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Abstract
Extended	hydrometric	(water	level	and	flow)	records	are	presented	for	eight	Irish	
catchments	subject	to	arterial	drainage.	The	procedures	employed	to	collect	and	
process	historical	data,	extend	flow	records	and	compile	key	metadata	and	infor-
mation	 about	 each	 gauging	 station	 are	 described.	 Procedures	 are	 developed	 to	
handle	data	quality	issues	related	to	hydrometric	practices	and	equipment	mal-
function	and	to	quality	assure	rescued	data	using	quality	codes	that	complement	
modern	hydrometric	practices.	The	workflow	developed	will	assist	other	hydro-
metric	data	rescue	efforts	and	minimize	subjectivity	during	the	rescue	process.	
The	newly	extended	records	 represent	 the	 longest	continuous	river	 flow	series	
available	 in	 Ireland,	 extending	 to	 the	 commencement	 of	 formal	 hydrometric	
monitoring	in	the	country	in	1940.	The	resultant	data	sets	add	150	years	of	daily	
data	across	eight	stations	and	will	provide	a	key	new	resource	for	hydrological	
studies	into	the	impacts	of	arterial	drainage	and	flow	nonstationarity.
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1 	 | 	 INTRODUCTION

The	 availability	 of	 long,	 high-	quality	 hydroclimatic	 re-
cords	 is	 critical	 for	 detection	 and	 attribution	 of	 nonsta-
tionary	 dynamics	 (Slater	 et	 al.,  2021).	To	 detect	 change,	
studies	require	observed	datasets	that	are	sufficiently	long	
to	reflect	the	timeframe	of	hypothesised	drivers	of	change	
(Slater	et	al., 2021)	and	to	identify	statistically	significant	
deviation	from	natural	variability	(Merz	et	al., 2012).

Work	to	rescue	historical	data	and	extend	available	records	
is	an	important	component	of	hydroclimatic	research,	with	a	
growing	number	of	data	rescue	projects	internationally	(e.g.	
Hawkins	et	al., 2022).	In	Ireland,	historical	data	rescue	has	
led	to	new	insights	into	precipitation	(Ryan	et	al., 2021,	2022)	
and	temperature	(Mateus	et	al., 2020;	Mateus	&	Potito, 2022)	
variability	 and	 change.	 In	 climatology,	 much	 attention	
has	 been	 paid	 to	 data	 rescue	 procedures	 and	 workflows	
(Brönnimann	et	al., 2018),	including	the	development	of	best	
practice	guidelines	(WMO, 2016)	and	international	efforts	to	
facilitate	data	rescue	efforts	and	data	storage	(e.g.	Copernicus	
Climate	Change	Service	[C3S]).

Despite	 the	 World	 Meteorological	 Organization	
(WMO)	identifying	the	need	for	hydrometric	data	rescue	
globally,	primarily	due	to	record	deterioration,	and	the	de-
velopment	of	generalized	guidelines	to	support	hydromet-
ric	data	rescue	(WMO, 2014),	there	remain	few	examples	
of	 formal	data	rescue	of	historical	streamflow	data	(e.g.,	
Antico	et	al., 2018).	There	is	much	potential,	therefore,	for	
data	rescue	to	contribute	to	hydrological	studies	and	un-
derstanding	(e.g.	Antico	&	Vuille, 2022).

In	Ireland,	most	river	flow	data	are	publicly	available	only	
from	the	early	1970s,	despite	commencement	of	hydrometric	
monitoring	 in	the	early	1940s.	This	 is	particularly	problem-
atic	 for	 research	 into	 long-	term	 variability	 and	 change	 and	
understanding	the	 impacts	of	human	interventions.	For	 in-
stance,	 a	 state-	sponsored	 arterial	 drainage	 programme	 was	
implemented	in	Ireland	after	1945	involving	catchment-	scale	
schemes	to	widen	and/or	deepen	thousands	of	kilometres	of	
Irish	rivers	with	the	intention	of	reducing	waterlogging,	sup-
porting	drainage	during	 the	spring-	autumn	growing	season	
and	mitigating	 flood	events	 (Bruton	&	Convery, 1982).	The	
lack	of	available	gauged	river	flows	in	the	period	before	instal-
lation	limits	understanding	of	the	impact	of	arterial	drainage	
on	the	hydrological	regime.

The	 primary	 aim	 of	 this	 paper	 is	 to	 develop	 an	 ap-
proach	 for	 historical	 hydrometric	 data	 rescue	 for	 eight	
arterially	 drained	 catchments	 from	 the	 Office	 of	 Public	
Works'	hydrometric	archives	(OPW).	In	doing	so,	we	de-
velop	a	workflow	for	hydrometric	data	rescue	that	builds	
off	 existing	WMO	guidance	and	will	be	of	use	 in	differ-
ent	contexts.	The	extended	water	level	and	river	flow	re-
cords	are	then	presented	and	opportunities	for	further	use	
explored.

The	 remainder	 of	 the	 paper	 is	 structured	 as	 follows:	
Section 2	provides	detail	on	catchment	selection.	Section 3	
presents	an	overview	of	 the	workflow	adopted	and	 then	
describes	 in	 detail	 each	 stage	 of	 the	 data	 rescue	 process	
and	the	development	of	extended	river	flow	records	using	
historical	rating	relationships.	Section 4	provides	an	over-
view	 of	 quality	 assurance	 protocols.	 Section  5	 outlines	
data	access	and	summarizes	overall	data	quality.	Section 6	
discusses	future	data	use	and	limitations.	Section 7	pres-
ents	key	lessons	learned	for	future	hydrometric	data	res-
cue	efforts	both	in	Ireland	and	further	afield,	before	final	
conclusions	are	drawn	in	Section 8.

