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ABSTRACT

We present an update of the Irish Hydrometric Reference Network (IHRN) of river gauging stations from across the Republic
of Ireland that have been deemed suitable for assessing climate-driven changes in high, mean and low flows. Selection crite-

ria, analysis of metadata and historical flows, and stakeholder feedback are applied to identify 51 stations for inclusion in the
network. Missing daily data were infilled using a conceptual hydrological model and an Artificial Neural Network. As well as
providing a dataset for monitoring and detecting the impact of changing climatic conditions on Irish catchments, the updated
ITHRN offers utility for assessing extremes of flood and drought and for modelling future flow regimes via climate change impact

assessments.

1 | Introduction

High quality, long-term observational records are fundamental
for understanding the impact of climate variability and change
on river flows (Dixon et al. 2006; Chiverton et al. 2015; Garner
et al. 2015). Flow records with notable anthropogenic influ-
ences (e.g., drainage, irrigation, abstractions and discharges,
river flow management), inaccurate rating curves at extremes,
limited length and/or containing considerable missing data,

may provide inaccurate or misleading assessments of change
over time (Hannaford et al. 2013; Hall et al. 2014; Wilby
et al. 2017). Hydrometric reference networks comprise quality-
assured, long-term flow gauges that provide reliable observa-
tional records from near-natural river flow regimes (Whitfield
et al. 2012) and have been developed for many countries such as
the US, Australia, and New Zealand (Slack and Landwehr 1992;
Turner et al. 2012; Queen et al. 2023), and in some studies have
been grouped for larger areas such as the Nordic region, Europe,
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and globally (Wilson et al. 2010; Stahl et al. 2010; Turner 2024).
Such networks typically cover the full range of possible flows
but have also been developed to target a specific flow regime, for
example, low flows in France (Giuntoli et al. 2013).

Whilst selection criteria for reference networks often reflect local
data limitations, there are standard criteria which are typically
considered. These include the degree of basin development (ide-
ally pristine with stable land-use), water use (limited regulations,
diversions and abstractions), record length (at least 20years), data
collection (active stations), good data quality, and adequate sup-
porting metadata (Whitfield et al. 2012). Secondary considerations
often relate to sufficient spatial coverage and representativeness of
the range of catchment characteristics, with incomplete or low spa-
tial coverage being identified as a particular source of uncertainty
when using networks for assessing historic change (Easterling
et al. 2016). Reference networks are commonly employed in studies
assessing catchment responses to climate variability and change at
high (e.g., Burn and Whitfield 2017; Hodgkins et al. 2017; Mazer
et al. 2021) and low (e.g., Hannaford and Marsh 2006; Dudley
et al. 2020; O'Connor et al. 2022) flows.

The utility of flow records, including those from reference
networks, can be compromised by missing data and ex-
tended gaps in the record (Harvey et al. 2012). Discharge
series can contain missing data due to issues such as equip-
ment malfunction, loss during transmission/storage, human
error or because data are of insufficient accuracy, precision
or reliability (Wilby et al. 2017). When carrying out statisti-
cal analysis of flow series, missing values can lead to biassed
results (Zhang and Thorburn 2022). It is therefore pertinent
that gaps in any record be limited and infilled when possible.
Techniques employed to infill missing data include nearest
neighbour approaches, (e.g., Giustarini et al. 2016), interpo-
lation techniques (e.g., Peterson and Western 2018), linear re-
gression techniques (e.g., Durocher et al. 2019), hydrological
modelling (e.g., Zhang and Post 2018) and machine learning
(e.g., Dahmani and Latif 2024).

In Ireland, the first hydrometric reference network, consist-
ing of 43 stations, was developed by Murphy et al. (2013a).
These stations have been employed in numerous studies in-
cluding the investigation of flow extremes, historical trends,
links to external hydroclimatic drivers, streamflow forecast-
ing, hydrologically modelling, and river flow reconstruc-
tions (e.g., Hodgkins et al. 2024; Mediero et al. 2015; Murphy
et al. 2013a; Donegan et al. 2021; Foran Quinn et al. 2021;
Broderick et al. 2016; Noone and Murphy 2020). An optimal
reference network requires periodical review to ensure it re-
mains fit for purpose (Mishra and Coulibaly 2010). Given the
passage of > 10years since the creation of the first Irish refer-
ence network this paper provides a revised network to ensure
that all stations are fit for purpose and that stations that may
not have been of sufficient length in Version 1 are included in
this update.

In the remainder of this article we present the Irish Hydrometric
Reference Network (IHRN) Version 2. We outline the criteria
applied for inclusion, present the derived networks for high,
mean and low flows, detail the modelling process employed
to infill missing flow data and provide an outline of the main

characteristics of the network catchments. Finally, we present
an analysis of annual and seasonal trends in flows from across
the THRN V2.

