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Abstract. Meltwater runoff from the Greenland Ice Sheet (GrkSan important contributor to global sea level rise, but
substantial uncertainty exists in it'easuremenrdnd predictionCommonapproacksfor estimating ice sheet runadfe in
situ gauging of proglacial rivers draining the ice sheetsanf@dce masbalance (SMB) modelind@o obtain hydrological and
meteorologicatlatasets suitable fdwoth runoffstagecharacterization anghending establishment of stadischarge curves,
SMB modelevaluation we establishe@n automated weather station (AWS) ahasterof traditionaland experimental river
stage sensorson the Minturn River,the largestproglacial riverdraining Inglefield Land, NW Greenland. Secondary
installations measuring river stagrereinstalledin the Fox Canyon River and North RivetiThule Air Base NW Greenland.
Proglacial runoff at these sites is dominatedinyraglaciaprocessesnly, uniquely advantaginthemfor SMB studiesThe
three installations provideare hydrological time-seriesand an opportunity to evaluate experimemteasurements afver
stagefrom aharsh little-studiedpolar region.The installed instruments include submergedtedand norvented pressure
transducers, a bubbler sensor, experimdrgakmounted &ser rangefinderandtime-lapse cameradhe firstthree years of

observations (2018 2021) from these stations indicate a) a meltwater runoff season from late June to late August/early

September, roughly synchronous throughout the region; b) early onset (~June 23 to Jubt@®ngtaurnal runoff sgnalin
2019 and 2020suggesting minimaheltwater storage in snow/firig) one-day lagged air temperature displays the strongest

correlation with river stage; d) rivestage correlates mostronglywith ablation zone albedihanwith netradiation and e)

latesummer raironi ce events appear t oantlargegtdamds. Thehnew gaugigg statiors providd a r
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valuable in situ hydrological observationdhat are freely available through the PROMICE network
(https://promice.org/weathatations).

Introduction

Besides solid ice discharge, climateangeinduced meltwater runof§ a dominant driver déreenland Ice Sheet (GrlS) mass

loss (Mottram et al., 2019Mouginot et al., 209; Shepherd et al., 202King et al., 202D thatis projected to increase
throughout the 21st centufJruselet al.,2018; Noékt al 2020; Hofer et al., 2020lowever, current climate models typically
calculate runoff as a residu@rm in surface mass balance budgets (van Dalum et al., 2021). As runoff represents rain and
meltwater thais not refrozen or retained in the fimrrorsin the surface energy balance terms used to calculate melt/refreezing
or in any of thethersurfacemass balance terms propagate to error in the subsequent runoff term calcihatiers therefore

a growing need for accurate, in situ hydrological datasets for characterizing runoff magnitude and timing asalgtiag

ice sheet surface mass bala (SMB) model§Smith et al., 2017; Smith et al., 202[t) situ measurements of runoff are useful

for direct observation of GrlS runofbntributions to sea level rise, as well as for assessing hydrological models, hydropower

potential, and freshwateesourcegritical for decision maker§Smith et al., 2017; Alther et al., 1981; Instanes et al., 2015).

Despitethis need for in situ hydrological measurememsly asmall handful ofGrlS proglacial riverdave beergauged

outside ofSW GreenlandRloeg et al., 2021ylankoff et al., 2020Mernild et al., 200Bandthe majority ofmodelled runoff
evaluatiorstudies have been conducte®W GreenlandSmith et al., 2017; Mernild et al., 2011; Mernild et al., 2018; Cooper

et al., 2018; Smith et al.p25). TheNW GrIS hasalsoexperience@xtensive melting sinc2000 and isiow one of the largest
contributors to GrIS mass losgdouginot et al., 2019By 2100, runoff mass losses from the NW GrIS are projected to reach
201 Gt/yr, far exceeding the @&mpated ¢ynamiclosses of 22 Gt/yr from the regi@t that tine (Muntjewerf et al., 2020).
However, the NW Grl S lacks in situ measur e me quantify mmeft es s a

drainage to the oceamdevaluateSMB modds.

More generally, prmanent river gauging installations are timed resourcéntensive to install and maintain in remote, harsh
Arctic environmentsProglacial river gauging sites are typically difficult to maintain due to high sediment bedloadftamgi, sh
braided channels. In situ sensgstems generally require expert installation and repair, a difficulty compoundenhate
study locationavith poor accessibilityTraditionalpressureébased river gauge technologige. pressure transducdidTs)
require full immersion andrethus poorly sited forArctic rivers where thick ice, spring floods, and rolling cobbles can cause
sensordamage movement, or loss. Recently, noontact methods of river stage measurement including radar, laser
rangefinder, and camera have received increasing int@astini et al., 2022; Buyaert et al., 2020; Goldstein et al., 2023)

but laser rangefinder and radar sensors are traditionally-loa#ting and thus requérmounting to a bridge, precluding their
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usein undeveloped Arctic locations. Taur knowledge nadn situ hydrologicalobservationf this length (3+ yearsire
currently availabléor NW Greenland, an exceedingly cold and remote region.

Analysis of runoff stage data enables evaluation of diusealsonal, and annual runoff patterns as well as assessment of the
relationship between these patterns and meteorological di@rgver, as SMB climate models estimate runoff flux, river
stage measurements alone cannot be directly compared with SMBso®jwer stage measurements must be combined

with a stagedischarge curve (established with in situ discharge measurements) and careful watershed delineation to allow
for comparison between in situ runoff flux and SMB climate model runoff flux. Suchadggeimeasurements were recently
collected by the author team and are currently undergoing quality contrese data will be presented with a remotely

sensed ice watershed delineation and SMB model outputs in a future publication.