2 	 | 	 CATCHMENT SELECTION AND 
WORKFLOW

Here	we	focus	data	rescue	activities	on	arterially	drained	
catchments	 in	 Ireland	 to	 extend	 the	 pre-	drainage	 re-
cords.	 Across	 Ireland,	 34	 catchments	 were	 subject	 to	
arterial	 drainage,	 totalling	 2,600	km2	 of	 drained	 land,	
covering	~20%	of	the	country	(OPW, 2021).	All	arterially	
drained	 catchments	 were	 considered	 for	 selection	 with	
the	 following	 criteria	 applied	 using	 metadata	 from	 the	
digital	 Register	 of	 Hydrometric	 Stations	 in	 Ireland	 2020	
(Environmental	Protection	Agency, 2020)	and	additional	
information	held	by	the	OPW	(including	OPW, 2018):

•	 The	catchment	must	be	actively	maintained	as	part	of	
the	OPW's	arterial	drainage	programme.

•	 A	 minimum	 of	 5	years	 of	 pre-	drainage	 water	 level	 or	
flow	data	must	be	available	for	data	rescue.

•	 Historical	paper	records	are	legible.
•	 Station	 metadata	 (datums,	 level	 checks,	 alteration	 of	

controls)	is	available	from	the	start	of	the	record.
•	 Either	rating	relationships	for	the	earliest	available	data	

have	previously	been	developed,	or	there	is	a	sufficient	
quantity	and	quality	of	flow	gaugings	to	produce	an	his-
torical	rating	curve.

•	 If	 multiple	 stations	 in	 a	 single	 catchment	 meet	 the	
above	 criteria,	 then	 the	 most	 downstream	 station	 was	
selected.

Using	these	criteria,	eight	catchments	were	identified	
with	at	least	one	suitable	station	for	data	rescue	(Table 1,	
Figure 1).	Together,	selected	catchments	represent	the	full	
period	of	arterial	drainage	works	in	Ireland	from	the	earli-
est	works	in	the	1940s	(Brosna),	to	the	most	recent	scheme	
in	the	mid-	1980s	(Monaghan	Blackwater).	The	most	com-
mon	reasons	for	catchment	exclusion	were	a	lack	of	flow	
gauging	data	during	the	pre-	drainage	period,	while	many	
smaller	 catchments	 (<100	km2)	 also	 lacked	 continuous	
water	level	data.
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   | 3de SMETH et al.

3 	 | 	 DATA RESCUE WORKFLOW

Figure 2	provides	an	overview	of	the	data	rescue	workflow	
employed,	comprising	three	key	phases	of	data	collection	
and	review,	data	processing	and	quality	assurance.	Each	
of	these	phases	is	outlined	in	detail.

3.1	 |	 Phase 1: Data collection and review

Water	 level	 data	 (i.e.	 the	 height	 of	 water	 above	 a	 local	
datum,	also	referred	to	as	stage)	were	sourced	from	OPW's	
hydrometric	 archives	 in	 two	 hardcopy	 paper	 formats.	
Earliest	data	are	stored	as	single-	sheet	annual	summaries	

T A B L E  1 	 Stations	selected	for	data	rescue.

Station # Station name Waterbody
Catchment 
area (km2)

Arterial drainage 
scheme

Scheme 
works

Drained 
area (km2)

03051 FAULKLAND BLACKWATER	
(MONAGHAN)

143.2 Blackwater	Monaghan 1984–	1992 23.67

23001 INCH	BR. GALEY 191.9 Feale 1951–	1959 107.24
24012 GRANGE	BR. DEEL 366.28 Deel 1962–	1968 202.34
25006 FERBANE BROSNA 1,162.76 Brosna 1948–	1955 348.83
26021 BALLYMAHON INNY 1,098.78 Inny 1959–	1963 46.94
30004 CORROFIN CLARE 706 Corrib-	Clare 1951–	1959 107.24
30005 FOXHILL ROBE 237.9 Corrib-	Mask 1979–	1986 97.12
34004 BALLYLAHAN MOY 935.45 Moy 1960–	1971 48.16

F I G U R E  1  Catchments	and	
associated	gauges	selected	for	data	rescue	
(Source	topographic	data:	Copernicus	
Land	Monitoring	Service, 2016).
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4 |   de SMETH et al.

of	 daily	 staff	 gauge	 readings	 (termed	 ‘staff	 data’,	 see	
Figure  3).	 These	 are	 in	 imperial	 units	 of	 measurement	
and	available	for	all	eight	stations	from	hydrometric	year	
1939/1940	 to	 the	 late	 1940s/early	 1950s	 (depending	 on	
the	 station).	 Station	 #03051	 Faulkland	 is	 an	 exception	
with	this	data	format	extending	until	1977.	In	Ireland,	the	
Hydrometric	Year	(HY)	runs	1st	October	through	to	30th	
September,	e.g.	01/10/1939–	30/09/1940	is	HY1939.

For	 three	 stations	 (#23001	 Inch	 Bridge,	 #26021	
Ballymahon	 and	 #34004	 Ballylahan),	 continuous	 water	
level	data	through	the	1950s	and	1960s	were	also	collected.	
In	the	early	1950s,	float	and	weight	autographic	recorders	
replaced	the	daily	staff	gauge	reading	as	the	primary	hy-
drometric	 method.	 These	 recorders	 traced	 a	 continuous	
water	 level	 line	on	A3	graph	paper	representing	approx-
imately	7	days	(termed	 ‘chart	data’,	 see	Figure 4).	Charts	
were	 changed	 weekly	 and	 organized	 into	 books	 per	 hy-
drometric	year.	Chart	data	may	be	imperial,	decimal	feet	
(i.e.	feet	and	tenths	of	a	foot)	or	metric	depending	on	the	
station	and	year.

Hydrometric	 metadata	 (e.g.	 datums,	 dates	 of	 auto-
graphic	 recorder	 installation,	 level	 checks	 and	 units	 of	
measurement),	 flow	 gauging	 data,	 hydrometric	 reports	
and	historical	rating	curve	data	are	held	 in	mixed	paper	
and	 digital	 format	 in	 the	 OPW	 archives.	 For	 station	
#03051	Faulkland	historical	flow	gauging	and	rating	curve	
data	were	also	sourced	from	the	Environmental	Protection	
Agency	(EPA),	who	have	been	responsible	for	the	station	
since	1975.	Existing	available	quality	assured	water	level	
and	flow	data	for	each	station	were	provided	by	the	OPW	
and	EPA.