2 | Irish Hydrometric Reference Network Version
2 (IHRN V2)—Station Selection

2.1 | IHRN V2—Data Gathering

Daily Mean Flows (DMFs) for 366 catchments were available
for assessment, comprising 143 gauges overseen by the Irish
Environmental Protection Agency (EPA) and Local Authorities
and 223 gauges maintained by the Office of Public Works
(OPW). In Ireland the OPW are responsible for flood risk man-
agement and maintain hydrometric stations for this purpose.
The EPA has an important remit for water quality, while local
authorities historically had responsibility for water manage-
ment. Therefore, different hydrometric agencies have an histor-
ical focus on different parts of the flow regime. Flow series are
available for download from the EPA (http://www.epa.ie/hydro
net/) and the OPW (http://waterlevel.ie/).

2.2 | THRN V2—Application of Criteria

DMFs for all available stations were assessed for inclusion
based on the criteria outlined in Table 1. Specific require-
ments included that station series be at least 30years in length,
have <10% missing data, have <2.5% urban extent, <10% ex-
tractions/discharges (Q95 or the flow exceeded 95% of the time),
be active or if suspended, that this is temporary. In Ireland, arte-
rial drainage, an activity used to improve land drainage and to
reduce the frequency and extent of overland flooding (Bhattarai
and O'Connor 2004), has historically impacted many catch-
ments (Murphy et al. 2013a) and can influence rainfall-runoff
response (Harrigan et al. 2014). For catchments with a docu-
mented history of arterial drainage, only the post-drainage data
were included for analysis.

Trends in annual and seasonal flows for each station were also
examined, using a modified version of the non-parametric
Mann-Kendall test (Mann 1945; Kendall 1955) that addresses
autocorrelation (Yue and Wang 2004). The deviation of a sin-
gle station's trends from others and/or the identification of
excessively large trends resulted in further investigation of
the relevant station's metadata as appropriate. When decid-
ing upon the final listing of IHRN stations, the application
of certain selection criteria was relaxed for a small number
of catchments so that the final list covered a broad range of
catchment characteristics, representative of differing hydro-
climatological conditions on the island and had a good geo-
graphical distribution (see Table 2).

2.3 | IHRN V2—Rating Curve Performance Across
the Flow Regime

To address requirements of different users who often have
specific interest in high, mean or low flows, together with dif-
ferent priorities of the main hydrometric agencies in Ireland,
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TABLE1 | Selection criteria used to identify suitable stations to include in the IHRN V2.

Key selection criteria

Comment

Active

Stations must be active and collecting data and expected to continue to do so into the

future. Note: temporarily suspended stations were considered for inclusion

Hydrometric data quality

High quality, consistent hydrometric data, with adequate supporting metadata are required.

A well-defined stage-discharge relationship particularly at high and low flows (identified with
rating curve) is desirable with details on gauge type, performance in supporting metadata
(e.g., detail on weed growth, high flow bypassing and other channel disturbances) required

Record length

Long continuous record lengths are essential (at least 30 years) with continuity of

ongoing measurements without significant gaps (< 10% gap in the record overall)

Near-natural flow regime

Catchments should be subjected to limited flow regulation, extractions,

or discharges. When unavoidable a threshold of 10% influence on flow
values at/below Q95 is applicable for low flow stations

Limited land-use change
and drainage

Flow regimes that are relatively free from development and other anthropogenic influences
(here we classify relatively free from development as the catchment having <2.5% urban extent).

Catchments subject to arterial drainage are flagged, with only post-drainage records employed

Geographical location

Geographical spread that encompasses the entirety of the island (all eight Water Framework

Directive river basin districts), in locations with differing rainfall regimes, underlying geology,
catchment orientation, and vegetation cover. The spatial distribution of candidate stations, record
length, data quality at high, mean and low flows and overall hydrological representativeness were

considered when choosing stations with importance adjusted depending on circumstances

Confirmation

Station nomination is flagged with the relevant hydrometric authority overseeing its operation

(i.e., EPA, OPW). Feedback on station selection also attained using a related query sheet
with questionnaire addressing all issues identified through previous examination

rating curve quality of IHRN V2 stations was assessed at those
three flow regimes using a classification approach similar to
Harrigan et al. (2018) for the UK Benchmark Network. The
rating curves for candidate stations were graded separately for
high (Q05), mean (Q50) and low (Q95) flows, with a value of
1 (good performance), 2 (moderate performance), or 3 (poor
performance) assigned to each station. Grading was under-
taken via a questionnaire distributed to hydrometric experts
within Local Authorities, the EPA and OPW. An overall score
was then obtained by averaging scores across each of the three
flow regimes and rounding to the nearest whole number.
Stations that obtained an overall score of 3 were dropped from
the final listing of IHRN V2 stations. Similarly, stations were
removed from a given flow regime if their performance
was poor.

