IE,
30.05.1859, page 2; T@1.06.1859, page 2; BN31.05.1859, page 4; BN)1.06.1859,

page 2). The summer of 1859 saw severe water shortages for Dublin City. Restrictions by
order of Dublin City Hall were in place on both domestic and manufacturing water usage
as well as a complete ban on watering the streetd {FJ7.1859, page). By early 1860

agriculture was in a fAdistressing condit]i
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suffering from a lack of grass (FJ, 10.07.1860, page 2). By May and early June 1860
rainfall returned and, although wells were dry and groundvgateplies depleted, heavy
continuous rainfall replenished stocks to a satisfactory statd §fJ5.1860, page 4; FJ,
02.06.1860, page 3; F10.07.1860, page 2; FJ, 15.07.1806, page 2).

18841896

The period 1884896 saw severe mulyiear droughts pungated by periods of positive

SPI values. Evidence indicates that the most intense and widespread drought in the period
18502015 occurred in 1887. This event began between May and June 1887 along the east
coast and spread islamdde, with a drought durain at most stations greater than 30
months and longest at Strokestown lasting 60 months. Maximum intensity was
experienced at Dublin-3.54) while the largest accumulated deficit was experienced at
Ardara ¢€105.02).

Barrington (1888) described widespreadp failures across Ireland in 1887 with barley,
oats, and potatoes stocks severely depleted. However, it appears conditions suited the
wheat crop in the northeast and southeast. The 1887 drought caused widespread crop
failures, reduced vegetable growthdalivestock losses in Clare, Tipperary, Wexford,
Antrim, Galway, Kerry and Dublin (N, 15.10.1887, page 11; IT, 26.06.1887, page 3; IT,
02.07.1887, page 5; IT, 06.07.1887, page 5; IT, 08.07.1887, page 6; IT, 03.09.1887, page
7). Drought also impacted thimén trade in the north with factories closed due to lack of
waterpower (IE, 25.08.1887, page 4). In August 1887, low water pressure in Dublin
caused problems when responding to fire in the city centre (IT, 09.08.1887, page 4).
Reductions in tram receipigere attributed to excess dust caused by the drought (IT,
31.08.1887, page 3). Sewerage systems were reported blocked due to lack of water,
leading to public health concerns (IT, 30.06.1887, page 6; IT, 21.07.1887, page 5).

Extreme drought returned inrapg 1893 across the south, east and southeast. Waterford,
Rathdrum and Enniscorthy stations show drought conditions lasting until July/August

1896 with peak SPI12 intensities bele®00. The west, northwest and some midland

stations experienced less seveleficits with drought terminating earlier. The 1893
drought depl eted water |l evel s in the Vartr
14.03.1894, page 7), with water leakages from a degraded distribution network deemed to

have exacerbated the pigbWater supply situation. The event saw demands for a repair
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and monitoring programme and debate over potential new water sources for the city (IT,
23.11.1893, page 6; FJ, 14.03.1894, page 7).

19041912

The drought began in October 1904 in the east rartheast and was evident in all
stations by June 1905. Drought duration varied from 10 months at Armagh to 64 months
at Dublin. The peak severity3.03) at Cork in the south was recorded in March 1907.
Regions worst affected were in the south, east angesareas of the southwest. This
period of drought was episodic, punctuated by intermittent rainfall events. Levels in the
inland navigation canal and Royal canal fell to an extent that reduced their navigability
(I, 08.09.1911, page 4). The reservoirdted in the midlands at Longford dried up
completely (I, 08.09.1911, page 4). By June 1912 most areas were back to near normal
conditions except for Ardara and Malin Head where drought persisted until December
1912.

19211924

This severe two year drougbegan in February 1921 across the midlands and west
regions. However, by summer 1921 all areas were affected. Strokestown recorded the
greatest peak intensity3(56) in October 1921. In the east the drought peaked several
months later in January 1923 bwias less severe2.25) at Phoenix Park. Drought

duration varied between 11 to 32 months, causing widespread water restrictions (ll,
20.06.1921, page 4). There were also concerns that the Vartry reservoir would dry up
completely, with comparisons madettch e 6 Gr eat Dr QU0$.hoR1 pagef 18 9 3
4).

19321935

The first signs of drought appeared at Ardara and Valentia in October 1931, Derry in
February 1932, spreading to the other stations in the south/southwest by summer/autumn
and the rest of thisland by autumn 1933. The greatest intensity was experienced at Derry
(-4.38) and Ardara-8.79); with the drought also of longest duration at the latter (69
months) [but note potential issues found in the metadata around 1931 for Ardara in Noone

et al.(2015)]. At 12 stations the drought lasted longer than 25 months, terminating at most
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stations by November 1934. Farmers in Wexford experienced water shortages with ponds,
springs, wells and streams drying up @5,07.1934, page 5). Milk and buttgelds were

well below normal and beet and turnips crops failed @&,07.1934, page 5). Low
reservoir levels in Enniskillen in the north impacted flax growers and in Clonmel (in the
south) residents were asked to stop watering gardens unnecessafiB.@B21935, page

1).

19521954

The onset of another severe two year drought began in November/December 1952 and
persisted in most areas until August/September 1954. Stations in the west, midlands,
northwest and south were severely affected, with Sharewamnding the greatest intensity
(-3.41; June 1953). Drought duration ranged from 12 months at Derry to 24 months at
Portlaw. Newspaper reports state that milk yields were diminished, rivers and lakes were
well below normal levels and tillage growth was ueed due to hard ground (ll,
27.03.1953, page 2; NG, 14.02.1953, page 5). Hydroelectric output was also well below
average (LL, 10.10.1953, page 9).During 1952/3 there were also reports of a marked
reduction in the quantity of salmon, oysters and eelstala® insufficient flow of water

in the weirs located at Castleconnell and Thomond, County Limerick (Electricity Supply
Board,1953; LL, 10.10.1953, page 9)

19691977

This period is marked by a clustering of drought events. The first began across most
statons in October 1969 and terminated in August 1970 across northwest, northeast and
west regions. The midlands, south and southeast were more severely affected with Birr
recording a peak drought intensity &.86 in January 1970. Drought returned to most
stations by autumn 1971 with greatest intensity at Killarn€y90) in September 1971.
Drought duration of 53 months is recorded at Belfast. The event terminated in December
1973 at most stations but persistent drought conditions returned to all statidngust

1975. The southeast, south and northeast were severely affected. Armagh recorded the
lowest SPI12 value {3.05) in January 1976 with SBP values persistently below?.00

for several months. Most stations located in the midlands, south aneéastutbcorded
persistent SP12 values of this magnitude for more than 4 months during the summer of

1976. All stations returned to near normal conditions by August 1977. Drought impacts
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included reduced levels in reservoirs supplying water to Dublin @ioxoking stringent

water restrictions (O6 Laoghog, 1979). Wa t
increased demand during the previous summer and insufficient replenishment during the

i ntervening dry winter (00 LU fodigestaigandtied 79) .
poor condition of crop and grazing lands affected agriculture (WP, 19.07.1975, page 22).