3.2	 |	 Phase 2: Data processing

3.2.1	 |	 Transcription	of	historical	water	levels

Transcription	 methods	 were	 tailored	 to	 each	 format	 of	
historical	water	level	data.	Staff	data	were	manually	tran-
scribed	 into	 an	 MS	 Excel	 document.	 Care	 was	 required	

in	the	period	1939–	1941	where	the	typesetting	used	often	
recorded	 imperial	 staff	 gauge	 readings	 under	 1	 foot	 as	
e.g.,	‘11’	rather	than	‘0.11’	(for	0′11″).	Transcribed	records	
were	checked	against	the	raw	data	by	a	second	person	and	
updated	with	any	corrections.	Data	were	then	converted	
to	metric	values.

Transcription	 of	 the	 chart	 data	 followed	 standard	
OPW	practices	and	involved	two	steps:	editing	and	digi-
tisation.	Editing	both	prepared	data	for	digitisation	and	
served	as	a	quality	assurance	check.	 It	 involved	the	ad-
dition	of	annotations	to	each	weekly	chart	to	record	the	
start	 time,	date	and	staff	gauge	water	 level	 (as	a	metric	
value)	 corresponding	 to	 when	 the	 chart	 was	 placed	 on	
the	 autographic	 recorder,	 and	 the	 end	 time,	 date	 and	
water	 level	 when	 the	 chart	 was	 taken	 off	 the	 recorder	
after	7	days.	The	end	date	for	one	chart	should	match	the	
start	date	for	the	next	week	(i.e.	charts	should	‘tie	in’	to	
each	other	to	create	a	seamless	water	level	record).	These	
annotations	 were	 used	 during	 digitisation	 to	 adjust	 the	
digitized	chart	water	level	line	upwards	or	downwards	if	
required,	e.g.	when	(due	to	human	error)	the	chart	line	
had	not	been	set	to	the	correct	starting	water	level	as	per	
the	staff	gauge.

Editing	 effectively	 determined	 whether	 the	 chart	
water	level	line	could	be	digitized	as	it	appeared	on	the	
paper	record	or	if	it	required	correction,	and	if	so,	what	
correction	 should	 be	 applied.	 Data	 utilized	 during	 ed-
iting	 included:	 (i)	 annotations	by	 the	 local	person	em-
ployed	 to	 change	 the	 weekly	 charts	 who	 was	 required	
to	record	the	start/end	time,	date	and	water	level	as	per	
the	station	staff	gauge;	(ii)	calibration	checks	conducted	
by	OPW	Engineers	including	correction	notes;	and	(iii)	
datums	 for	 staff	 gauges	 and	 autographic	 recorders.	
Calibration	checks	were	considered	more	reliable	 than	
local	person	annotations	and	took	precedence	if	dispar-
ities	 between	 these	 two	 sets	 of	 annotations	 occurred.	
Once	 edited,	 charts	 were	 digitized	 using	 a	 specialist	
scanning	board	and	KiDiGi™	software.	Staff	and	chart	
data	 were	 then	 imported	 into	 the	 specialist	 hydromet-
ric	 software	 WISKI™	 (Water	 Information	 Systems	 by	

F I G U R E  2  Overview	of	the	data	
rescue	process	comprising	three	phases	
of	data	collection	and	review,	data	
processing	and	quality	assurance.
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   | 5de SMETH et al.

KISTERS)	and	converted	to	absolute	water	levels	using	
the	appropriate	Ordnance	Datum(s).

3.2.2	 |	 Specific	issues	related	to	chart	data

Table 2	summarizes	 the	data	quality	 issues	encountered	
during	the	editing	of	chart	data	and	the	Standard	Operating	
Procedure	 (SOP)	 applied	 to	 resolve	 them.	 These	 quality	
issues	 can	be	broadly	categorized	as	either	Hydrometric	
(denoted	 ‘H’)	 or	 Equipment	 (denoted	 ‘E’).	 The	 former	
related	 to	 aspects	 within	 the	 control	 of	 the	 hydrometric	

practitioner	and	the	latter	related	to	unforeseen	malfunc-
tion	 in	 the	 technology	 employed.	 The	 category	 ‘Other’	
(denoted	‘O’)	refers	to	issues	that	do	not	fall	within	these	
categories.	Hydrometric	data	issues	were	generally	resolv-
able,	and	data	could	be	rescued;	however,	several	equip-
ment	issues	rendered	data	unusable	and	effectively	lost.

3.2.3	 |	 Historical	rating	curves

To	convert	the	rescued	water	level	data	to	flow	for	each	
station,	a	rating	curve	was	required	that	described	the	

F I G U R E  3  Sample	annual	summary	
of	daily	staff	gauge	readings	for	station	
#26021	Ballymahon	during	the	Irish	
hydrometric	year	1946–	1947.
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6 |   de SMETH et al.

water	 level-	flow	 relationship	 during	 that	 period.	 For	
five	stations,	historical	rating	curves	were	provided	by	
the	OPW.	Consistent	with	their	ISO	9001:2015	accred-
ited	procedure,	these	were	developed	with	a	minimum	
of	 nine	 flow	 gaugings	 for	 the	 historical	 period	 cover-
ing	low,	medium	and	high	flow	conditions.	Each	rating	
curve	 is	 valid	 for	 the	 period	 associated	 with	 the	 flow	
gaugings	 used	 in	 its	 construction.	 Given	 the	 channel	
geometry	 changes	 associated	 with	 the	 arterial	 drain-
age	 schemes,	 stations	 were	 re-	rated	 after	 the	 works	
and	each	station	has	two	sets	of	rating	curves:	pre-		and	
post-	drainage.	 These	 earliest	 rating	 curves	 describe	
pre-	drainage	conditions.