Table 2 provides the final list of stations, detailing their char-
acteristics, ratings for high, mean, and low flows, and their
overall performance scores. In total, 51 stations were identi-
fied as suitable for inclusion in the ITHRN V2, 17 of which are
high quality and 34 of which are moderate quality overall (see
Table 3 for a more detailed breakdown). Using this informa-
tion, different networks are defined for low, mean, and high
flows. Suitable stations for mean flow are most numerous (50),
followed by high flow (45), and low flows (42). Of the 51 sta-
tions, only 12 have a high-quality rating across all three flow
regimes (see Table 2), indicating the importance of defining
unique networks for high, mean, and low flows to maximise
spatial coverage. Table 2 also identifies nested catchments
(gauges monitoring sub-catchments within the same larger
catchment).

2.4 | IHRN V2—Spatial Distribution
and Catchment Characteristics

The spatial distribution of networks for the three flow regimes
can be seen in Figure 1. Green points represent good performing
stations whilst orange represent moderate performing stations.
It is evident that without relaxation of rules to include moderate
quality stations, significant spatial gaps would occur in the net-
work, particularly in inland regions at high flows. Some minor
spatial gaps remain, particularly in the east (close to the Dublin
region with its high urban extent), the west (close to the Galway
region), and in the northwest (in county Donegal) and are the
result of no stations meeting basic selection criteria in these lo-
cations. As records mature it is anticipated that these gaps will
be filled in future versions of the IHRN (see Section 5.2).

Six key catchment descriptors, extracted for the final list of
ITHRN stations are shown in Figure 2. Standard Annual Average
Rainfall (SAAR), derived using the 1961-1990 baseline for
consistency with other Irish national datasets (e.g., the Flood
Studies Update), ranges from 879.6 to 1924.7 mm, the Base Flow
Index (BFIsoil: a measure of catchment permeability; see Mills
et al. 2014) ranges from 0.29 to 0.83, the main channel slope
(Tayslo; derived from Taylor-Schwartz method) ranges from
0.12 to 2.71, the proportion of peatland in the catchment (Peat)
ranges from 0 to 0.80, catchment area (Area) ranges from 10.4
to 2333.7km? and the average catchment elevation (Elevation)
ranges from 84.0 to 493.4m. The range of catchment descriptors
show good consistency across the three flow regimes, though
the high flow network tends to have slightly larger catchment
areas, higher BFI values and lower mean elevations.

Geoscience Data Journal, 2026

30f 15

85US017 SUOWIWIOD BA1E81D) 8|qeotjdde ay) Aq peusnob ae se il VO ‘85N JO'So|n. Joj Akeiq 1 8UIIUO 48] 1M UO (SUOPUOD-PUE-SWUISY/W0 A8 | 1M ARe.ql U1 |Uo//:Sdy) SUORIPUOD pue Ss | 8L 88S *[9202/50/02] Uo Akeiqi8uliuo A8|Im ‘oouke y puepi] JO AiseAIuN uolieN Aq 52002 €1PB/Z00T 0T/I0p/woo A3 1M Ateiq Ul U0 SIBLUL//Stiy Wouy pepeojumoq ‘Z ‘9202 ‘09096+02