4.3.4Reconstructed drought events 173849

For the period of reconstructed rainfall (178%49) Figure 4.7 plots SRR for the lolext

series. Of note is the lack of drought in the early record (~1766 to 1775). In total 23
droughts are identified throughout the reconstructed period, 7 of whicharer events
lasting less than 10 months. Figure 4.8 plots duration of all droughts in the lolext against
their maximum intensity and mean SEJ. Evident is the long, intense event around
18001804 (49 months), followed closely by two shorter but atéenise events in 1805

1806 (23 months) and 18aB09 (22 months). These three droughts are only briefly
punctuated by near normal conditions and are treated as continuous drought periods

below.

SPI-12

Ak -

| | | | | | |
1766 1775 1783 1791 1800 1808 1816 1825 1833 1841 1849

Figure 4.7 SPH12 series for the Island of Ireland extendedlolext) series 17651849. Dashed
horizontal line is threshold for severe drought {1.5) and solid horizontal line is threshold for
extreme drought (2.0).
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Figure 4.8 Drought duration plotted against a). maximum intensity and b). mean SP12 for
each ofthe 23 droughts identified in the Island of Ireland extended (lolext) series 1765349.
Circle size denotes duration (months) while the colour ramp indicates intensity and mean
SPI-12 respectively.

Shorter, but particularly intense droughts are noted8it31815 (18 months), 18287

(17 months) and 1838839 (20 months). The latter occurs within a cluster of events from
approximately 1830 to 1849, which tend to be relatively brief but intense eltestalso
notable that the Great Irish Famine of 184852 occurred during this period of
intermittent drought. The following sections provide an overview of key impacts for long
drought events in this lolext series. Although the 182@iroughtevent lasted for 17
months,this event igncluded below becausé coincided with the famine of 1826. Table

4.6 gives statistical details on each drought and an overview of the accompanying

documentary evidence.
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Duration

Summary of Socieeconomic impacts

Sources

months
Year
Rivers and lakes iEngland completely dried up, livestock died. Garnier,et al (2015)
1784 25 Il reland 1785 fdr emar kaimilseoult moawork a Symons, (1887)
1786 due to lack of river flow.
A temporary embargo was placed on Irish distilling and on grain expo
Famine occurred _Wlth diseases su_chnafs ever, ‘d yseni o Gréda, (2015)
ophthal mia, and influenzao alll
The woollen industry declined in 1802 due to lack of water to work tI FJ,09.09.1800, page 3
mills.
FJ,15.07.1806, page 2
1800 and 1801 summer temperatu
1800 49 before. June 1803 Ireland was 0 oo q851)Whistecraf,
1804 (1851)
Springs and rivers completely dried up. Potato crop failures, the m
food source at this time causing severe hardship.-1802 fanine with .
Kelly, (1992);Garnieret al.,
potato crops extremely scarce. (2015)
1805 23 The drought which had prevailed in England gave farmers such seri FJ,15.06.1805, page 2
1806 alarm.
Defective crops and produce falling short of usual yields due to drou¢ BF,11.08.1807, page 2
After several weeks of intolerable heat and great drought the earth
1807 22 been refreshed with rain showers. FJ,28.07.1807, page 2
1809
June, July and August 1815 very hot with exceptionally mild winter. Census, (1851)
1813 18 In England many ponds and rivers dried up.Grass became very sc:é Symons, (1887)
1815 Drought preceded the Irish famine of 181818 when 40,000 Irish
people lostheir lives. Kelly,(1992)OGréda, (2015)
Reports that not a shower of rain had fallen since the 27th May 18 FJ,28.06.1826, page 4
Temperatures reached 115° Fahrenheit on Sunday 25th June.
BN,22.08.1826, page 2
I rel andotl826bMeath of air stirs
sky. Ireland 1826 continued to experience very hot temperatures
1826 17 excessive drought. BN,06.07.1827, page 2
1827
The summer of 1826 had not occurred in the living memory of the old Census, (1851);
man . Il rish far mer gename &rogsnia pobra
state, wool production reduced and hop growth depleted. Symonbdés (1887)
Mc Sweeny,(1831)
Dry scorching wind, Irelandvas experiencing severe weather and tt FJ,06.06.1839, page 4
sun has been very strong.
1838 20 O Grada, (2015)
1839 Lack of upland crop growth, with flax seed growing but not a vel

healthy crop. Famine in Ireland during 1839 with high prices of potatc
but little excess mortality

Table 4.6 Details of the 7 drought events identified for analysis from the Island of Ireland

extended (lolext) series (1764.849). Also presented is the duration of each event (months)

together with associated documentary evidence.
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17841786

The drought of 1784786 lasted 25 months with an accumulated deficit25.61

reaching maximum intensity4.43) in July 1785. Newspaper articles refer to extreme

drought throughout Europe, England and southern parts of Ireland in 1785 (BN,
20.06.1788, age 3; BN, 22.07.1785, page 2; FJ, 03.09.1785, page 3). Symons (1887) also
notes that 1785 was a year t hat experienc
Garnieret al, (2015) mention reduced productivity in textile and flour industries due to

water slbortage. O Grada (2015) makes reference to the drought of-17&® and
subsequent famine, noting that disease was rife and a temporary embargo was placed on

distilling and grain exports.
18001809

The sequence of droughts between 1800 and 1809 was theemaskable in the entire
250year record analysed. The first drought began in September 1800 and lasted 49
months until October 1804 with an accumulated deficit 0f/51.33 and maximum
intensity €2.13; Octoberl803). Following a threenonth respite, thesecond drought
phase commenced in January 1805 and lasted 23 months until December 1806, with an
accumulated deficit 0f29.24 and maximum intensity2(30) in November 1805. After
another three months of near normal -3PIvalues, the third drought phabegan in

March 1807, lasted 22 months until January 1809, recording an accumulated deficit of
21.02 and maximum intensity ofl(78) in March 1808.