Historical	 pre-	drainage	 rating	 curves	 were	 developed	
for	stations	#03051	Faulkland,	#25006	Ferbane	and	#34004	
Ballylahan	because	none	were	available.	Representing	low,	
medium	and	high	flow	conditions,	9	historical	flow	gaug-
ings	 collected	 by	 the	 OPW	 and	 EPA	 were	 used	 to	 derive	
the	rating	equation	for	#03051	Faulkland,	whereas	14	flow	
gaugings	were	used	for	#34004	Ballylahan.	The	rating	curve	
for	#25006	Ferbane	was	sourced	from	O'Kelly (1945)	based	
on	28	flow	gaugings	conducted	between	01/01/1940	up	to	
and	 including	 the	 winter	 of	 1944.	 Further	 details	 about	

each	derived	rating	curve	are	available	in	the	README	file	
for	each	station's	published	data	set.

3.2.4	 |	 Historical	flow	data	and	
record	extension

The	rescued	water	level	data	were	converted	to	histori-
cal	flow	data	via	application	of	the	appropriate	histori-
cal	rating	curve.	Generally,	the	first	flow	gaugings	were	
conducted	 in	 the	 early	 to	 mid-	1940s.	 For	 five	 stations	
this	meant	the	period	between	the	start	of	the	historical	
water	level	record	and	the	first	flow	gauging	was	with-
out	 an	 associated	 rating	 curve.	 To	 bridge	 this	 gap,	 the	
earliest	 rating	 curve	 has	 retrospectively	 been	 applied	
back	 to	 the	 start	of	 the	historical	water	 level	 record	 to	
create	 an	 extended	 flow	 record	 that	 uses	 all	 available	
rescued	data	per	station.	This	was	justified	on	the	basis	
that	there	is	no	evidence	in	the	hydrometric	records	of	
significant	 channel	 modification	 during	 this	 period	 at	
any	 of	 these	 stations	 (e.g.	 as	 indicated	 by	 a	 change	 in	
staff	gauge	zero).	It	assumes	that	the	catchment	rainfall-	
runoff	response	was	unchanged.

F I G U R E  4  Sample	weekly	autographic	recorder	chart	of	continuous	water	level	data	for	station	#23001	Inch	Bridge	dated	11/04/1949–	
18/04/1949.
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The	historical	water	level	and	flow	data	were	then	ap-
pended	 to	 the	 existing	 available	 data	 for	 each	 station	 to	
create	extended	water	level	and	flow	records.

4 	 | 	 QUALITY ASSURANCE 
PROTOCOLS AND OVERALL DATA 
QUALITY

4.1	 |	 Phase 3: Quality assurance

4.1.1	 |	 Historical	water	level	data

Quality	assurance	of	the	rescued	water	level	data	was	un-
dertaken	 via	 a	 Standard	 Operating	 Procedure	 to	 assign	
quality	codes	and	record	detailed	summary	metadata	dur-
ing	editing	and	digitisation.	Quality	codes	were	assigned	
to	 indicate	 the	 reliability	 and	 level	 of	 confidence	 in	 the	
historical	data	and	do	not	reflect	any	quantitative	analy-
sis	of	error.	Codes	were	adapted	from	existing	OPW	qual-
ity	assurance	methods	by	re-	defining	a	subset	of	codes	to	
reflect	the	specific	historical	data	quality	issues	encoun-
tered	(Table 3).	A	single	quality	code	was	assigned	to	each	
day	of	rescued	water	 level	data	and	appended	to	the	re-
cord	in	WISKI.

The	existing	OPW	method	classifies	water	level	data	
as	Good,	Poor,	Unreliable	or	Unusable.	Differentiation	
between	Good	and	Poor	for	contemporary	data	is	possi-
ble	due	to	real-	time	data	monitoring	that	enables	qual-
ity	issues	to	be	identified	and	confirmed	with	certainty	
when	 data	 issues	 are	 suspected.	 In	 contrast,	 historical	
data	 rescue	 relied	 solely	 on	 the	 editing	 process	 (and	
associated	 information)	 to	 judge	 data	 quality.	 As	 a	 re-
sult,	 designation	 of	 quality	 codes	 is	 somewhat	 subjec-
tive	where	we	felt	confident	about	the	reliability	of	the	
rescued	data	 (Good),	 relatively	 less	confident	 (Fair)	or	
deemed	 data	 compromised	 given	 the	 observed	 quality	
issues	 (Unreliable).	 Table  3	 provides	 the	 rationale	 for	
each	quality	code	and	links	these	with	the	quality	issues	
encountered.

Importantly	 staff	 data	 have	 been	 assigned	 code	 42	
(Fair)	 because:	 (i)	 raw	 staff	 data	 had	 no	 accompanying	
annotations	or	metadata	to	identify	quality	issues	or	dif-
ferentiate	between	the	daily	values	in	terms	of	quality;	(ii)	
it	is	unclear	how	regularly	the	staff	gauges,	or	local	hydro-
metric	practice,	were	checked	by	OPW;	and	(iii)	 there	 is	
uncertainty	 about	 the	 underlying	 assumption	 that	 these	
values	 accurately	 represent	 the	 true	 daily	 mean,	 given	
they	are	a	single	reading	in	time	rather	than	an	average	of	
daily	conditions.	Quality	coding	these	data	as	Fair	there-
fore	 represents	 a	 conservative	 approach	 and	 signals	 to	
data	users	to	think	carefully	about	how	potential	error	in	
these	data	could	affect	their	particular	study	e.g.	analysis	C
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of	peak	flows	or	runoff	response	if	the	true	magnitude	of	
a	high	flow	event	is	missed.