20496060, 2026, 2, Downloaded from https://rmets.onlinelibrary.wiley.com/doi/10.1002/gdj3.70075 by Nationa University Of Ireland Maynooth, Wiley Online Library on [20/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
TT10°0  8961-7961 4 4 [4 4 VN 981 [4%] 99°'cy 0861 200°6— 601°CS °2d Soquedue( 0€0vC
€00°0 6S61-1S61 4 4 [4 T VN (444 8¢ LS0S  TL6I YeS6— 89¥°CS £sren g youg 100°€C
010°0 - 4 T T € VN 1€C LS9 SY'1E 1661 L19°6— 190°CS aune] g sune] G€0CT
800°0 — T ! T T VN 9G¥y 88'Y 8Y SL6T 789'8— SOL'TS uopueg alnue.LIng 200°0¢
6100 - ! T T T VN €LE 669 §T°0S  TL6I 12y'8— [44: a8 KoquamQ eolled 10061
000 — 4 4 € 14 70081 SL (4501 Is cL6T 86T 8— 891°CS uorysuny ag Surumo( S00°8T
[13suny]
L00°0 - 4 T [4 4 200°ST 61 8¢ 1S cL6T S16°8— 6v1°CS Ieyemde[q US[[NABIIY £00°8T
[193sun ]
900°0 - T T T T VN 8L SS'T Is cL6T 1S0°8— 14454 Teyemde[q JpAred 700°8T
L00°0 — 4 € T T VN €61 (4083 L8°0S  TL6I ¥69°L— 1s€°Cs RUTN [puruory 11091
800°0 — 4 4 T 4 11091 TLT Tce ST'89  ¥S61 o'~ LSE'CS 1ms Jred L_yed 60091
€100 - T T T 4 VN (44 €60 €ree 0661 88T°L— 1€S°CS 9I0N JaHny JUNON 110°ST
8100 - [4 € T (4 VN 6911 86'9 69 vSel 676'9— SE6'CS molrreq UMOISHAIT 6101
L00°0 — T T T T 6101 TL 98'T 'ty 0861 80°L— 6€0°€S Aqreqpens }o01qhrI2Qq LOO'VT
900°0 - [4 € 4 (4 VN 80T L€ €€°L9 S[) 8 675 9— 8YSCS Kauels ysremelress 100°CT
LT0°0 - [4 [4 4 € VN 1474 1423 8L'0S  TL6I 0LT'9— £v9'CS YSelI0ABUSMO Kueajog TOO‘TT
[stro31] Araydrey
900°0 - 4 [4 T 4 900L SeL LS 86'Cr 0861 8L0°L— 7E€8°ES Ieyemde[q BIUISIIA €e0L
7000  S861-C861 [4 [4 4 (4 VN S8T 'y 81'9¢ 9861 208'9— 9TLES Kyeukon umojsues 900L
L00'0  PL6I-TL6T [4 € 4 (4 VN 69¢ 19°¢ SELY SL6T T6L°9— 966°¢S sukog WLLT, S00L
€000  8L6I-€L6T 4 € T 14 S00L 68T S6'v LS'EY  6L61 0L6'9— 88¥°¢S [£oureyey] 19oq UK 200L
0000 — (4 T T € YN 96T 876 96'Ly  SL6T YT 9— 920°tS [wnoT] Sig A1034qreg 0€09
¢10°0 LS6T-0S6T ! [4 T ! VN ITT €8'C 61'LY SL6T 675 9— 126°¢€S apA1D umojsue[e], 109
6000 LS6T-0S61 ! I T ! VN €L 8’1 8T'LY SL6T €Ivo— 968°¢S Rd S[[IAI[IBYD €109
€100 — T T T T VN 1433 68 §T0S  TL6I §99°9— €60'vS oueq QUEBQaIE[D ¢109
d) aSeureap 9103s Sunexr Suner Suner urgm  sAep Sursstwr (%) SMO[F  (gg0z JIBIA  9pmyiSuoT ApMINeTT  SWIRU IIATY Jwreu uorjels uonyels
JUIIXd  [erIdlIY  dduewnroyrdd  mopy MOrJ MO}  PIISON  9ANNIISU0d  SUISSI)AI pud  JIels
ueqin [1e12A0 MmoT  uBdN  YStH WNWIXEA nn)
sxedak
eoLn
“(ZA NYHI) T UOISISA YI0M 3N 30USIJy OLIISWOIPAH YSIII Y} UI PIPNIOUT SUoneIs 16 3y josireled | ¢ ATAV.L