There is evidence that, at least early stages of the event, drought effects were not island
wide with couties Leitrim and Roscommon producing potatoes and other crops for
supply to severely impacted areas in the south and west (FJ,03.01.1801, page 2). In 1802,
Irish officials put in place financial support to import maize from the United States to
alleviate he emergency (O Grada, 2015). There are also a number of references to this
period in the 1851 Census, which notes that summer of 1800 was unusually hot and dry,
and in the period Jur@e pt ember 1803 Ireland was fdnear |
springs andivulets drying up (Census, 1851). There is also evidence of this being a
severe drought period across the UK and Europe with reports of poor crop growth and
livestock dying (IT, 09.01.1801, page 2; IT, 06.02.1802, page 5; FJ, 18.01.1803, page 2;
FJ, 15.8.1805, page 2).
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18131815

Within the lolext series this event lasts 18 months (September 1813 to March 1815) with
an accumulated deficit 6£8.53 and maximum intensity2(59) in May 1814. The 1851
Census reports that June, July and August 1815 weréneeand winter 1815 very mild,
although there is no reference to rainfall. This event is also noted in England where
Symons (1887) mentions that many ponds and rivers dried up and grass became very
scarce. Th&=r e e ma n 0 sepodtotiiat in @dtober 181the drought had increased

corn and wheat prices forcing brewers to use alternative ingredients, sometimes with
poisonous consequences (FJ, 15.10.1814, page 3). This intense drought immediately
precedes the Irish famine of 181818 when 40,000 to 60,00sh people lost their lives
(Kelly, 1992; ¢ Gr 8§da, wduta) .s uTmme ridon ff orhd wswv
catastrophic volcanic eruption and global cooling of Tambora in April 1815 (Rstible,

2016).

18261827

Commencing in May 1826 and termaiing in September 1827 (17 months) this was a
severe drought with SHI2 values less thas1.50 for 7 consecutive months coinciding

with the famine of 1826, causing severe hardship to the population (Mc Sweeny, 1831; O
Grada, 2015). The drought reachednaximum intensity {.40) in December 1826.
Linen Hall, Belfast is reported as having very low rainfall throughout the summer of 1826
(Barrington, 1888). Farmers were forced into an early harvest. However, due to the severe
drought, early potato crops fad, pastures suffered severely and cattle prices were very
low (IT,11.07.1826, page 3; BN, 22.08.1826, page 2).

18381839

This is the most persistent drought phase within the cluster of events that occurred
between 1830 and 1849. The drought began inalgilB38 and terminated 20 months
later in September 1839, reachiag accumulated deficiof -17.18 and maximum
intensity ¢1.76) in February 1838. There are reports that both flour and oatmeal arrived
slowly to markets due to drought in 1838 (LE, 20.8388, page 4). In the southeast
farmers told of soil that was so dry it was difficult to cultivate and that both the tillage and
growth of the potato crop was delayed in 1839 (FJ, 21.05.1839, page 2; FJ, 04.06.1839,
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page 4). InJune 1839the F r e e ma nnalsnote3 ¢thatrin many parts plants were
parched, vegetation had made little growth and the drought was so severe that the ground
was difficult to work (FJ, 06.06.1839, page 4). In 1839, Ireland experienced a famine with
potatoes at a very high price cangihardship but relatively small increases in mortality

(O Gréada, 2015).

4.4 Chapter Discussion

The assessment of drought occurrence and impacts presented here yields new insights into
the experience of drought in Ireland. The lol (128015) and lolext (1768849) series

reveal 68 individual drought events over the last 250 years. Fourteen lortgrdura
droughts (>18 months) are identified, witvenoccurring in both the lol (see Table 4.4)

and lolext (see Table 4.5) series. Impacts from severe drought periods include reduced or
failed crop vyields, increased crop and dairy prices, human and bkebgalth issues,

water restrictions, low reservoir levels, water supply failures and palrer reductions.

During the period 1768849 many long duration events occur during or immediately
prior to famine events in 1782784, 18001801, 18161818, 183%nd 18451849 (Great

Irish Famine) (O Grada, 2015). Acrosise analysis, two long duration events are
particularly noteworthy: the drought of 182809 (in fact a series of three droughts with
brief three month interludes) and the continuous event of-1860Q (73 months). In the
absence of brief reprieves the 180809 period might plausibly have resulted in 100

months of continuous drought as definedhwsycriteria.

It has to be noted that some of the drought events identified ned¢bastructed sesdor
the period 1764.849may have been underestimated dussaes ofow variability. The
Casty (2007) precipitation series was reconstructed using availmiigterm
observations, documentary evidence and natural proxies such aB@sgeice cores
corals and speleothem. Thereaisnarked difference in the variance of the data for the
period 17651849 when compared to the 183015 series, which is more than likely due
to the proxy evidenceot capturing the full extent of the variance. Hence, thapter
conducted the analysis on the two data periods; observation 48%015 and
reconstructed series 178849.Future work could investigataesing statistical methode

compare the ratio of the two variandestweenthe observations and the oestructed
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series, once completed a variance inflatistep could be implemented on the

reconstructed series.

A key insight gained is the relative paucity of droughts in recent decades, particularly
since the 1980s. Although occasional intedsmight evets have occurred in this period
(e.g. 1995, 2006, 2013) these have been relatively-bhedt Thus, in comprehensively
characterizing drought climatology the study demonstrétesaddedvalue of long
records.This assessment of drought accumulationsr mantinuous 36/ear periods for

the lol series (185Q015) highlights the unusualness of the recent record and how
unrepresentative the period since 1980 is of the-temg drought climatology of the
island. The large decline in accumulated-$PIvaluesaround the 1990s (Figure 4.4) is
consistent in timing with the regime shift in Atlantic Ocean influence on European
climate identified by Sutton and Dong (2012). It also has to be noted that three of the top
ten wettest summers in the lol series sinceO18&ve occurred since 2000 (2007; 2008;
2009) (Nooneet al, 2015). Matthewset al., (2015) note an increase in storminess in
summer in recent decades and Widtyal, (2015) highlight that the probability of a dry
half-year followed by another dry hajkar is currently lowest since 1850.