For	 rescued	 chart	 data,	 an	 Excel	 file	 was	 compiled	
containing	detailed	notes	and	photographs	describing	the	
quality	issues	of	specific	charts	and	the	decision(s)	taken	
during	data	editing	and	quality	coding.	This	was	summa-
rized	 in	 a	 metadata	 table	 per	 station	 that	 describes	 the	
overall	data	quality	per	hydrometric	year	and	key	hydro-
metric	 information.	 An	 example	 of	 HY1956	 for	 station	
#26021	Ballymahon	is	shown	in	Table 4.

4.1.2	 |	 Historical	rating	curves

Each	rating	curve	was	quality	coded	to	reflect	the	level	of	
confidence	held	about	its	accuracy	based	on	the	number	
and	 scatter	of	 relevant	 flow	gauging	points,	 the	 stability	
and/or	seasonality	of	the	rating	and	any	other	factors	that	
might	affect	 the	reliability	of	 flow	data	derived	from	the	
rating.	 Where	 a	 rating	 curve	 is	 defined	 by	 two	 or	 more	
equations	 (e.g.	 one	 equation	 for	 low	 flows	 and	 another	
for	 medium	 to	 high	 flows),	 then	 each	 equation	 is	 qual-
ity	coded	separately.	The	quality	codes	are:	6	–		Excellent,	
16	 –		 Good,	 36	 –		 Fair,	 46	 –		 Poor,	 56	 –		 Extrapolated	 and	
96	 –		 Provisional.	 Code	 56	 refers	 to	 a	 rating	 defined	 for	
water	levels	beyond	the	measured	range	(i.e.	for	ungauged	
flow	conditions)	and	code	96	refers	to	the	modern	provi-
sional	rating	curve	which	has	yet	to	be	confirmed	with	a	
recent	gauging.

4.1.3	 |	 Historical	flow	data

Quality	 codes	 were	 assigned	 to	 each	 daily	 flow	 value	 to	
reflect	both	the	quality	of	the	input	water	level	data	and	
the	rating	curves	applied.	For	example,	if	the	water	level	
data	was	coded	31	(Good)	but	the	rating	curve	was	coded	
46	(Poor),	then	the	output	flow	value	was	coded	46	(Poor).	
This	 conservative	 approach	 to	 quality	 coding	 flow	 data	
reflects	 the	 influence	 of	 the	 comparatively	 less	 reliable	
component	 on	 the	 final	 data	 output.	 All	 flow	 data	 as-
sociated	 with	 retrospective	 application	 of	 rating	 curves	
prior	 to	 the	 first	 flow	 gauging	 have	 been	 quality	 coded	
56	 (Extrapolated).	 Generally	 historical	 water	 levels	 with	
quality	 code	 101	 (Unreliable)	 or	 150	 (Partial)	 were	 not	
converted	 to	 flow	 and	 consequently	 flow	 values	 are	 NA	

(Missing)	 for	 those	 days.	 These	 quality	 codes	 appeared	
only	 in	 the	 rescued	 chart	 data	 at	 stations	 #23001	 Inch	
Bridge,	 #26021	 Ballymahon	 and	 #34004	 Ballylahan	 and	
accounted	for	15%,	2.9%	and	0.4%	of	rescued	water	level	
data	 respectively.	 Table  5	 summarizes	 the	 quality	 codes	
used	for	the	historical	flow	data	as	adapted	from	the	exist-
ing	OPW	approach.

4.1.4	 |	 Extended	records

Extended	 water	 level	 and	 flow	 records	 were	 quality	
screened	using	the	R	environment,	including	checked	for	
missing	dates	and	percentages	of	missing	data	calculated.	
A	series	of	visual	checks	were	performed	to:

•	 identify	obvious	outliers	and	check	these	values	against	
the	raw	data	to	ensure	correct	transcription	(i.e.	no	out-
liers	were	removed,	only	confirmed	as	a	true	transcrip-
tion,	see	README	files	for	station	specific	comments);

•	 examine	 the	 tie-	in	 between	 historical	 and	 existing	 re-
cords	to	identify	issues	such	as	a	misapplied	datum	in	
either	the	historical	or	existing	data;

•	 examine	 the	 range	 of	 values	 and	 the	 shape	 of	 hydro-
graphs	observed	in	the	historical	and	existing	data	sets	
to	 identify	 whether	 the	 rescued	 data	 reflected	 what	
would	be	expected	for	each	station;	and

•	 identify	any	gaps	or	jumps	in	the	data	so	that	these	could	
be	investigated	and	accounted	for,	e.g.	usually	because	
of	equipment	or	hydrometric	quality	issues.

5 	 | 	 DATA SET ACCESS AND 
QUALITY

The	 data	 are	 freely	 available	 from	 the	 open	 access	
PANGAEA	 data	 publisher	 (https://doi.org/10.1594/
PANGA	EA.950792).	 Individual	 station	 folders	 include:	
(i)	an	ASCII	format	data	file	of	the	daily	mean	extended	
absolute	water	 level	 series	 from	HY1939	 to	HY2020;	 (ii)	
an	ASCII	format	data	file	of	daily	mean	extended	flow	se-
ries	 from	 HY1939	 to	 HY2020;	 and	 (iii)	 a	 README	 text	
file	containing	station-	specific	information	about	the	data	
rescue	process	(e.g.	metadata,	notes	on	data	quality,	rating	
curves,	missing	data	etc).	Data	files	contain	three	columns	
providing	 the	 date	 (DD/MM/YYYY),	 value	 in	 metric	

F I G U R E  5  (a)	Extended	flow	records	for	stations	#03051	Faulkland,	#23001	Inch	Bridge,	#24021	Grange	Bridge	and	#25006	Ferbane.	
Red	lines	display	the	historical	flow	series	created	from	the	rescued	water	level	data,	and	black	lines	display	the	existing	available	flow	
record	to	which	the	rescued	data	have	been	appended.	Green	rectangles	highlight	indicative	flow	records	due	to	retrospective	application	
of	historical	rating	curves.	The	period	of	arterial	drainage	installation	is	also	indicated.	(b)	As	per	Figure 5a	but	for	stations	#26021	
Ballymahon,	#30004	Corrofin,	#30005	Foxhill	and	#34004	Ballylahan.