This paper describazew hydrometric sensor installatiorend the resulting-8ear time series (2018021) of river stage
(water level) athreeproglacial gauging sites in NW Greenlafithe sensors include vented and «vemtedPTs a bubbler
sensor, banknounted laserangefinders, and timkapse cameras to record river stage (water level), and an automated weather
station (AWS). The bankmounted laser rangefindeese obliquelooking, a novel approach to laser rangefinder stage
measurement for remote river gauges.iAitial assessment afata andnstrument performands provided for the 201%

2021 runoff seasons. To mitigaiatermittentdata gap$oundin all instruments, walsocreate a hybridmulti-sensoriver
stageproductfor the Minturn Rivey Inglefield Land Following technical descriptions of the instruments and performance, a
preliminarycharacterization of diurnal, seasonal, and interannual variability in NW GrIS meltwater runoff is presented. We
conclude thaexperimentahew hydrometeorologicaenso installationscan improve physical understanding of ice sheet

runoff andSMB for aremote Jittle-studied hydrologically activearea of thesrlS.

1 Studysites

In July 2019 we established three neydfometric sensor instafitionson the Minturn River(78.590801°-68.992706;
Inglefield Land), North River (76.53898088.728190%ocated orThule Air Base (AB), and Fox Canyon River (76.466460°,
-68.579060; nearThule AB) (Fig. 1). The MinturnRiver watersheds the largest of the thre€~3,800 km?, ~75% glaciated)
with elevations ranging from 31# to 1,653m (Fig. 1, (a). Due to differences between DEMised watershed delineations
of the Minturn, the estimate of ~3,800kim an acceptable approximation for this pajée smaller NortiRiver (229 kn?,
~56%glaciated)and FoxCanyon River(115 knt, ~31%glaciated watersheds drain through or nddwule AB (Fig. 1, (b)
and (c) with elevations ranging from 5 to 1045m and 199m to 913m, respectively In each of the watersheds, the
sheet idully grounded with n&nown surfaceto-bed connections (i.e. moulins or wafiled crevasses) Instead, ice sheet
runoff is routed entirely over the ice surface through long,amzllel supraglacial streams directly onto bedrdokiinated
proglacialzones (Fig2; see also Yang et al., 2019; Li et al., 2022), signifyingghaglacial runoff is dominated tsurface
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processewith negligible influence of enor subglacial hydrology. The dominance of supraglacial hydrology in NW
Greenland is distirity different from the SW GrlS, where surface runoff typically enters moulins prior to reaching the
proglacial zongSmith et al., 2015; Yang et al., 2016pmetimes even at high elevatig@agliardini and Werder, 2018).

2 Instruments anddata collection
2.1 Minturn River, Inglefield Land

The hydrometricsensor package at the Minturn River includes a compact constant flow bubbler, two-loustobank

mounted, obliqudooking laser rangefindesystems, aAWS, and two StarDot NetCam SC 5 MPixel camefidse bubbler,

which began measurement on July 9, 2019, is a Sutron® Constant Flow Bubbler (CF RGogract Constant Flow
Bubbler, 2022)a selfcontained, precision device to measure water level and temperature. The CF Bubbler consists of a pump,
tank mani fol d, control board, displ ay/ ke4Xercldsure.iMeasuremenss 10
are collected every iminutes and transmitted via Iridium satellite modem every hbuR021, an additional vented Level
TROLL 700H Data lbggerPressure Transduceras installed at the site. The sensor is contained in a titanium body and
measures water pressure and temperature, from which water level is detefrhisesbcond vented Level TROLL PT has

operated across the river channel frim& CF Bubbler since June 16, 2021.

River stage measurements are complemented by two clstitithankmounted, obliqudooking Laser rangefinder systems

M1 and M2(one on each riverbank) (Fi§). These ruggedized systems were built at CRREL in cmiton with Crane
Johnson from the National Weather Service, who previously developed their concept and progrArhaseg.Technology

Inc. (LTI) Trusense S20(Buytaert and Sah, 20208 time of flightbased long range distance finder utilizing the 865
wavelength, and an inclinometer are contained in an aluminum enclosure positioned with a clear line of sight to the water
surface Fifty laser returns are recorded on the hour each hour and recorded by a Campbell Scientific CR1000X data logger
along wih battery voltage, panel temperature, and inclinometer angle. Hourly first, strongest, and last laser returns are
transmitted with the system information and number of transmission tries via the Iridium satellite network. The system is
powered by a 1@vat solar panel on a versatile polar mast mounting system, with energy stored in a deep cycle sealed lead

acid battery.

Meteorological measurements are collected by an AWS which was installed at the Minturn River on July 9, 2@)9 (Fig
Wind speed and direction are measured with a Sutron Ultrasonic Wind Sens@236Q®/ind Speed, 2022Ywo Kipp and

Zonen CMP3 Pyranomete(Kipp and Zonen, 2022ne facing upward and one facing downward, measure incoming and
reflected solar irradnce. A Sutron Accubar Barometric Pressure Sensor-8620(Accubar, 2022)containing a highly
accurate solid state pressure transdtitaimeasures barometric pressure. Air temperature is recorded to the nearest £0.1°C
by a Sutron Air Temperature Sen&B000020(Air Temperature, 20223nd to the nearest +0.3°C by a Sutron AT/RH High
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Accuracy SensofAT/RH, 2022), which additionally measures relative humidity to the nearest +t1H¥se AWS
measurements are collected every 15 minutes and telemetadeidiuim satellite modem every hour.