Assessment of drought across the 25 stations in the IIP network-2085) shows
general coherence with findings from the lol seridss studyidentified sevendrought

rich periods across the island in 186360, 184-1896, 19041912, 19211924, 1932

1935, 19521954 and 1969977. However, this chapter assessment reveals substantial
variations in terms of drought development, severity, and spatial extent across the
network as a whole (see Figure 4.6). For instan884-1896 is characterised by spatially
uniform clusters of extreme drought events, while 18880 is marked by protracted
drought conditions with the event being markedly shorter and more severe in the
southeast. Drought in the period 192924 is the lest spatially coherent. Such diversity
guestions the practice of using single events for tasks such as drought planning.
Uncovering the climatological drivers of drought rich periods (e.g. Mosgial, 2015)

would facilitate a deeper understanding oftpagents. Such knowledge is critical for
establishing how climate variability and change might influence future drought

occurrence.
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The drought catalogue draws extensively on documentary sources, particularly newspaper
records, digitised, and made seatfule by the Irish Newspaper Archive. Such sources
contain some of the longest running publications in the world and offer unique insights
into the socieeconomic impacts of drought. This chapter shows that such archives can be
used to trace evolving droughkituations and their impacts. These independent sources
also increase confidence in the quantitative findings of drought indicators, particularly for
droughts falling in the period prior to available digitised records (typically 1940 in
Ireland) or the econstructed lolext series. This chapter advocates for wider use of
newspapers in understanding the impacts and climatology of historic droughts, and note
the many references to UK drought within the early Irish print media. Muepha/.,

(2016) further Eaborate on insights offered by the documentary archive compiled here.

Given that evaporative losses can exacerbate summer drought it would be preferable to
use a drought indicator that incorporates this variable (e.g. Standardized Precipitation
Evaporatie Index; VicenteSerranoet al, 2010). However, lonterm, quality assured
series of evaporation or temperature are not yet available for the island of Ireland. Work is
ongoing to derive a temperature series by transcribing and homogenising archived
recods. This will facilitate assessment of shorter droughts (e.g3B&1id reconstruction

of river flows to examine hydrological drought (as in Jones et al., 2006). It must be noted
that false positives were not searcliethat is droughts in documentary soes that are

not detected by the lolext reconstruction.-P&0 droughts are based on reconstructed
data and thus findings must remain tentative. However, corroboration of the identified
events by documentary evidence from various sources increasedeoaefi Moreover,
throughout the 250 years analysed there are many similarities with drought periods
identified in neighbouring regions of the UK during such as 18809, 1826 and 1833

(e.g. Todckt al, 2013; Marstet al, 2007; Cole and Marsh 2006).

Finally, these findings have significant implications for future infrastructure and water
resource planning plus resilience assessment of critical services under severe drought
conditions. Wheradvising Irish local authorities developing climate change adaptation
strategies, Gray (2016) recommends adopting-ge2® window as appropriate to identify
weather extremes and climatic trends in assessing resilience to climate variabisty.

work clearly shws that where vulnerability to drought is an issue, such guidance would

result in considerable maladaptation with potentially serious consequences. The
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combination of droughts of various duration, evolution and intensity identified here
provide a diverse et of conditions under which to stre&st current and planned
infrastructure, particularly in the water sector (e.g. Spraggal, 2015; Watts et al.,
2012). To this end, detailed information on all droughts (duration, mean intensity,
accumulated defits and maximum intensity) identified for each of the 25 IIP network
stations (185@015) is provided as Supplementary Information (Appendig).4.
Practitioners can identify the most suitable event or combination of historical events for
the purpose at hdn

4.5 Chapter Conclusion

This chapterhas developed @50year drought catalogue for Ireland. Employing the
Standardised Precipitation Index (SPI) to identify droughts across 25 stations in the Island
of Ireland Precipitation (IIP) netwoyKlol) and (lolexj seriesthe resultsshow that the
region is surprisingly drought prone. During the period 13805,sevenmajor drought

rich episodes are identified that impact simultaneously at least 40% of the study sites in
18541860, 18841896, 19041912, 19211924,19321935, 19521954 and 1969977.

The detailed analysis of SPI metrics highlights the substantial diversity of events in terms
of drought development, severity and spatial extent across the island. Extension of this
analysis to 1765 revealed a furtrsevenpersistent drought episodes, of particular note
being the period 1800809. Extensive integration of documentary sources from
newspaper archives increases confidence in the droughts identified across the 250 years of
record. The work shows that valadded by combining qualitative and quantitative
evidence of former droughts to arrive at a more coherent understanding of their

development and historic impacts.

The most important finding of this chapter is that recent decades are not representative of
the longterm drought climatology of Ireland. Hence, there is a danger that infrastructure
and water resource plans benchmarked against the 1995 drought may underestimate the
potential supply deficits that could occur with a return to conditions experiendée

18th and 19th Century. Further research is needed to improve understanding of the ocean
atmosphere drivers associated with eras of more persistent drought in Ireland. Past severe
droughts can also be used to stiest the resilience of planned e resource

developments, at least to the climate variability experienced over the last 250 years.
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This chapter has addresdbésis objective4 by producing @250 yeardroughtcatalogue
for the Island of Ireland. The next chapter will use the IIP pridiph recordsto
reconstruct river flow records at selected Irish catchmfentthe periodl8502015. The
reconstructed river floawill be analysed using indices to identify historical hydrological
drought. Chapter 5 will addretisesis objective 5.
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5 Reconstruction oflrish river flows and identification of
drought 18502015

5.1 Introduction

The main driver of river flow is precipitation and any changes in this variable will impact
on water supply and quality. However, long hydrological records are crucial to detect
changes as analyses over short records can result in conflicting resultsontared to

the longer term (IPCC, 2014; Nooee al., 2015). Longer records also reveal important
insights into past hydrological events while contextualising recent extreinass( &
Lister, 1998; Jonest al, 2006; Wilbyet al., 2006; Nooneet al., 2015: Spragg<t al.,

2015; Nooneet al.,2016). It is often difficult to find long hydrological records with most
hydrometric @uges only starting in the 1950s and 19{dbnesxt al.,2006; Spraggset

al., 2015; Murphyet al.,2012). Inireland,the commecement of river flow monitoring
typically coincides with the onset of arterial drainage in the 1940s/1950s and the
occurrence of low flows in thenid-1970swhen local authorities became concerned about
ensuring adequate supply to meet demand (Muepla}, 2013). Issues of unnatural flow
regimes and commencement of monitoring during the most severe drought of the last
forty years therefore confounds the analysis of variability and change in river flow

records.