 20496060, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/gdj3.206 by H
ealth R

esearch B
oard, W

iley O
nline L

ibrary on [16/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1594/PANGAEA.950792
https://doi.org/10.1594/PANGAEA.950792


   | 15de SMETH et al.

 20496060, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/gdj3.206 by H
ealth R

esearch B
oard, W

iley O
nline L

ibrary on [16/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 |   de SMETH et al.

units	 (AbsWL	=	Absolute	 Water	 Level	 in	 metres	 Above	
Ordnance	Datum,	Q	=	Flow	rate	in	cubic	metres	per	sec-
ond)	 and	 quality	 code	 (QC).	 Quality	 code	 keys	 are	 pro-
vided	in	Tables 3	and	5.	For	stations	#23001	Inch	Bridge,	
#26021	 Ballymahon	 and	 #34004	 Ballylahan,	 metadata	
summary	tables	relating	to	the	rescue	of	the	chart	data	are	
also	provided	in	ASCII	format.

Figure  5a,	 b	 shows	 the	 extended	 flow	 series,	 while	
Table  6	 provides	 an	 overview	 including	 the	 number	 of	
years	 added	 to	 existing	 records	 and	 the	 length	 of	 each	
contributing	data	source.	The	stations	that	were	removed	
during	 installation	 of	 arterial	 drainage	 works	 have	 been	
identified	because	they	are	missing	water	 level	and	flow	
data	for	that	period.	For	station	#23001	Inch	Bridge,	water	
level	data	were	previously	available	from	01/01/1960	but	
flow	only	from	05/06/1972.	No	reason	was	found	as	to	why	
water	 level	 data	 for	 1960–	1972	 had	 not	 previously	 been	
converted	to	flows.	Given	the	rating	curves	for	this	period	
are	 considered	 suitable	 for	use	 in	 flow	calculations,	 this	
water	level	data	was	converted	as	part	of	this	study.	The	
same	 applies	 for	 the	 period	 01/10/1972–	16/05/1974	 for	
station	 #34004	 Ballylahan.	 For	 station	 #25006	 Ferbane,	
the	 derived	 historical	 rating	 curve	 was	 also	 applied	 to	
chart	data	 for	HY1947	that	had	never	been	converted	 to	
flows.	This	added	another	year	 to	 the	7	years	of	 rescued	
historical	data.	Also,	the	precise	date	of	logger	installation	
was	not	recorded	 for	 this	station	but	was	assumed	to	be	

the	end	of	the	missing	data	period	27/09/2005–	23/04/2008	
that	correlates	with	recorded	logger	installation	at	nearby	
stations	(e.g.	#25016	Rahan,	#25014	Millbrook).

5.1	 |	 Summary of data quality

Every	station	has	Good	or	Fair	data	for	approximately	60%	
or	more	of	the	total	extended	flow	record.	For	four	stations	
(#03051	 Faulkland,	 #25006	 Ferbane,	 #23001	 Inch	 Bridge	
and	#26021	Ballymahon),	this	exceeds	80%	of	the	extended	
record.	Station	#34004	Ballylahan	contains	the	lowest	pro-
portion	of	Good	or	Fair	data	(56%),	with	26%	of	the	record	
rated	Poor	primarily	due	to	some	quality	issues	in	the	res-
cued	chart	data	from	1951–	1956	and	scatter	at	the	low	flow	
end	of	the	pre-	drainage	rating	curve	resulting	in	that	rating	
curve	being	quality	coded	46	(Poor).	Figure 6a,	b	illustrate	
the	proportions	of	each	quality	code	per	hydrometric	year	
per	station.	Extrapolated	data	in	the	period	of	data	rescue	are	
largely	related	to	retrospective	application	of	rating	curves.

On	 average	 there	 are	 9%	 missing	 data	 across	 all	 ex-
tended	 flow	 series,	 ranging	 from	 2.7%	 to	 16.2%	 (#24012	
Grange	 Bridge	 and	 #34004	 Ballylahan	 respectively)	 (see	
Table 6).	The	most	common	reasons	for	missing	data	are	
equipment	malfunction,	gaps	associated	with	changeover	
between	hydrometric	data	collection	methods	and	station	
removal	during	arterial	drainage	works.	At	Ballylahan,	an	

T A B L E  6 	 Overview	of	the	extended	water	level	and	flow	records.

Station # Station name

Previously 
available record 
–  start date

Extended record Data rescued
Start date of hydrometric data source used to create 
extended series

Date of first flow 
gauging

Station removed 
during drainage 
installation?

Missing data in 
extended flow 
record (%)Total period

Years 
added Staff gauge (daily)

Autographic 
recorder 
(continuous) Staff gauge (daily)

Autographic 
recorder 
(continuous)

Digital 
logger + pressure 
transducer 
(continuous)

03051 FAULKLAND 25/03/1975 Dec	1939	–		Sept	2021 35 12/12/1939–	23/04/1977 None 12/12/1939 25/03/1975 17/01/2000 Unknown	(suspect	
1939–	1948)

No 9.42

23001 INCH	BR. 01/01/1960	(WL)
05/06/1972	(Q)

Oct	1939	–		Sept	2021 20 15/10/1939–	26/02/1949 10/03/1949–	
31/12/1959

15/10/1939 10/03/1949 17/09/2001 08/01/1945 No 5.20

24012 GRANGE	BR. 01/10/1954 Jan	1940	–		Sept	2021 14 05/01/1940–	04/09/1954 None 05/01/1940 01/10/1954 17/09/2001 26/01/1948 No 2.68

25006 FERBANE 24/10/1947	(WL)	
01/01/1952	(Q)

Jan	1940	–		Sept	2021 8 01/01/1940–	26/07/1947 None 01/01/1940 24/10/1947 28/04/2008 04/01/1952 Yes 10.78