Geoscience Data Journal, 2026

40f 15



20496060, 2026, 2, Downloaded from https://rmets.onlinelibrary.wiley.com/doi/10.1002/gdj3.70075 by Nationa University Of Ireland Maynooth, Wiley Online Library on [20/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(sonunuo))
800°0 — 4 4 [4 € 100V € 8 LY'L 16°Sy  LL6T €10°6— 8¥8'¢S yse[od ySewnr Y20'vE
6000  TL6I-¥S6T T T T 14 100V € LSY €6'¢ 69°0S  TL6T 0€6'8— L96°€S Ko BUBUUBIEUOO[D 0T0‘vE
[eurjowsso1)]
0000  TL6T-0961 [4 € T T VN 1433 69 §T°0S  TL6I rre6— 980°¥S [°2d uooiredA[eq LOO'VE
8000  TL6T-0961 I [4 T T VN LS LTT Is cL6T LST'6— YOI ¥S Ko sueyey 100°v€
0000 - [4 [4 T (4 VN 08¢ [4°h%4 €8Sy LL6T 969°6— ovTvs Kowreuarn Kowreuarn T00°€E
000°0 - I T T T VN 8¢ €€°9 9’1y 1861 7CS'6— 688°¢€S [oKeN] 310dmaN  1rom 310dMON z10°cE
000°0 - ! T T ! VN 99 LS9 vLEY 6L61 0€S°6— 88C'€S BIYSED BIUSED 700°T€
¢00°0 — 4 4 [4 14 VN 881 S9°S 60°LE G861 766'8— §89°¢S °2qoy g S runSLIyd 120°0€
010°0 — C [4 T 14 120°0€ 9L 6€°¢ Sove 8861 V9L 8— oLES ues[eq stuney£[req 020°0€
S00'0  VL6I-PS61 4 T [4 4 VN 861 v U8y vL6l VL8 8— TES€ES QIe[D) AppesAred L00°0€
0000 - 4 [4 [4 4 VN cLE ¥9°9 8€8Y  vL6T 6ST°6— I8%°€S [ornays] soerg g om0 700°0€
T100°0 - T T T T VN (443 LT L9°89  ¥S6I1 YL6'8— 0L8°CS sngiadg Ka1004]eg T00°LT
¥00°0  T661-C861 4 4 [4 T VN 00¢ [4ny4 60°CE 0661 96T°8— €L6°ES s[kog 1g £oqqy dfog 801°9¢
010°0 €961-6561 4 4 [4 4 120°9¢ T€T €9°¢ 1484 1861 0ST'L— ILL'ES Toddn Auup g qurrutjreg 850°9C
0000 - 4 1 T € VN 6¢T €7 SS'Ly SL6T ¥10°8— T6T'vS uouueys BImoq 620°9C
¥00'0  €961-6S61 [4 € 4 (4 VN 88Y% €0°S §T°0S  TL6I LSLL— €96°€S Auug uoyewA[[eq 120°9¢
€100 - 4 [4 4 € VN i 79°¢ 6769 €561 €C8’L— €eL'es urued ySe[nn 610°9C
€000 - [4 [4 4 (4 VN SLL V'L LTEY  6L61 798°'L— 8T8'¢S uury g S uojysuyor 800°9C
2000 - [4 4 4 (4 VN LT 9'C G789  ¥S61 7978~ (4343 Jong jliLseatiesclel 50092
2000 — I I I I VN v (453 STTE 0661 S8T'8— 158°CS ySeuaN QUOAT, 8€0°ST
1000 - [4 [4 4 (4 VN €9¢C 99y ST'0S L6l 7es'8— 806°CS Ksue1n Jriredss 0€0°ST
2000 - [4 T 4 (4 VN 6€¢€ [ 4 LT'69 €561 188°L— €60°€S Joowre) peyesuAs TT0°ST
610°0 1S61-8161 [4 € T ! VN 1240) 8€'L 1L cS61 LT8'L— 0LT' €S rusorg Queq.Ioq 900°ST
¢00°0 — 4 4 [4 14 VN L8T LEY §T69  €S6l VLY 8— Sv9'cs 110dMaN 1g S uoj3urireg T00°ST
d) aSeureap 9103s Sunexr Suner Suner urgm  sAep Sursstwr (%) SMO[F  (gg0z JIBIA  9pmyiSuoT ApMINeTT  SWIRU IIATY Jwreu uorjels uonyels
JUIIXd  [erIdlIY  dduewnroyrdd  mopy MOrJ MO}  PIISON  9ANNIISU0d  SUISSI)AI pud  JIels
ueqin [1e12A0 MmoT  uBdN  YStH WNWIXEA nn)
sxedak
eoLn
(penupuo)) | zATIVL

50f 15

Geoscience Data Journal, 2026



Total
years

(Continued)

TABLE 2

Urban
extent

Overall
flow performance

High Mean Low
rating

flow

Maximum
rating

(till

end
2022) flows (%) missing days

Arterial

flow

rating

consecutive  Nested

Missing

Start
year

»
0.002

drainage

score

within

Longitude

River name Latitude

Station name

Station

52 NA

33.25 2.12

1989

54.209 —8.509

Ballysadare

Ballysadare

35,005

0.002

1983-1986

334 NA

36.97 4.24

1986

54.227 —8.299

Bonet

Dromahair

35,011

0.007

803 NA

65.04 6.43

1957

—7.450

Belturbet Erne 54.098

36,019

0.012

158 NA

4.34

46

1977

—7.684

Claragh Leannan 55.028

39,006

Note: High, mean, low flow rating values and overall performance scores are categorised for each station as being good (1), moderate (2) or poor (3).

TABLE 3 | Performance ratings of the 51 stations included in the
ITHRN V2 at high, mean, and low flows.

Station

performance Highflow Meanflow Low flow

Good (1) 20 29 21
Moderate (2) 25 21 21
Poor? (3) 6 1 9

Note: Stations were graded as performing good (score of 1), moderate (score of 2),
and poor (score of 3) at each flow regime.

aStations with a poor performance at a given flow regime were excluded from the
final network for that flow regime.

3 | Infilling Missing Data
3.1 | Series Length and Missing Data

Figure 3 displays the number of stations in operation for each
year in the updated IHRN. The earliest gauge (ID: 25006) com-
menced recording in 1952. While ten stations date to the 1950s,
most records commenced in the 1970s, with notable increases
in 1972 and 1975, aligning with an increase in hydrometric
observations following extreme drought at that time (Murphy
et al. 2013a). Figure 4 maps the record length of IHRN V2 sta-
tions (a), together with the percentage of missing data (b), and
the maximum consecutive days missing at each station (c).
Record length (up to the end of 2022) range from 31 to 71years
(averaging 49.2years), with longer records reasonably well dis-
tributed geographically. Missing data averages 4.5% (range:
0.9%-9.3%) and shows no spatially dependent suggesting that no
particular region is subject to large consistent gaps in observa-
tions. Furthermore, gaps in the record are not temporally de-
pendent, with only a small number of occasions when numerous
stations are missing data concurrently (e.g., a 13-day period in
April 2001 involving 16 stations).