In addressing the lack of long hydrologicacords previous research has employed
reconstruction techniques. Jones (1984) used the statistical relationship between long UK
precipitation records and observed river flows to poedmonthly river flow recordso

1860. The study used an empirical catehinmodel to reconstruct river flow at 10
catchments at both upland and lowland locations, noting that it was possible to use as
little asfour rain gauges in deriving catchment rainfall (Jones, 1984). These reconstructed
records allow for the effects ofimate change on river flow and past extreme events to be
assessed (Jones, 1984). This work was subsequently updated bgtJah€és998) and
Joneset al. (2006) with both studies focussing on the assessment of historical drought and
low flow events. Wattst al. (2015) assessed the resilience of water company drought
plans using the reconstructed river flows originally produceddmeset al. (2006) and

Wadeet al. (2006) at two rivers the Exe and Ely Ouse. The study noted that the long
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severe droughts of the @entury are particularly useful for testing current and future

water supply systems and provide a baseline for adaptation planning é\&dtt2015).

Other studies have also attempted to reconstruct long river flow records for drought
analysis. Spraggst al., (2015) reconstructed historical drought for the Anglian Region
(UK) by employing long rainfall series and extended potential evappiratisn (PET)

data. The data was used to force rainahloff modelsto simulate river flow (1792010)

and to subsequently simulate reservoir levels for drought assessment (Sgraggs
2015). The results highlight periods of prolonged drought with rhost severe events
occurring between 185%860 and 1893907 (Spraggst al., 2015). Lennardet al.,
(2015) reconstructed river flows (182P12) for the Severn Trent water supply region in
the UK and examined the implications of historical drought aatew supjly yield
calculations The study used precipitation and PET data to run the hydrological model
HYSIM (Lennardet al.,2015). The study identified several notable drought periods in the
reconstructed flow series; 188889, 18921897, 19211923, 183-1935, 19751977 and
19951998 (Lennarekt al.,2015). Each of these studies highlights the utility of {erm
reconstructed river flows to water planning and to understanding variability and change in

catchment hydrology.

In Ireland the hydrometrioetwork consists of over 800 gauging stations; however the
temporal coverage is sparse. The majority of gauges wnly set up in the mid 195@o
monitor low flows which became problematic at the time, with only a small number of
gauges wh records staing in the 1956 (Murphyet al., 2013). The Irish Reference
Network (IRN) consists of 43 river flow gauge locations across the Island of Ireland
identified as suitable for ongoing monitoring and detection of climate driven changes in
river flows (Murphyet al., 2013). The criteria for selection of IRN catchments include the
amount of basin development, absence of river regulation, record length, station
longevity, data accuracy and quality (Murpéiyal.,2013). Thereforethe IRN river flow
gauges have ga consistent hydrometric data quality, near natural flow regimes and a
minimum of 25 years of record. In addition, IRN catchments are representative of Irish
hydrological conditions (Murphet al., 2013). Assessment of observations from this

network has dund strong positive trends in high flow indictors with trends in summer
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(increasing) and winter (decreasing) mean flomere not as would be expectadth

climate change and likely an artefact of record length (Mugatay.,2013).

There is now a cleaopportunity for reconstructing long term Irish river flows using the
newly created IIP records 182015 (Nooneet al.,2016). Therefore, this chapter aims to
undertake this task for selected Irish catchménats the IRNand identify and analyse

the river flow for drought, thus addressirtbesis objective 5.The remainder of the
chapter is organised as follows; Section 5.2 describes the study catchments, their
characteristics and details of the data used in reconstructing river flows. Section 5.3
presersg the methods, includintpe hydrological model employed, calibration, validation

and metrics used to assess model performance. Methods of drought identification are also
described. Section 5.4 presents the results while sections 5.5 and 5.6 proviskatiscu

and conclusions respectively.
5.2 Study catchments and data

Twelve catchments (see Figure 5.1) were chosen from the Irish Reference Network (IRN)
for the purpose of flow reconstruction. These were chosen to account for a range of
catchmentcharacteristics (see Table 5.1) and the proximity of long teinfall gauges

from the 1IP network. Among the twelve catchments selected area varies from 63 to 2460
km2. The portion of flow (m3 st during low flow periods that derives from stored sosrce
such as groundwater is defined by the Base Flow Index (Bf¢) BFI for tle study
catchments ranges from 0.28 to Q.Z3ow BFI (0.15 to 0.35) indicates a river which has
minimal storage with flow beingunoff dominated. In contrast a higher BFI means
catchment has a greater groundwater component (Gusttaald, 1992). Thus, selected
catchments provide a diverse sample to test the methods employed for reconstruction
Flow data for each catchment was obtained from the Office of Public Works (OR&/).

daily mean flow data for each was downloaded from the OPW hydro webpage

(http://waterlevel.ie/hydralata/search.htpland converted to mean monthly flowshe

[IP station nearest to each stuchtchment was identified. Figure 5.1 shows the location
of the IIP station in relation to each catchmentotd that Shannon Airport (7) is matched
to two catchments (27002, 23002) and for some catchments the rainfall gauge is located

outside of the catechent boundary.
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Figure 5.1 The location of the 12 study catchments (black outline) with the gauge location
(red circle) and gauge number. The blue circles represent each of the Island of Ireland
precipitation stations used in reconstructing river flow d each study catchment.
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Catchment Gauge ID

Key Catchment Descriptors 7012 10002 12001 13002 16009 19001 23002 25006 26018 27002 35005 38001

Catchment Area (km?) 2460 231 1031 63 1583 106 647 1163 119 564 640 111

Standareperiod(19611990) average 890 1530 1167 1044 1079 1176 1345 932 1044 1336 1198 1753
annual potential evapotranspiration (mr

Standareperiod (19611990) average 504 511 522 537 518 527 514 495 458 533 463 498
annual rainfall (mm)

BFI soils 0.68 054 0.72 0.73 0.63 0.68 0.31 0.71 0.72 0.70 0.61 0.28
Total length of river network above gaur 2146 239 1101 65 1585 108 719 846 99 303 836 264
(km)
Main stream length (km) 94 35 89 16 85 24 51 67 25 40 41 26
Slope of main stream (m/km) 0.70 6.90 2.10 4.95 1.00 3.74 431 0.75 0.55 1.22 1.15 5.95