26021 BALLYMAHON 01/10/1972 Nov	1939	–		Sept	2021 27 28/11/1939–	02/05/1953
09/10/1965–	26/11/1966

16/05/1953–	
27/06/1960

17/11/1966–	
30/09/1972

28/11/1939 16/05/1953*
*Staff	data	

09/10/1965–	
16/11/1966

03/10/2001 05/03/1942 Yes 10.22

30004 CORROFIN 04/08/1951 Oct	1939	–		Sept	2021 11 08/10/1939–	12/06/1951 None 08/10/1939 04/08/1951 27/09/2002 07/03/1946 Yes 13.24

30005 FOXHILL 14/10/1955 Oct	1939	–		Sept	2021 16 01/10/1939–	10/12/1955 None 01/10/1939 14/10/1955 29/05/2001 01/03/1946 Yes 4.51

34004 BALLYLAHAN 17/05/1974 Oct	1939	–		Sept	2021 21 01/10/1939–	24/11/1951 27/10/1951–	
30/09/1960

01/10/1972–	
16/05/1974

01/10/1939 27/10/1951 18/09/2002 14/06/1940 Yes 16.22
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inability	to	define	a	rating	relationship	during	the	arterial	
drainage	works	meant	all	water	level	data	from	1960–	1972	
were	unable	to	be	converted	to	flow	and	are	missing	from	
the	final	extended	flow	record.

6 	 | 	 DATA SET USE AND 
LIMITATIONS

The	extended	river	flow	and	water	level	records	provide	a	
valuable	 resource	 for	 investigating	 hydrological	 response	
to	arterial	drainage.	The	long	records,	which	extend	back	
to	the	commencement	of	hydrometric	monitoring	on	the	
island	will	also	be	important	for	detection	and	attribution	
of	 changes	 across	 the	 flow	 regime,	 including	 low	 flows	
and	drought	(Nasr	&	Bruen, 2017),	changing	flood	risk	dy-
namics	(Chen	et	al., 2021;	Faulkner	et	al., 2019)	and	link-
ing	 with	 changing	 riverine	 ecological	 conditions	 (Poff	 &	
Zimmerman,  2010).	 Furthermore,	 these	 long	 series	 offer	
empirical	data	to	assist	validation	of	flow	reconstructions	
(O'Connor	et	al., 2021,	2022)	and	for	training	hydrological	
models	across	diverse	hydrological	and	climatic	conditions	
(Broderick	et	al., 2016).	There	is	also	opportunity	for	other	
research	 fields	 to	 cross-	validate	 their	 historical	 data	 (e.g.	
water	quality	or	ecology)	with	these	river	flow	records.

The	quality	of	extreme	low	or	high	flow	data	is	affected	
by	 the	 success	 of	 flow	 gauging	 under	 these	 conditions.	

Some	stations	(e.g.,	#03051	Faulkland,	#34004	Ballylahan)	
therefore	 have	 greater	 reliance	 on	 extrapolations	 at	 the	
lowest	and	highest	range	of	flows,	which	may	be	relevant	
for	extreme	flow	analysis.	The	extended	water	level	data	
may	 serve	 as	 useful	 proxy	 for	 low	 flow	 investigations	 in	
these	cases.	Station	#24012	Grange	Bridge	contains	 spe-
cific	 low	 flow	 limitations	 due	 to	 poor	 positioning	 of	 the	
staff	gauge	between	HY1939	and	HY1960	(further	outlined	
in	 the	 README	 file	 for	 this	 station).	These	 data	 points	
have	been	indicated	with	quality	code	101	(Unreliable)	in	
the	extended	series.	All	extended	data	sets	utilize	extrapo-
lated	rating	curves	for	the	highest	flows.

Future	users	should	be	aware	that	any	error	in	the	res-
cued	data	will	propagate	through	as	uncertainty	in	derived	
metrics	(Kennard	et	al., 2009).	Although	the	methodology	
employed	attempted	to	constrain	subjectivity	in	decision-	
making,	it	cannot	be	fully	eliminated.	Data	derived	from	
the	staff	gauge	are	more	likely	to	contain	error	than	those	
derived	 from	 the	 continuous	 chart	 data.	 However,	 these	
are	the	only	empirical	data	for	the	earliest	years	on	record.

7 	 | 	 GUIDANCE FOR FUTURE 
HYDROMETRIC DATA RESCUE

Based	on	insights	from	this	work,	Figure 7	provides	a	revised	
workflow	as	guidance	 for	 future	hydrometric	data	 rescue	

T A B L E  6 	 Overview	of	the	extended	water	level	and	flow	records.

Station # Station name

Previously 
available record 
–  start date

Extended record Data rescued
Start date of hydrometric data source used to create 
extended series

Date of first flow 
gauging

Station removed 
during drainage 
installation?

Missing data in 
extended flow 
record (%)Total period

Years 
added Staff gauge (daily)

Autographic 
recorder 
(continuous) Staff gauge (daily)

Autographic 
recorder 
(continuous)

Digital 
logger + pressure 
transducer 
(continuous)

03051 FAULKLAND 25/03/1975 Dec	1939	–		Sept	2021 35 12/12/1939–	23/04/1977 None 12/12/1939 25/03/1975 17/01/2000 Unknown	(suspect	
1939–	1948)

No 9.42

23001 INCH	BR. 01/01/1960	(WL)
05/06/1972	(Q)

Oct	1939	–		Sept	2021 20 15/10/1939–	26/02/1949 10/03/1949–	
31/12/1959

15/10/1939 10/03/1949 17/09/2001 08/01/1945 No 5.20

24012 GRANGE	BR. 01/10/1954 Jan	1940	–		Sept	2021 14 05/01/1940–	04/09/1954 None 05/01/1940 01/10/1954 17/09/2001 26/01/1948 No 2.68