Finally, two StarDot NetCam SC 5 MPixel camgidsilti-Megapixel, 2019)which were installed on July 12, 2019, collect
images of the Minturn River and foreground every 3 hours when there is sufficient ambierg liglgtimight time and winter

images will be underexposed and are therefore not useful data). The timing of these image acquisitions is alternated, yieldin
an image every 1.5 hours. Images are transmitted to CRREL via Iridium satellite modem. Eachvieamieciudes the
opposite bank of the river, allowing for calculation of river stage through edge detgtilstein et a).2023 as well as

visual evidence of river ice, rain, snow, and other environmental conditions.

During the July 2019 field cgpaign, Terrestrial Laser Scanner (TLS) elevation point clouds of the site were collected with a
RIEGL VZ-400i 3D Laser ScannéRIEGL, 2022) using a Trimble R10 base station and rover for GNSS positional
measurementScans were taken from 27 positiongiard the site between July 10 and July 11, 2019. Scans from each position
were aggregated into a 3D digital elevation model (DEM) that includes all permanently installed instrumentation. Optical
surveys were conducted from July 8 to July 11, 2019 to inuikgrely establish the elevations of instruments and river stage
relative to newly established benchmarks.

Annual service trips have been completed since the instrument cluster was established in 2019. Due to international resear
travel restrictions to &enland during the COVH29 pandemic, ASIAQ Greenland Survey and Vectrus (a missipport

organization servicing Thule ABittps://www.vectrus.cony completed the 2020 and 2021 service trips, respectively. The

ASIAQ service trip on June 21, 2020 replaced the AWS batteries, corrected wiring of its solar panel, replaced its SD card.
replaced a SIM card to the right bank tHapse camera, power cycled the lasers, and repaired a broken wire on the Sutron CF
Bubbler.During a following Vectrus service trip on June 12, 2021, data was manually downloaded from all stations, the laser
unit software was updated to retain the date while in sleep mode and wake up automatically on April 1, the batterige and char
controllerswere all checked, the Level TROLL pressure transducer was installed, and all stations that had not yet turned on
for the year were power cycled.

2.2 North and Fox Canyon River, Thule AB

On the right bank ahe North Rivera third custorbuilt, bankmourtedLT Trusense S20ser rangefindelangingsystem

N1, was installedduring July 2019and programmed to retriexand telemeter river stage estimates every hour. As before,
telemetry isachievedvia an Iridium satellite modem. Twiolinst Levelogger(nonvented, selcontained, selfogging PTs)
were installed on the leffitank of the North River in July 2019 to record stame inserted on a slotted steel pipe and the other
inserted in a slotted PVC pipA singlecorresponding Solinst Barologger waaced in the banknountedaser rangefinder

box torecordatmospheric pressure variations for later correction of the two PT stage rédbtidsee pressure transducers
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record data every 15 minutes, aligned with the single beam laser rangefindeo. thaeckose alignment of the two ron
transmitting Levelogger records, the more complete Levelogger re@sientified as the preferregressure transducer
record for the North River during the time period July 17, 2019 to May 22, 2021.

A vented LevelTROLL 700H Data Logger PT was installatbngside the laser rangefinder on the North Riv&021 and
began transmitting records June 42021.This ventedLevel TROLL PT is used as the PT stage record begindinge 4,
2021 These measurements were @d@mented byTLS elevation point cloudsf the North River whictwereacquiredon
July 5, 2019 from twelve positions with tReEGL VZ-2000 3D Laser Scannélfrimble R10 base station, and rover for GNSS
positional measurement$Scans from three additionpbsitions wergerformedon October 5 and October 9, 20TC)tical
surveys were conductdzbtween June 30 and July 5, 20th®ng water level measurementsttwee newly established fixed
benchmark®n bouldersalong the bank

A Vectrus service trip onuhe 12, 2021 downloaded data files, power cycled the laser, checked the batteries and charge

controllers, updated the laser software to allow for automatic spring wakeup, and installed the vented PT.

At the Fox Canyon River fourth custonbuilt, bankmountedL T Trusense S20ser rangefindetangingsystem F1,was
installedon July15,2019 programmed to retrieve river stage measurements every 15 minutes and telemeter theviahourly
an Iridium satellite modem. RIEGL VZ-2000 3D Laser Scannsurvey was performed during this initial installation trip to
establish benchmark®ptical surveysit the Fox Canyon River Bridgeereperformed between July 1 and July 4, 2Qi€ing

the three newly established fixed benchmai®s.June 12, 202h Vedrusservice visidownloaded data files, power cycled

the laser, checked the batteries and charge controllers, and updated the laser software for spring wakeup.

2.3 Datatelemetry,downloads, andpublic release

Data from alfour bankmountedaser rangefdersystemsthe Minturn River CF Bubbler, the Minturn aridiorth RiverLevel

TROLL PTs,the Minturntime-lapse cameras, atite Minturn RivelAWS are telemeterduburly viathe Iridium SBD network

and received by the US Army Corps of EngindEsentheet al., 2023)River dage andAWS measuremenfsom the Minturn

River are automatically forwarded to the Geological Survey of Denmark and Greenland (GEUS) PROMICE database
(https://dataverse.geus.dk/dataverse/PRONI&fH included on their website undbe station namdNG_1 (PROMICE,

2023).