Proportion of catchment area mapped 0.21 0.00 000 000 000 0.00 0.00 028 0.00 0.00 0.00 0.00
benefitting from arterial drainage schenr

Proportion(as a %)f river network 61 00 00 00 00 00 00 51 00 00 00 00
length included in arterial drainage
schemes

Table 5.1 Details of key catchment characteristics for each of the 12 selected study catchments (Source: Office of Publidkgydreland)
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In Ireland MetEireann employ thevidely-usedPenmarMonteith method (Alleret al.,

1998) for calculating PETUNnf or t unat el vy, records for PET

date and therefore are not long enough to use in river flow reconstruction to 1850. There
are other methods for calculating PBOt most have significant input data requirements
such as tempenate, wind speed and radiation. More parsimonious PET calculation
methods that only require mean daily/monthly temperature and the latitude of the site
include the Thornthwaite (1948) and Blar@siddle (1950) methods. However, in light

of the lack of longerm quality assured temperature records for Ireland this study
employs constant monthly PET over the period of reconstruction {2858) by using

the longterm monthly averages of théet Eireann records 1958015.

Longterm average PET (LTA_PET) is calated from seven synoptic station records
from inland and coastal locations (Figure 5Ejstly, the monthly mean of eadtation

was calculated and then averaged across all stations to obtain thrlangonthly
averages employed for reconstructifilgure 5.2 shows the lortgrm monthly mean at
each ofthe seven PET statiortegether with composite meacross all stations. The
monthly mean PETerived for this study closely corresparid thosevaluespresented in
Keane, (1986, p.69). Jones (1998)d Jonegt al., (2006) also used seasonally constant
evapotranspiration calculated from letegm averages to reconstruct river flow, noting a
more accurate monthly river flow model. The same studies note that constant

evapotranspiration is useful forgiaeconstructions when only rainfall data are available.

120
~—Birr 4919

100 ~—Rosslare 2615
~—Belmullet 1034

80
~—Dublin Airport 532

PET mm
3

~—Mullingar 875
~Cork Airport 3904
Malin Head 545

e Vean

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5.2 Long-term monthly mean PET at the seven Met Eireann stations from the mid
19500s to date. The black |l ine represents t
Eireann).
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To evaluate the sensitivity afimulated flows to different PET data the hydrological
model (detailed below) was run at two test catchments (35005 located in the west and
7012 in the east) tassess differencaa output when only PET is varied. These two
catchments were chosen to represent contrasting PET regimes between the east and west,
proximity to available PET data sites and varying annual precipitation with 1200 mm per
annum at 35005 and 900 mm at 7012. Available mean monthly temperature records at
Markree Castle and Phoenix Park for the period 1B8¥Y%5 were used to calculate PET
using the Thornthwaite equation (hencefort
only requires mean monthly air temperature and latitude coordinates of each site and is
edimated based onumberof sunshine hours (Thornthwaite, 1948). Monthly Penman
Monteith PET (henceforth PM_PETata from twonearbysynoptic stationgBelmullet

and Dublin Airport)was also employed (1953010).Belmullet located in the west and

Dublin Airport in the east. The three PET datasets (LTA_PET, TW_PET and PMaPET)
areused to run the hydrological model at two study catchnterggamine the sensitivity

of simulated flows to different PET input
5.3 Methods
5.3.1The Hydrological Model

The hydrologicalmodelHysim waschosen to reconstruct river flows for each catchment.
HYSIM is a lumped conceptual rainfall runoff model (CRR) (Manley, 2006) that requires
monthly/daily precipitation and PET data to simulate river flow. The model has been used
previously to modelrish catchments (e.g. Charlton and Moore, 2003; Murphwl.,

2006; Murphyet al.,2013) and has been widely used across the UK and other countries
(e.g. Pilling and Jones, 2002; Lennaetl al., 2015; Remesan and Holman, 2015;
Soundharajaret al., 2016). HYSIM is also being employed by Irish Water for yield

assessment in developing a national water plan (Murphy, C. pers. comm.).

HYSIM uses parameters for hydrology and hydraulics that realistically characterize the
river basin and channels. The model has a fsktled storage functions which connect
seven natural stores (snow storage, interception, upper and lower soil horizon, transitional
groundwater, groundwater storage and minor channel storage) representing the
hydrological processes of the catchment (Nhyrpt al., 2006). Figure 5.3 provides an

overview of model structure and the linkages between stores. HYSIM has tivo sub
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routines; the first simulates the catchment hydrology and the second simulates the channel

hydraulics.

PRECIPITATION
POTENTIAL EVAPOTRANSPIRATION
POTENTIAL MELT

SNOW EVAPOTRANSPIRATION
4

L
INTERCEPTION

IMPERMEABLE AREA

OVERLAND FLOW
4
UPPER & SOIL
HORIZON
LOWER & SOIL
HORIZON
TRANSITIONAL
GROUND WATER
GROUND WATER
GROUND WATER|——«—»—— ABSTRAGCTIONS

MINOR HYDRAULICS
CHANNELS SUBROUTINES

Figure 5.3 HYSIM model structure. Source (Murphyet al, 2006)

HYSIM is more physically based and has more parameters with more physically realistic
interpretation than traditional lumped CRR models (Manley, 20065IM has two main

groups of parameters; physical parameters and process parameters. The physical
parameters are measurable properties of the watershed; the process parameters represent
the characteristics that are not directly measurddigsically basegarameters werset

using prior knowledge of soil type, catchment size and pastréoards (Manley, 2006).
Processparametersieed to be calibrated by comparing observed and simulated flows.
These include the interflow parameters and two permeabilignpeters which control

movement of water in the soil layers.

To derive estimates of the proceparameters modetalibration can be performed
manually or by automatic methods. The manual method uses a trial and error process of
parameter adjustments$diowever, a major limitation of the manual method is the

subjectivity involved in the process. The lack of generally accepted objective measures of
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model evaluation makes it difficult for the user to decide when to end the calibration
process (Sooroshian and @a, 1995). Automatic calibration methods allow for a much
quicker model calibration and include some measure of objectivity and confidence to the
model. HYSIM has a number of automatic calibration options; single parameter
optimisation, multiparameter djmisation and no optimisation. If the no optimisation is

used then the manual based approach is adopted and the model is only run once.