3.2 | Hydrological Modelling

Missing data can severely impact analysis of flow variability
and change detection (Harvey et al. 2010), particularly at ex-
tremes (Gao et al. 2018). To address this, we employed a con-
ceptual hydrological model and an artificial neural network
(ANN) to infill missing flows. The GR4J (Génie Rural a 4
paramétres Journalier; Perrin et al. 2003) is a four-parameter
bucket-type water balance model that partitions rainfall be-
tween production (soil moisture) and routing stores, using
a water exchange function to account for groundwater in-
teraction. We ran the GR4J model using the airGR package
(Coron et al. 2017). Catchment average precipitation was ex-
tracted from gridded (1x1km) Met Eireann precipitation
(1941-2022; see Walsh 2012). Catchment specific potential-
evapotranspiration was calculated using Oudin's formula
(Oudin et al. 2005). As Met Eireann's gridded (1x1km)
temperature data (Walsh 2012) only commences in 1961, a
subset of gridded (0.25° x0.25°) ERAS surface temperature
reanalysis data (Hersbach et al. 2020) was extracted for the
catchment area for the period 1941-2022. Bias correction
was carried out using the gmap quantile mapping package
(Gudmundsson 2016) with local linear least square regression
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o
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FIGURE1 | Mapsof IHRN V2 stations selected for (a) high, (b) mean, and (c) low flows. Station performance for each flow regime is indicated by
the station colour with green representative of good performing stations and orange of moderate performing stations.
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interpolation mapping catchment specific ERAS5 temperature
data to the Met Eireann equivalent.

To calibrate the model, 80,000 parameter sets were generated
from a uniform distribution using Monte Carlo methods. Table 4
summarises the range of values employed for each of the four
parameters. This ensemble approach allowed for a broad assess-
ment of model performance across a plausible range of values.

Calibration was subsequently performed using observed daily
flows from the start of each record till the end of 1999 (including
a one-year warm-up period). The Nash Sutcliffe Efficiency (NSE)
(Nash and Sutcliffe 1970) and Kling Gupta Efficiency (KGE)
(Gupta et al. 2009; Kling et al. 2012) objective functions were ap-
plied to identify the 200 best performing parameter sets. Median
flows from these top 200 sets for each objective function were
extracted for each station.
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FIGURE3 | Startyear of flow measurements for each of the IHRN V2 stations, ranging from 1952 to 1991. The average start year of all 51 stations,

highlighted in red, is 1973.

Flows generated from the GR4J model were subsequently em-
ployed as inputs (1-day lag) to the ANN, along with daily tem-
perature, precipitation and precipitation lagged by one to 4 days
for the entire observational period. The ANN was developed
using the neuralnet package (Fritsch et al. 2019) in R. Model
structures consisting of two hidden layers with combinations
of one to eight neurons in each were generated. Performance
was evaluated during the calibration period using the NSE
and KGE objective functions, with the top 20 best performing
ANN models retained from each objective function. Median
simulated flow values from the combined GR4J and ANN en-
sembles were used to represent the final flow outputs for each
catchment, with 95th percentile confidence intervals (i.e., lower
and upper uncertainty bounds) also derived (these data are
available in the Modelled_Flows.txt, 2.5_Quantile_Modelled_
Flows.txt, and 97.5_Quantile_Modelled_Flows.txt files in the
Zenodo repository).

3.3 | Model Performance and Validation

Model performance scores, including NSE, KGE, Mean Absolute
Error (MAE), and R-Squared for the GR4J model and the ANN
model (employing the GR4J model outputs as a predictor), were
extracted for each station for the calibration period and a 22-
year independent validation period (2000-2022 inclusive; see
Figure 5). Comparing GR4J and ANN model performances
across all stations, we find average NSE values increase from
0.81 to 0.91, KGE values increase from 0.85 to 0.93, MAE val-
ues decrease from 0.57 to 0.40, and R-squared values increase
from 0.82 to 0.91 for the calibration period, indicating improved
performance using the ANN model. For the validation period,

average NSE values increase from 0.82 to 0.90, KGE values in-
crease from 0.83 to 0.89, MAE values decrease from 0.59 to 0.42,
and R-squared values increase from 0.83 to 0.91. As the ANN
model consistently outperformed the GR4J model, the ANN was
used to infill gaps in observations for all selected stations.

4 | Assessment of Trends

The impact of infilling missing data on trends was assessed
for each THRN V2 station. Annual and seasonal mean flows
were extracted and trends identified using a modified version
of the non-parametric Mann-Kendall (MK) test that accounts
for autocorrelation (Yue and Wang 2004). MK Z-scores, rep-
resenting trend direction and magnitude, were obtained for
observed flows (with gaps) and infilled flows (available as
Observed_Flows.txt and Infilled_Flows.txt files in the Zenodo
repository) and results compared (Figure 6). MK Z-scores
exceeding 11.96/ indicate significant trends at the 0.05 level.
While some stations show moderate deviations from the 1:1
line, most of the network displays very similar MK Z-scores
for both observed and infilled data. For instance, station
ID 14019 shows minimal deviation despite a gap exceed-
ing 100days, suggesting that infilling has limited impact on
trends. Overall, mean flows exhibit a general tendency toward
positive trends across all seasons except spring, with a limited
number of statistically significant trends evident.