Non-telemetered PTweredownloaded in the fieldThe North RiverLevelogger and Barologg&Ts were installedn July
17,2019 andecordeddata until May22,2021. Minturn River cameras began collecting data gnlRj 2019



2.4 Remotesensingdata

Precipitation, snow cover, and albedo were obtaimgdg satellite sensirig characterize ice surface conditions for @S
ablation zonever each watersheBue to the small size of the North River and Fox Carflyimer watesheds relative to the

195 spatial resolutions of the remote sensing datatbetse datasets are less representative of conditions within the watersheds and
statistical analyses over these watersheds are omitted from this Papgraccumulated ngcipitationwas derived from
combined microwave IR obtaineflom the Integrated MultisatellitE Retrievals for Global Precipitation Measurement
(IMERG) (GPM, 2019) Snow coverdata over the three watersheds was obtained from the NDSI_Snow_Cover layer and
albedo was obtained from ti8now_Albedo Daily Tile layefrom the MODIS/Terra Snow Cover Daily L3 Global 500m

200 SIN Grid product, Version.& (Data Set IDMOD10A1) (MODIS, 2023) These emotely sensed precipitation, snow cover,

and albedo dataroductsprovide insight into additional aspects of the hydrometeorology of Minturn watershed

2.5 Dataprocessing

Someminorfiltering was required toeemoveanomalous data armitliers.Stage valuefrom theCF Bubbler data were clipped
to fall between 0.6n, thelowest value the CF Bubbler could read based on its position in the river,mand éonservative
205 upper estimate of river stage. At the end of the 2020 melt s¢8sptember 20 12, 2020 the CF Bubbler returned some
anomalously high stageeasurementdikely due to freezing, which were also removed. The CF Bubbler pipe was abruptly
displaced downward by 0.5 m between 3:15am and 3:30am on July 29d@62a,turbulent flovasconfirmed bythetime-
lapse camera imager$tagerecordsfollowing the offet wereadjusted by +0.5m to maintain consistency with the rest of the
record. This CF Bubbler record, along with records from all other stage instruments, was converted to water surface elevatio
210 (WSE) WGS84/UTM Zone 19N, ellipsoid heighiying opticakurveys tied to fixed benchmarks

Non-telemeteredPT dataat the North River were downloaded in the field usir#plinst Levelogger optical reader. Ttve
LeveloggerPT records were compensated for air pressure usinBahmoggerPT recordandLevelogger 4.6.2 software. As
the two Levelogger records wergtually identical, the one witthe more completeecordis used in the following analysis.
215 Telemetered.evel TROLL PT dataare compensated for air pressure by CRRElr.analysis, thikevel TROLL PT record
was converted to WSE following the methodolapscribedor the CF Bubble(WGS84/UTM Zone 19N, ellipsoid height)

Telemetered returns from thankmountedlaser rangefindesystems were received and processed into distance values by
CRREL. First, last, and strongest values were transmitted to a webpage for instantaneous access. To fatprezatiiem

220 the Minturn River records, only physicallgalisticvalues were retained (betweeméand 20m for laser rangefinder Mand
betweerb m and 15m for laser rangefinder M2 The median return of each record whsntaken as the distance from the

laser device to the water surface.
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This median laser return distance was then used to calculate riveastafjews. As all rivers expaenced zero flow during

the cold season, the median corre¢tser rangefindereturn from each record was taken as the distance to the empty riverbed
and/or frozen river ice surface as measured on afevaday. At the Minturn River, zerflow was viswally confirmed with

camera image recordSimple trigonometry was used to compute the vertical distance of the water surface below the laser box
(ZLidar Box) USING the measured distance to the water su(fdeeian Lidar Distanceand the vertical angle dfie laser range

finder ( 6har Box). This verticaldistance was then used to calculate river stage (Equation 1) relativartmtrary datum
Yo & "Q@ 0 QQBEROGHNI 0 dE G 1)

Using the TLSpoint cloud captured at each study location in 2019, the ellipsfédenced elevation of eabnkmounted

laser rangefindeunit could be found in the scans, yielding the WSE of each-bemlntedlaser rangefinderecord
(WGS84/UTM Zone 19N Some fixedanomalous offsets, likely frorsolarinterferenceoccurred occasionallin some
returns and their correction is described in Appendix 1. While the dapthinstrument from the AWS failed to function, all
othermeteorologicainstrumentgunctionedas expectednd their records were transmitted to the PROMICE database without

further processing.

River stage fluctuations wesdsoextracted frontime-lapsecamera imageBy identifying the wetted shoreline positi and
combining this with the TLS scan of the bank topograf@gldstein, et a).2023. Full details of this method can be found in
Goldstein, et al(2023) but, biiefly, a Canny edge detector was usedutomaticallydetectthe shoreline positiorirom each
cameramage, with manual delineations perforniedecessaryGeorectifying these shorelip®sitionsand projecting them

onto the TLS scan of the riveankyieldedestimates ofiver height fluctuationwvith an estimated error &0.185 m(Goldstein

et al, 2023. This camera record has recognized uncertainty for the lowest ~75% of Minturn River stage values, due to
mathematical extrapolation of the TLS bank scan below the waterline. For our analysentiia record was converted to

approximateVSE by arbitrarily assigning the WSE of the CF Bubbler record to the camera record on a daylofvzero