The single parameter technique selects a single parameter which is varied to construct a
flow balance. The iterative éWwtonRaphson method of successive approximation is
employed. The parameter search method adjusts one chosen parameter until the modelled
mean flow is correct with some degree of accuracy. The Jpalimeter optimisation
changes several parameters usimgoptimisation algorithm, to achieve the optimum
value in the parameter space or response surface MiitteParameter Optimisation
method in HYSIM is dealt with by the Rosenbrock metii@idnley, 2006) Parameters
involved in this calibration process arbettwo interflow parameters and the two
permeability parameters. Additionally the Pore Size Distribution Index (PSDI) and

rooting depth parameters can also be fine tuned during this process.

HYSIM has four inbuilt objective functions that provide a maes of fit between
simulated and observed flows and can be used for paéimeter calibration. The
Proportional Error of estimate (PEE) is a function that leads to a minimisation of
proportional errors. The PEE is useful when only low flows are of sitgidanley,
2006). The Reduced Error of Estimate (REE) gives equal weight to equal errors and is
useful for flood modelling or for catchments where flow during summer is zero or near
zero (Manley, 2006). The Extreme Error of estimate (EEE) gives greaighntwe both

high and low extremes and is a general all purpose objective fur{tlimmey, 2006).
Finally, the Base Flow function is based on the sum of least squares of errors of base flow
and can be used to avoid unnaturally low values from data dr®ens, the EEE objective
function is employed as it is a general purpose objective function suitable for high and

low flows.

The application of hydrological models is associated with many uncertainties, mainly due

to a lack of knowledge of the specific hyalogical system. The hydrological model
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simplifies catchment processes in order to simulate flow resulting in model structural
uncertainties(Montanari & Brath, 2004 Murphy et al., 200§. Other sources of
uncertainty derive from parameter estimation gadameter identifiably. Equifinality
exists where many model parameter combinations can generate a satisfactory simulation
(Wilby, 2005). The difficulties of identifying the most appropriate parameter sets can
cause substantial uncertainty in modelling ligdrological system (Wagenet al, 2003;

Wilby, 2005). This study acknowledges these uncertainties but as this is an initial first

pass at reconstructing Irish river flows a single optimised model structure is employed.
The following steps were employéar model calibration and validation:

Step 1: For each catchment a suitable period from the observed flow records (good quality
data and free from neclimatic influence such as drainage) was identified for calibration
and validationCalibration was corngtted using over 75% of the selected record and the
balance was used for model validation (Murpdtyal., 2006; Remesan and Holman,
2015).

Step 2: For each catchment a parameter file was created by inputting the initial hydrology
parameters such as catchmharea, time to peak, interception storage and rooting depth
which were estimated from catchment characteristiosl flow records,all other

parameters were left at default &ditted during calibration.

Step 3: The first step of calibration was to establish a water balance by running the model
in single parameter optimisation mode for precipitation and saving the parameters.

Step 4: Process parameters were then fitted in automatic calibration modéhastieE
objective function. Parameters fitted in this way include; the horizon boundary
permeability, base horizon permeability, upper and lower soil interflow parameters. The

parameters were saved and performance assessed visually.

Step 5: Finally validabn was conducted by running the model for an independent period

of record with simulated flows compared with the observed flows.

Several goodness of fit criteria were also calculated to assess model performance. The
Nash Sutcliffe Efficiency (NSE) is cononly used to assess model performance but is
biased towards peak flows (Muleta, 2014. efficiency of 1 (N = 1) corresponds to a
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perfect match of simulated and observed flé¥s this study was interested in identifying
low flows additional statisticafjoodness of fit measures were employed, including; the
Mean Absolute Error (MAE), Percent Bias (PBIAS) and coefficient of determination (R?).
Full details on each of these statistical performance criteria are given in Mulétg.(20
Model performance waassessed by separating the calibration and validation periods at
each catchment into summer half yeapr, May, Jun, Jul ,Aug and Sep) and winter half

year (Oct, Nov, Dec, Jan, Feb and Mar).
5.3.2Drought identification

Toidentify periods of drought in the reconstructed series (283®) two drought indices
were used which permit the identification of discrete drought events with defined
duration. A widely used method for drought identification in river flows is the thigisho
level approach (Hisdat al, 2001; Fleiget al, 2006) where the start and end of a drought

is defined by a period when flow is below a certain threshold. The Q95 flow index relates
to the flow exceeded 95 percent of the time and is an importantdemirfdicator. Q95 is
widely used for monitoring water quality and supply and is thus adopted as a flow
threshold. Q95 thresholds were calculated for each month of the year for each
reconstructed flow series (Watts al., 2015). The full reconstructed ped (18502015)

is used to derive monthly Q95 values. The identification of thresholds for each month
allows multiseason droughts to be identified. The start of a drought is defined when
simulated flows drop below the long term Q95 value for that mondheads when the

Q95 returns to a positive value (i.e. above the long term Q95 value for that month).

The Drought Severity Index (DSI) was also derived. DSI calculates runoff deficiencies as
an anomaly relative to the baseline 198DB0. The current clima baseline period
recommended by the WMO is 198990. This baseline period has been used in
numerous climate studies (aA\jlby and Harris, 2006McElwain and Sweeney, 2007;
Prudhomme and Davies 2009; Sexton and Harris, 2015) to inform policy makers of both
past and future climatic change as well as changes in extremes relative to this baseline
period.The period 19611990was relatively dryacross the Irish and British Isl@a/ilby

et al., 2015) with particularly dry summers idefied over the period prior to the late

1 9 7 Qviatthewset al.,2015) These findings are also supported by Baines and Folland
(2007) who found that northwest Europe was relatively dry during thedoef cool sea
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surface temperatures in the North Atlantic around the 1970s. Theraforadentified

drought periodselative to this period would be noteworthy.

To calculate the DSI, onthly values are first expressed as an anomaly relative to this
baséine period. Using the DSI drought commences when a period of negative deficiency
starts with negative deficits accumulated until drought ends when the DSI reaches
positive values (Bryanét al., 1998; Fowlerand Kilsby, 2002; Wattset al., 2015). To
assess the accumulated flow deficits the 12 month running D8aflow deficit as a
percentage of the 19611990 baseline was also calculated.

Recently several studies have assessed whether the Standardised Precipitation Index (SPI)
can be useds a forecast tool for hydrological drought and flood events in river flow (Du

et al., 2013; Wanget al., 2015; Barkeret al., 2015). Correlations between SPI and
observed Q95 flow are investigated to provide an indication of the time it takes for
precipitation deficits to circulate through theatchmentinto river flow deficits and to
estaltish the potential for SPliseas adrought forecastingool in different catchments.