Trend persistence in annual and seasonal mean flows was also
assessed to identify if individual stations showed deviations over
the observational period that were inconsistent with other sta-
tions. For these tests the start year was dropped consecutively
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FIGURE 4 | Maps of flow metrics for the 51 ITHRN V2 stations, including details on (a) the length of each station's flow record (in years), (b) the
percentage of the station's flow record that is missing, and (c) the maximum number of consecutive missing days per station.

TABLE 4 | List of parameters used in the GR4J hydrological model.
Included are their description, units, and the range of calibrated values
from which 80,000 random values were generated.

Range of
calibrated
Parameter Description Units values
X1 Maximum mm 0-1100
capacity of the
production (soil
moisture) store
X2 Groundwater mm/day 0-10
exchange
coefficient
X3 Maximum mm 0-1000
capacity of the
routing store
X4 Time base of the days 0-10

unit hydrograph

for each station until the year 2000 and the MK Z statistic
noted. Figure 7 shows a persistence plot of MK Z-scores for an-
nual flows, with good performing stations shown in green and
moderate performing in orange. Both categories show similar
Z-score patterns with no obvious outliers, increasing confidence
in results from moderately ranked stations.

Across the network increasing trends in average annual flows
are evident, particularly for longer records (e.g., pre-1965 were of
the 10 stations all show positive trends (consistently statistically
significant for 4 of them)). A similar pattern is for raw observed
flows (see Figure S1). The most negative trends occur for tests
commencing in 1993, where 17 stations show decreasing trends,
however none are statistically significant.

Figure 8 presents a seasonal breakdown of MK persistence plots
for THRN V2 stations. Both good and moderate performing sta-
tions show comparable trends in each season. The importance
of start year is clear in seasonal trends with earlier start years
tending to produce stronger trend patterns than shorter re-
cords. Winter mean flows are dominated by increasing trends,
particularly for tests commencing pre-1973. For the post-1970s
period winter mean flow trends are generally non-significant.
Spring shows considerable fluctuation in the significance and
direction of trends depending on the start year. For tests com-
mencing pre-1974 and post-1994 most trends are increasing, for
tests commencing from 1974 to 1994 the majority are decreas-
ing. For summer mean flows, increasing trends are particularly
evident for longer records. Autumn shows strong similarities
with summer, with increasing trends dominating for longer re-
cords. However, in both instances flow trends are statistically
non-significant. Seasonal flows also show similar results for raw
observed flow series (see Figure S2).

5 | Discussion
5.1 | IHRN V2 Strengths and Weaknesses

The inclusion of 51 gauging stations, representative of a wide
range of catchment characteristics, allows for detailed analysis
of climate variability and change in Irish river flows. The av-
erage length of series in the network has been extended from
40years in IHRN V1 to 49 years (average start year is 1973), with
only 4.6% of flow data missing on average (previously 4.7%).
Infilling via the ANN model showed that missing data had lit-
tle impact on mean flow trends. Future work will investigate
impacts on high and low flows. As per Harrigan et al. (2018),
the IHRN V2 provides unique networks for high, mean, and low
flows. This allows for the best performing stations for each re-
gime to be identified for trend assessment. A smaller number of
stations (17) are classified as having high-quality ratings across
all flow regimes. Along with evaluation of the station flow and
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1999) while the four on the right represent scores for the validation period (2000-2022). Metrics include the Nash Sutcliffe Efficiency (NSE), Kling
Gupta Efficiency (KGE), Mean Absolute Error (MAE), and Coefficient of Determination (R?).

metadata, coherence in trends across the network over the his-
torical record suggests that the IHRN V2 is fit for purpose. That
said, there are some weaknesses in the network that need con-
sideration. Many Irish catchments have been subject to arterial
drainage (Bhattarai and O'Connor 2004), with drainage main-
tenance often ongoing in these catchments. It is unavoidable
that some THRN catchments were subject to these activities (see
Table 2). However, none of the 16 stations impacted (noted in
Table 2) had drainage occur post the commencement of the flow
record used here. Another potential weakness is gaps in net-
work coverage in certain regions. To address this, some criteria
were relaxed, specifically in relation to the amount of missing
data in some stations, the inclusion of post-drainage flow series
and the inclusion of moderately good rating curves where neces-
sary for spatial coverage. These aspects and associated metadata
(available in the IHRN_ Station_Metadata.txt file in the Zenodo
repository) should be considered by potential users.