Because all sensors experienced occasional data dgsidstage produdor the Minturn Rivewascreated tanfill missing

data (Fig 5). Laser rangefinders M1, M2 (Minturn River), N1 (North River), and F1 (Fox Canyon River) will be referred to
as Lidar M1, M2, N1, and F1, respectively, in Figures She CF Bubblertransducer, in particular, becomes exposed to the
air at water surface eleti@ns less than ~316 m (~316.5 m following its ~0.5 m offsetudy 29, 202}, with measurements
from other sensorable torecordlower stagesFrom 2019 to 2020, bankmountedlaser rangefindeM1 had the most
measurements after the CF Bubbler #ma two recordsverefit with a robust linear modghybrid stage =1.0647M1 -
20.598m supply formula and R 0.9651)with outliers greater than +0.25m from the trendline removed. Beginning June 16,
2021, the additional ventegtvel TROLLPT provided aadditionaldataset witthigheraccuracythanthe bankmountedaser

rangefinder. Thesbourly measurements weirgerpolatedto 15min measurements by fittinpe Level TROLL PT record
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with a linear modedo fill gaps in theCF Bubbler datghybrid stage= 0.9515PT + 15.323n supply formula and R= 0.9981)
The lankmountedaser rangefindedatawere no longemcludedin the hybrid stage produafter the ventetlevel TROLL
PT was installedas thdatter is more accurat&he finalhybrid river stageproductthereforeuses the CF Bubbler data when
available with gapsfilled with a linear regressionmodel based omither Level TROLL PT or laser rangefinder M1

measurementsavailable.

2.6 Statisticalcomparisons

For quality assessment of the variexperimental methods used to estimate Minturn River stegistisal intercomparisan
wereperformed by calculating the?Rnd RMSE values of theaditionalCF Bubblervented PTwith all otherrecords (i.e. the

two bankmountedaser rangefindet the Level TROLLPT, thetime-lapsecameraestimates of Goldstein et a(23),and

the hybrid producfTable 1). For a preliminary scientific assessment of some potential physical drivers of Minturn River stage
variations, amultivariate linear regression meldwas developed to assess the relationship of A&¥¢B meteorological
variable to the hybrid stage product. Correlation coefficigmt@lues,andscatterplotaverealsoproduced for each variable
available from the mebrologicalstation and remoteensing data setfig. A2). In these correlation analyses, AWS air
temperature and remotely sensed precipitation, each lagged by 0, 1, and 2 days, were considered and net radiation w
calculated as thdifferencebetween shortwave/soldownward and upwd radiation To remove high diurnal variance, all
predictor variables and the hybrid river stage product were averaged to daily timesteps. Any significant, independent variabl
found were then used as predictor variablesnmubivariate linear regressn modeThese independent variables, albedo over

the ice sheet and air temperature, were used as predictors in a multivariate linear regressiprediciiteghybrid stage.
Coefficients and {values were computed for each predictor

ANOVA tests wereperformedon the air temperature, ice sheet albedo, precipitation, net radiation, downward radiation, and

hybrid stagdo assess differences in means between early melt season (~day of year 190aoe2@$) year (2019, 2020,

2021) The early datselecton washased on visual inspection of the runoff stage records; qualitatively, 2019 and 2020 appear

to follow similar patterns of early high runoff stage and appearance of a diurnal signal, while runoff was lower andemergenc
of diurnal signal was delayed 2021. To investigate these differences, we limited our early season assessment to the period

betweerday 289 the first day records are available in all years)day 205 (the latest onset of a pronounced diurnal signal)

3 Results
3.1 Minturn River, Inglefield Land

Proglacial river stage measuremefaisthe Minturn River were acquired by the CF Bubbler vented PT (15 tia)ank
mountedaser rangefindennits (hourly),and timelapsecameragGoldstein et a).2023 (3 hours)in 2019, 2020, and 2021;
and by theLevel TROLL vented PT (hourly) in 2021 (Fi§). In total, chta were collected between July 15, 2019 and
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September 12, 2021 witlrolongedwinter shutdowngaps in the CF Buller and banitmountedaser rangefindeunitsfrom
approximately October 23, 2019 to June 6, 2020 and October 16, 2020 to June 14, 20gualitfferssurance and filtering
(see Data Processin@ total of 9,12Q15-min) CF Bubblerstagemeasurements, 3,09Bourly) Level TROLL PT stage
measuremest 6,461(hourly) bark-mountedlaser rangefindeM1 stage measurements, 3,60@urly) bankmountedlaser
rangefindeM2 measurements, and 1,6(Bhour)time-lapse camera images (Goldstein et2023 wereacquiredfor the

Minturn Riverover the threeneltwater runoff seasons

The AWS meteorological statiomstalled at the Minturn Riverollected relative humidity (28,900 measurements), relative
show depth (18,707 measurements), wind direction (27,634 measurements) and speed (27,669 measureane (2§, 1Av
measurements) and downward (29,214 measurements) solar radiation, air pressure (25,223 measurements), and two measl
of air temperature (29,213 measurements from each}m@iriBe incrementfom July 8, 2019 to September 12, 2021, with
winter gaps from September 2, 2019 to June 21, 2020 and December 15, 2020 to June 12, 2021

3.2 North and Fox Canyon River, Thule AB

Forthe North Riveiat Thule AB river stage measurementsrerecordedrom 2019to 2021 withtwo nonrventedLevelogger
PTsand onebankmountedlaser rangefinderandwith aLevel TROLL vented Pbeginningin 2021 (Fig. 6) Thelongest
Levelogger PT record was retrieved in June 2022 and had collected 4§82neasuremerftom July 17, 2019 to May
22, 2021with acold-seaongap between October 5, 2019 and April 1, 28808 no gap in the more complete Levelogger PT
record during winter 2020/202The PT record with no gap in the winter 2020/2021 was used for this analysibank
mountedlaser rangefinder Ntollected 8596 stagemeasurements betweddy 15, 2019 and October 25, 2021 with winter
gaps from October 20, 2019 to June 16, 2020 and October 1, 2020 to April 28TR@2fansmitting ventedevel TROLL

PT operated from June 7, 2021 to October 25, 2021 andteall2,919 measurements.