25006 FERBANE 24/10/1947	(WL)	
01/01/1952	(Q)

Jan	1940	–		Sept	2021 8 01/01/1940–	26/07/1947 None 01/01/1940 24/10/1947 28/04/2008 04/01/1952 Yes 10.78

26021 BALLYMAHON 01/10/1972 Nov	1939	–		Sept	2021 27 28/11/1939–	02/05/1953
09/10/1965–	26/11/1966

16/05/1953–	
27/06/1960

17/11/1966–	
30/09/1972

28/11/1939 16/05/1953*
*Staff	data	

09/10/1965–	
16/11/1966

03/10/2001 05/03/1942 Yes 10.22

30004 CORROFIN 04/08/1951 Oct	1939	–		Sept	2021 11 08/10/1939–	12/06/1951 None 08/10/1939 04/08/1951 27/09/2002 07/03/1946 Yes 13.24

30005 FOXHILL 14/10/1955 Oct	1939	–		Sept	2021 16 01/10/1939–	10/12/1955 None 01/10/1939 14/10/1955 29/05/2001 01/03/1946 Yes 4.51

34004 BALLYLAHAN 17/05/1974 Oct	1939	–		Sept	2021 21 01/10/1939–	24/11/1951 27/10/1951–	
30/09/1960

01/10/1972–	
16/05/1974

01/10/1939 27/10/1951 18/09/2002 14/06/1940 Yes 16.22
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F I G U R E  6  (a)	Overview	of	quality	codes	across	extended	flow	records	for	stations	#03051	Faulkland,	#23001	Inch	Bridge,	#24021	
Grange	Bridge	and	#25006	Ferbane	with	periods	of	data	rescue	and	arterial	drainage	installation	indicated.	(b)	As	per	Figure 6a	but	for	
stations	#26021	Ballymahon,	#30004	Corrofin,	#30005	Foxhill	and	#34004	Ballylahan.

F I G U R E  7  Revised	workflow	(from	Figure 2)	detailing	key	considerations	during	each	phase	of	hydrometric	data	rescue,	highlighting	the	
concurrent	nature	of	data	processing	and	quality	assurance	phases	and	presenting	data	provision	as	a	core	fourth	phase	of	the	rescue	process.
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efforts,	reflecting	three	key	lessons	learned.	First,	subjectiv-
ity	during	data	rescue	(such	as	deciding	how	to	approach	
data	quality	 issues	 (Table 2)	and	determining	corrections	
during	editing)	can	affect	the	accuracy	of	the	final	product.	
To	constrain	subjectivity	and	ensure	decisions	about	data	
are	 reproducible,	 data	 processing	 requires	 standardized	
operating	procedures	that	should	be	agreed	between	data	
rescue	practitioners	and	data	holders	(e.g.,	agencies	respon-
sible	for	the	hydrometric	data).	Importantly,	standard	pro-
cedures	relating	to	quality	assurance	such	as	quality	coding	
(Phase	3)	must	be	conducted	alongside	 the	 transcription,	
digitizing	 and	 record	 extension	 components	 of	 data	 pro-
cessing	(Phase	2),	meaning	these	phases	should	occur	con-
currently	with	rather	than	sequentially.

Second,	 quality	 coding	 approaches	 for	 historical	 data	
should	 complement	 the	 existing	 approach	 employed	 by	
hydrometric	 agencies	 to	 ensure	 compatibility	 between	
contemporary	 and	 rescued	 records.	 Considering	 the	 in-
tention	behind	different	quality	 levels	by	thinking	about	
data	 broadly	 grouped	 as	 ‘best	 available',	 ‘compromised’	
or	 ‘estimated’	 (Commonwealth	 of	 Australia,  2019)	 can	
help	to	draw	parallels	between	modern	and	historical	data	
more	easily	than	taking	an	overly	prescriptive	approach,	
especially	given	that	data	may	be	collected	using	several	
different	hydrometric	practices	over	time.

Third,	provision	of	quality	codes	alone	is	an	insuf-
ficient	 level	 of	 detail	 to	 allow	 future	 users	 to	 decide	
whether	 the	data	are	suitable	 for	 intended	purposes.	
For	 example,	 a	 researcher	 interested	 in	 low	 flow	
analysis	 needs	 to	 be	 aware	 that	 rescued	 data	 coded	
‘Unreliable'	for	#24012	Grange	Bridge	due	to	a	badly	
positioned	 staff 	 gauge	 are	 likely	 to	 be	 overestimates	
but	 are	 not	 necessarily	 unusable.	 Quality	 codes	
must	 be	 provided	 alongside	 more	 detailed	 metadata	
to	 communicate	 quality	 issues	 and	 decisions	 made	
during	 data	 rescue.	 Practitioners	 should	 explicitly	
consider,	 plan	 and	 allocate	 time	 for	 data	 provision	
as	the	fourth	and	final	phase	of	the	hydrometric	data	
rescue	process.

8 	 | 	 CONCLUSION

This	 paper	 presents	 extended	 water	 level	 and	 flow	 re-
cords	 for	 eight	 arterially	 drained	 catchments	 in	 Ireland	
produced	via	data	rescue	from	hydrometric	archives.	The	
standard	operating	procedures	developed	 to	handle	 spe-
cific	 data	 quality	 issues	 and	 quality	 assurance	 provide	 a	
methodology	 and	 workflow	 for	 future	 hydrometric	 data	
rescue	work	in	Ireland	and	further	afield.

The	 derived	 data	 sets,	 which	 extend	 to	 the	 com-
mencement	 of	 hydrometric	 monitoring	 on	 the	 is-
land,	 will	 offer	 better	 insights	 into	 nonstationary	 river	

dynamics,	 including	 hydrological	 responses	 to	 arterial	
drainage,	and	a	key	new	resource	for	hydrological	mod-
elling	(e.g.	flow	reconstructions).	The	addition	of	a	total	
of	150	years	of	empirical	data	across	eight	stations	pro-
vides	 a	 new	 window	 into	 past	 hydrological	 conditions	
in	Ireland.
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