To quantify the impact of relaxing selection criteria, a com-
parative analysis of physical catchment descriptors and station
performance was conducted across high, mean, and low flow re-
gimes (see Figure S3). Results show that the physical attributes
remain relatively consistent regardless of station quality rat-
ings. Furthermore, Mann-Whitney U tests found no significant
difference (p>0.05) in annual and seasonal mean flow trends
between good and moderate stations. This suggests that while
a moderate rating may introduce localised uncertainty, it does
not undermine the detection of broader climatic trends across
the network. However, users should consider the implications of
poor data quality at extremes, with uncertainties in high flows,
particularly in larger catchments, having consequences for flood
risk assessment, while uncertainties in low flow can hinder the

detection and addressing of water quality and quantity issues
associated with drought, particularly in smaller catchments
(Coxon et al. 2015).

The average station start year is 1973, with only 10 dating to
1971 or earlier. Consequently, assessments of pre-1972 flows
face significant geographical gaps (especially in the northwest,
southwest and east), which may hide important regional trends.
The lack of significant trends in records starting in the early
1970s suggests a change in flows around this time, consistent
with observations in North America (Ryberg et al. 2020), and
Ireland, where a climatic change point in the mid-1970s, linked
to a shift in the North Atlantic Oscillation (NAO), resulted in
increased precipitation and flows (Murphy et al. 2013a, 2013b).
While the Mann-Kendall test identifies monotonic trends, re-
sults can be influenced by these abrupt shifts, which may also
be driven by changes in high flow events that disproportionately
affect mean values. Consequently, users should consider these
spatial and temporal constraints when employing the ITHRN V2
for long-term climate impact assessments. Furthermore, there is
under-representation of upland catchments which may limit re-
search on flow responses to climate variability in such regions,
something that has been flagged with relevant hydrometric au-
thorities. Finally, as with many reference networks (Whitfield
et al. 2012) assessing land-use impacts remains challenging due
to limited long-term data. It is certain that activities like peat
extraction and changing agricultural practices have impacted
flows, but the extent of impact remains unclear. While con-
sistency in trends across the network suggests that changes in
mean flows are primarily climate-driven, low flow trends may
be significantly more affected by land-use changes, making
them harder to attribute to external climate drivers alone.
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Dashed red lines highlight the value at which trends become significant (i.e., >1.96 or < —1.96). Stations classified as good are shown in green and

moderate are shown in orange. Station ID 14019, which contains a data gap exceeding 100 consecutive days, is circled in red.

5.2 | Utility and Future Work

We have demonstrated the network's utility in identifying an-
nual and seasonal mean flow trends. Since stations suitable for
high and low flow analysis are now identified, assessments can

easily expand to these extremes and explore links to key modes
of climate variability, such as the North Atlantic Oscillation
(Murphy et al. 2013a, 2013b). By limiting confounding factors
and ensuring good quality data, reference networks can play an
important role in climate change attribution studies. Accurate
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application of seasonal forecasts at the catchment scale is reli-
ant on high-quality river flow data. Reference stations such as
those in the THRN V2 offer a means to increase the accuracy of
seasonal flow forecasting activities. As the IHRN V2 specifies a
set of catchments that meet reference network criteria, it can be
used in the generation of historical reconstructions and future
climate change projections, bringing together past, present and
future flows across a wide set of catchment characteristics.

Finally, we identify 13 fledgling stations that meet most criteria
but are too short for inclusion in this iteration of the THRN. These
have been flagged as fledgling stations with the relevant organ-
isations for prioritisation for monitoring for future inclusion. A
number of these stations are in regions where spatial gaps have
been identified (see Section 2.4 and Figure S4). Using the same
datasets and models employed in this study, the authors intend
to extend the record of IHRN V2 stations using flow reconstruc-
tion techniques (as per O'Connor et al. 2023), enabling the iden-
tification of trend patterns over longer time periods.

6 | Summary

This paper presents the Irish Hydrometric Reference Network
(IHRN) Version 2, an updated, quality-assured dataset designed
for monitoring Irish river flows. Stations were selected based
on widely established criteria including record length, quality,
minimal urban development, limited missing data, and the
representativeness of Irish catchment characteristics. Through
engagement with hydrometric experts, independent networks
were identified for high, mean, and low flows, enabling targeted
assessment across the flow regimes. To ensure data continu-
ity, an artificial neural network was developed to infill obser-
vational gaps. Resultant annual and seasonal flow series were
assessed for trends. The observed continuity of trends in mean
flows confirms both the data quality and the network'’s utility
for detecting climate-driven variability and change. While in-
creasing trends dominate annual and winter mean flows for the
observational period, these trends are generally non-significant
for records commencing after the 1970s.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Mann-Kendall Z-scores
derived from annual mean flows for 51 IHRN V2 stations. MK Z-scores
are derived from observed flows for the given start year till the end of
2022. Stations classified as good are shown in green and moderate are
shown in orange. Figure S2: As Figure S1 but for seasonal mean flows.
Figure S3: Boxplots of selected catchment descriptors as per Figure 2 in
the main manuscript but including values for all individual catchments
and their related performance at high mean and low flows. Figure S4:
Map of potential future IHRN stations.
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