For theFox Canyon Rivenear Thule AB8,348river stage estimates were acquired flmsmkmountedaser rangefinder F1
between July 15, 2019 and October 31, 2021 with winter gaps from October 29, 2019 to June 29, 2020 en2002aD
to June 7, 202(Fig. 7).

3.3 Sensowperformances

Coefficient of determinatiorR?) androotmean square erroRMSE) values computed between the gstdndardCF Bubbler
vented pressure transductage record and each of the instrumentsliesl at the Minturn River show strong correlations
(Table 1). The Rvalues were 0.809, 0.739, 0.996, and 0.702, respectively, forrbanktedlaser rangefindem1, bank
mountedaser rangefinder || the vented PT, and the hybrid produespectively CorrespondindiRMSE values were 0.256
m, 0.251 m, 0.050 nand0.502 m, respectively.
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Each stage measurement technology (CF Bubbésel TROLL PT, bankmountediaser rangefindercamera) had different
strengths and weaknesses (Table 1). The CF Bubhtethe finest temporal resolution (15 min) and, as the technology is
considered the gold standard for river stage measure(@@®®03m) (Compact Constant Flow Bubbler, 20223
measurements werssed as the study benchmaHowever, the CF Bubbler inskadl in the Minturn River in 2019 wasot
submerged deeply enoughramordlow stagesand the instrumeralsomissed readings at higher stages more frequently than
other measurement technologies. Theel TROLLPT (RMSE = 0.050m with the CF Bubble¢goklower temporal resolution
measurements (hourly) amehs not establishedntil 2021, butrecordedower stagesand hadfewer data gapshan the CF
Bubbler(74.5% vs. 49.1% at an hourly timestephe bankmountedaser rangefindaunitstook hourly reading that aligned

well with both the CF Bubbler andlevel TROLL PT measuremenf®MSE with the CF Bubbler: M1 = 0.256m, M2 =
0.251m) Thesenon-contactunits were safer, easier to install, aleds expensive than the traditionainted PTsbut solar
interferenceoccasionally}caused anomalous offsets or gaps in the re¢deda completeness for M1 = 77.1%, M2 = 33.9% at

an hourly timestep)Thetime-lapsecamera record matched the upward and downward movements of the CF Bubbler stage
well, but had a substaatly greater daily diurnal range yielding the greatest RMSE of the approaches ¢RibliS& =
0.502m) andow quality at stage values in the lowest ~75% (Goldstein, e2@23 (Fig. 5a) The camermalso only took
measurements every three hours and gepeed interruptions during soradverseveather conditions (e.g. raimthe lens)

of interest for stage measurement. However, the camer@inexpensivesimple to installexperiencedew datagaps(data
completeness atBour time step = 89.7%), and provided useful awareness of environmental conditions including river ice,

snow, and rain.

As the instrumentpoweredoff during the cold seasopudata gaps were assessed during summer when all iestisimvere
powered on andecording data. This period was taken to start at the first timestep in which all instrumeats|hiagidat
least one measuremeand to end on last day sfagevariation(due to either ice formation or desiccation of the cle§riar
the winter. These dates span JuljtdSeptember 7, 2019, Junet®@September 3, 2020, and Junetd Bugust 29, 2021. As
laser rangefinder M2 at Minturn Rivdid notpoweron until July 6, 2021 20 days after thall other instruments had twed
on, the start of this season was taken as the first day in which all other instruments had begun (&eoedirtg 2021)The
Level TROLL ventedPT record was only available in 202d its statistics were computefdlom 2021 dataonly. Data
completeneswas calculated as the ratio of number of measurentetie number of 15 min (CF Bubbler), hourly (bank
mountedlaser rangefindewvented PT), or-Biourly (camera) time periods between the start and end times eackroear.
these calculationshétime-lapsecamera yielded thenost complete data recof@9.7%)whereas laser rangefinder M2 and the
CF Bubbler yielded the least complete records (33.9% and 44.4%, respectively) (Table 1).

Thedescribed differencesa sensor data record completeness andracgencouraged the development of a hybrid product
offering a more complete tirgeriesthan any individual record (Fi®). This hybrid product, which merges stage estimates
from the CF Bubbler, barinountedaser rangefindef2019 and 2020), and ventedvel TROLLPT (2021)yieldsthe most
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complete and most accurate progdectmpared to the CF Bubbler standard (Tabl&&)the CF Bubbler measurements were
used whenever they were available, the hybrid and bubbler record matched exactly at all twigstepsbler records
available.Overall, thehybrid product yielded the record with the fewest gaps at the 15 min (§ha#ely (89.1%), or daily
(99.0%) timescaleRiver stage from all instruments are presented for the Minturn River, North Rivéfpar@@anyon River

in Figs 5, 6, and 7respectively.

3.4 Watershedcharacterization

The acquired stage recorftem the Minturn River, North River, and Fox Canyon Riaéow a preliminary assessment of
runoff characteristics in the Inglefield Land anduléhregions Weatherconditionsat the Minturn River AWS wersimilar
betweery ear s, with air temperatures reaching highs of ~15
subsequent decline in net solar radiation .(B)g At all sites, river levels were high in early summer 2019 and 2020, but
decreased throughout the summer and ceased flowing by September. In 2019 and 2020 the diuohaiveyctéagenas

well developed by July, suggesting runoff from bare ice. This washeotdse in 2021, when July diurnal cycles were
suppressed at all three sit@gsdg. 5). In all years, lateseason rain events, as verified with camera images and decreased
downward solar irradiance, triggered some sharpsgeson floods in the Minturnivr (Fig. 5,2019 and 2020), North River

(Fig. 6, 2019 and 2020), and Fox Canyon River (Fjg019).