This study derives SPI values for accumulation periods@®fionths for stations ithin

the II'P network and us ®s&rosSmeette menthlg SPland r r e | ¢
observed Q95 flow. This test is applied to four sample catchn&3806;L and 23002 with

low BFI values (runoff dominated catchments) and 12001 and 27002 vgkh Bitl
(groundwater dominated catchments). Lagged relationships between SPI (accumulation
periods 16 month) and observed Q95 flows at each catchment are assessed for lags of up

to 5 months.

Finally the influence of the North Atlantic Oscillation IndexA®) on Irish river flow is
investigated. Reconstructed seasonal flows are correlated with the seasonakiNgO u
Spear manods cSaurnrneelra tfilooow i s al so correl ated
given that previous research has identified lagged oelsttips in shorter records
(Murphy et al, 2013). The station based NAO data from 186@5 is employed and
downloaded from https://climatedataguide.ucar.edu/climdiga/hurrelinorthatlantic

oscillationnacindexstationbased
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5.4 Results
5.4.1Model sensitivity to PET.

The sensitivity of modelled output to different PET series was assessed for two
contrasting catchment®&allysadare 35005 located in the west was calibrated over the
period(19902000 with model validatiorundertaken fof2001-2010. Boyne7012in the

east of the island was calibratéor 19601970 and validatedor 19902000. These

choices of calibration validation periods were constrained by the availability of good
quality river flow record and PET dat&oodness of fit measures (NSE, MAE, PBIAS

and Rz ) were derived for flows over the entire calibration and validation pesiod

winter and summer half years. Table 5.2 presents results of the assessment for each of the

three PET estimation methods for the entire calibration and validation periods in both

catchments.
Goodness of fit 7012Boyne 35005Ballysadare
test (Cal 19601970) (Cal 19962000)
(Val 1990-2000) (Val 2001-2010)
LTA PET TW PET PM PET LTA PET TW PET PM PET
NSE 0.89 0.86 0.90 0.81 0.83 0.80
R? 0.88 0.86 0.89 0.86 0.85 0.86
Cal MAE (m?3/ &) 6.63 7.48 6.33 3.97 3.94 4.19
al
PBIAS (m3/ st) -0.6 -0.7 -3.2 55 -9.3 4.1
NSE 0.78 0.77 0.80 0.76 0.76 0.81
R2 0.80 0.79 0.72 0.82 0.80 0.80
Val
MAE (m?3/ &) 9.79 10.72 12.44 4.19 4.06 4.29
PBIAS(m3/ <) 4.3 -18.7 -18.8 3.3 -11.9 2.1

Table 5.2 Calibration (Cal) and validation (Val) performance using three different PET
estimation methods:long-term averge PET (LTA), Thorntwaite PET (TW) and Penman
Monteith PET (PM). Table shows the goodness of fit results for NSE, R?, MAE and PBIAS
at two study catchments 7012 and I®5 for the full calibration and validation periods.

The results goodness of fit are compared for each catchment separately with no
comparison between catchmentgCalibration results aBoyne 7012 show all three
methods performed well in capturing the observed flows. There are slight differences in
terms of the best performing PET method depending on the goodness of fit measure. Best

PBIAS scores are returned using the long term average metBograt 7012, also being

111



the case for validation. During validationBayne 7012, large errors (~18%) are evident

for PBIAS using the Thornthwaite and Penman methBeésults for the full calibration
period at 35005 199R000 show little difference betweencéeof the three PET methods

for this catchment (Table 5.2). Results Bdllysadare35005 over the full validation

period 20012010 showa similar model performance, with only minor differences across
each of the PET method§he importance of PET estimatias greatest in the eastern
catchment where evaporative losses are greatest and the use of long term average PET
provides better simulations for PBIAS relative to other methddgure 5.4 plots
simulated and observed flows for win{@ct, Nov, Dec, Jari;eb and Mar) and summer
(Apr, May, Jun, Jul ,Aug and Sepalf years during validation at both catchments. Table
5.3 shows goodness of fit statistics for each catchment for winter and summer half years
during calibration and validatiost Ballysadare35005 the LTA_PET method performs

best in both winter and summeimilarly at Boyne 7012 both TW_PET and PM_PET
methods show very high PBIASgreater than25 per cent for summer during validation.
Summer validation results clearly show that LTA_PET maoeé#élrns the best model fit,

with the highest NSE and the lowest PBIA3.1{ per cent). Thus the long term average

PET was adopted for use in subsequent modelling.

PET model NSE MAE (m3/ st) PBIAS (m3/ ')
35005 7012 35005 7012 35005 7012

LTA 0.62 0.82 551 8.44 11.7 -0.7

Cal

(Winter) T™W 0.72 0.83 451 8.61 -4 -4.6
PM 0.62 0.82 5.51 8.70 10.6 -5.3
LTA 0.64 0.63 5.33 13.48 9.4 8.1

Val

(Winter) T™W 0.65 0.62 4.90 14.55 -7.5 -16.3
PM 0.64 0.68 5.22 12.99 8.1 -16.2
LTA 0.623 0.89 2.43 6.20 -12.9 -6.4

Cal

(Summer) T™W 0.35 0.86 3.34 7.13 -25.41 -2
PM 0.56 0.87 2.87 7.03 -15.4 -1.3
LTA 0.51 0.62 3.06 6.09 -11.5 -7.1

Val

(Summer) TW 0.45 0.60 3.23 6.97 -22.6 -25.8
PM 0.42 0.57 3.36 6.18 -12.4 -26.5

Table 5.3 Calibration (Cal) and validation (Val) performance for winter and summer half
years using long-term averge PET (LTA), Thorntwaites PET(TW) and Penman Monteith
PET (PM). Table shows NSE, R2, MAE and PBIAS results for both testatchments.
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Figure 5.4 Validation results for the PET sensitivity test using longerm averge PET (LTA), Thorntwaites PET(TW) and Penman Monteith PET

(PM) at two study catchments 35005 ( 2062010) and 7012 (199Q000). Thre plots show observed and simulated flows over the winter half year
(Oct, Nov, Dec, Jan, Feb and Mar) and summer half year (Apr, May, Jun, Jul ,Aug and Segjhe solid black line indicates the best fit and dotted
line indicates a perfect fit.
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