After applying a conservative Bonferroni correction, air temperature (at all lag, stppsrd/downward/net solar radiation,
ice sheet/proglacial/full watershed albedo, and ice sheet/full watershed snowersignificantly correlated with hybrid
stage(Fig. A2). As air temperature at all lag step2(8ay) showed similar, strong celation and significance valuesgay
average (lag-d day)and 3day average (lag-2 day)air temperature variablegere introduced. The strongest predictor
from each group of correlated variableas selectedThis yielded 2day average air temperatypevalue=1.17x162,
R?=0.650) andhblation zone albed-value=4.10x103%, R*>=0.620)as the independent predictors included in the
multivariate linear regression model for hybrid stage predi¢kam A2). P-values for correlation with stagje the
multivariate linear regression modeére1.38x10' and5.73x10’ for temperature and albedo, respectivélye linear
modelcoefficients were @.77for 2-dayaverageir temperature and.030for ice sheetlbedo. Regressions of hybrid stage
with remotelysensed precipitation at b 2-day lagsair pressureandproglacialsnow cover showed no independent
correlation (pvalues8.97 x1®t o 0. 9 3 1 ,%3). We @nclad® that aitemperature and ablation zone albedo are the

primary drivers of runofftage for the Minturn watershed across seasons and years.

An early melt season analysis of variance test on the yearly temperature, albedo, remotely sensed precipitationymet radiatio
downward radiation, and stage data from day 189 (July 7/8, the first stage record is available in all years) to day 205

(July 23/24, the latest onset of a pronounced diurnal signal) indicates significant differences were present between 2021 anc
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2019/2020 for temperature, albedo, and stage. No significant differenstesidetween the means of remotely sensed
precipitation, net radiation, or downward radiation in any yeate June temperature and albederesignificantly cooler

(11.2 and 10.1°C in 2019 and 2020, 6.3°C in 20@49la more reflective ablation zonerface (0.64 and 0.65 in 2019 and

2020, 0.75 in 2021), andeldedlower river stages (317.2m and 316.9m in 2019 and 2020, 315.7m in 2021) in 2021 than
either previous yeaihe pvalue of difference in means is 1.1781f0r temperature, 4.70x¥0or albedo, and 2.48x18

for stage. This suggests that differences in air temperature and ablation zone albedo may have driven the differgnces in earl
season stage between 2019/2020 and 2021.

The 2day (R=0.650, pvalue=1.17x16? and 3day (R=0.649,p-value=7.15x10? average temperatures were more

highly correlated with stage than any of the single day measurements of air temperdayréa(pPR=0.620, p

value=1.33x16%, 1-day lag R=0.622, pvalue=1.47x10%, 2-day lag R=0.599, pvalue=1.11x16%). This indicates that

periods of prolonged high temperature have a greater influence on stage than single day temperatures. The similarity in the
significance and correlation betweewl®y and iday lag air temperature, with decreased significance @mdlation for 2

day lag air temperature, may reflect that it takes less than two days for high temperatures to produce melt and for excess
meltwater runoff to be routed from across the watershed to the gauge. This conclusion is physically realittie gjzen

(~3,800 km, 75% glaciated) and roughly square geometry of the Minturn watershed.

The selection of multivariate regression predictors and the ANOVA analysis of the early season meteorological differences
both affirm that air temperature and iceshalbedo are primary drivers of runoff production over the Minturn watershed.
Downward radiation (R=0.311 pvalue=1.41x13% was a more significant driver than upward solar radiatiéaqR61, p
value=6.32x10?), which could potentially reflect thaecreased cloudiness leads to more meltwater runoff generation.
However, albedo over all regions (ice sheet ablation zone, proglacial zone, and full watershed) showed more significant
relationships with stage, particularly ice sheet ablation zone albé&d0.6R0, pvalue=4.10x1G%). Given the correlation

between radiation variables and albedo variables, we conclude that air temperature and ice sheet ablation zone albedo are t
preeminent drivers of stage. This conclusion is supported by the early #&MA analysis, which found significant

differences in ice sheet albedo and stage, but not net radiation or downward radiation, between 2019/2020 and 2021.

Precipitation was not a significant predictor of stage in the linear regression model, utiliZinjttiree years of data, nor

in the early season ANOVA analysis. This may be due to the coarse resolution (0.1° x 0.1°) of IMERG daily accumulated
precipitation dataset. The limited correlation with precipitation may also be due to the infrequerdtaredyrsimall

precipitation events in this high Arctic environment. Precipitation events seen in the camera imagery preceded the major
floods seen in each year, suggesting thateaisnow events may influence the magnitude of runoff events but not be

driving factors under typical (neprecipitation) conditions during the majority of the melt season.
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Overall we attribute lower proglacial river stages observed in 2021 to cooler air temperature and higher ice sheet albedo in
the early part of the melt seasdn the late runoff season, rainfalduced floods occurred at all sites, confirmed by the
presence of raiim the time lapse camera images and increased stage in the Minturn River. These findings affirm the influence
of rainfall/melt events in NW Gre&and, as previously demonstrated for SW GreenlanBdyle et al., 201%Doyle et al.,

2015).

3.5 Limitations

While our installation ofthree proglacial river gauging statiosignificantly advancem situ hydrologicalmonitoringof NW
Greenlandwe experienced numerotischnical and logistical challeng&ubmerged sensors, in particular, remain vulnerable
to damage. ThAWS was batterypower limited while the banknountedaser rangefindedevices were limited by datalogger
date retention. The baskountedaser rangefinderwere programmed to enter sleep mode from October 31 to April In but a
errorin the dataloggeprogramresulted in a failuréo properlyretain the current date the memory whiclprevented the
datalogger from waking up in Aprt020 and 2021Due to COVID19 pandemic travel bans, these issues require virtual
training and emergency and service visits from Greenrtesed collaborators. Installing multiple sensor technologies for
river stage measurements provided increasedaesdito these challenges, and the opportunity to cregteid stageproduct

as demonstrated here. All repairs have been completedllssehsorsare currently functionadnd transmitting data to the
PROMICE website at this time.

Conclusion

We haveestablished three new proglacial river gauging stations and one automated weather station in the NW Greenlanc
region. The new stationsrovide valuable in sitwbservations for characterizing the timing and drivers of GrIS runoff
Following release of #hstagedischarge curves established for the Mintana North Rivers, these data can be used to test
SMB models used tpredictsurfacemass loss fromunoff in an understudiedapidly changing area. Instruments installed at

the Minturn River, InglefieldLand consist of a conventional vented pressure transducer, a bubbler sensor, and two
experimental banknounted laser rangefindeis estimate stagéwo time-lapsecameras to image environmental conditions

and estimate stage, and an automated weathenstatrecord meteorological variablegpvard/downwardhortwave/solar
radiation air pressure, air temperature, relative humidity, wind speed, wind direction). At the North River, Thule AB,
instruments consist of one conventional vented pressure t@sdneexperimentabankmountedlaser rangefinder, and

two nonvented pressure transducers to measure stage. At Fox Canyon River, near Thule AB, tretkrisoantedaser
rangefinder to estimate stage. Water surface elevations at all siteseezaced to benchmarks established by this project in

2019.All instruments providedeasonablyaccurateusefulobservations of river stag&€elemetry of these data was successful
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from all sites despite harsh environmental conditidG®sdundant measuremsifitom a suite ofinstruments with differing
strengths and weaknesse®bledcreation ofa hybridriver stage produdbor the Minturn Riverwith minimal data gapsAir
temperature anite ablation zone albedare strongly correlated with this produptoviding insight intoleadingdrivers of

proglagal runoff in NW GreenlandAll datasets are maintained aftdely available through th® ROMICE observational
network(PROMICE, 2022).

Code and data availability

Inglefield data are available through the PRGN network (station: ING_1). All data from all stations and corresponding

code will be publicly released through Zenodo following the acceptance of this manuscript.

15



k Basemap © Google Earth 2019

(\%\eﬁe‘d Lang i
N

56 m "
I

Figure 1: New river stage measurements are available for three glacial/proglacial watersheds in NW Greenland: (a) Minturn River;
(b) North River; and (c) Fox Canyon River. Instrument installationswere established at (78.590801%68.992706°), (76.538980¢,
68.72890°), and (76.466460268.579060°), respectively, in July 2019 (red dots). The most comprehensive suite of sensors, including
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465 an automated weather station (AWS), is installed at the Minturn River, Inglefield Land (a)Thule Air Force Base, which collecs

airport meteorological records, is indicated by the starBasemap © Google Earth 2019.

A . P S

Figure 2. GrIS runoff in Inglefield Land is routed entirely over the ice sheet surface through long, senparallel supraglacial streams
470 directly onto the bedrock-dominated proglacial zone, making it an ideal location to study surface runoff without interference from
en- or sub-glacial processes. The absence of bedload and suspended sediment in the Minturn River at the ice margin further affirms

the primacy of supraghkcial runoff at this site (photo by Laurence C. Smith).
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475 Figure 3: Bank-mounted, obliquelooking Laser ~r”a'ngefinder recording river étage on the riht bank of the North River, Thule AB.

In total, four identical Laser rangefinder units were built and installed in NW Greenland, with two at the Minturn River (Inglefield
Land), one at the North River (Thule AB), and one at Fox Canyon River (Thule AB). The singighot Laser rangefinder measures
distance between the sensor and water surface using tiroéflight of the emitted and reflected beam. This novel approach to river

stage measurement avoids contact with water, reducing risk of sensor damage or loss from ice, rolling cobbles, and springlarg

480 floods (photo by Lincoln Pitcher).
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Figure 4. Automated weather station and CF Bbbler vented pressure tran

sduce (at left) and a timapse camera (at right)
established at the Minturn River. Other instruments at this site include twobank-mounted laser rangefinders, a second vented
485 pressure transducer and a second timelapse camera on the opposite banfphoto by Lincoln Pitcher).
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Figure 5: Hydrographs of stage at the Minturn River (a) were produced by two bankmounted laser rangefinder devicegLidar M1
490 and Lidar M2), the CF Bubbler, and a hybrid product combination of the two from 2019 through 2021. In 2021, an additional vented
Level TROLL PT was added at the Minturn River providing another record of stage. The CF Bubbler record is the gold standard

for accuracy but does not capture low stages, while the lower temporal resolution, more novel laser rangefinder record may have

lower accuracy. A hybrid product fit a linear model to the CF Bubbler and the bankmounted laser rangefinder with fewer data

gaps to produce themost complete record Camera gage values from the lowest ~75% of the riverbankdenoted with X markers,

495 contain uncertainty due to mathematical extrapolation of the TLS bank scan below the waterline.
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Figure 6. Records of stage at the North River aravailable from a bank-mounted laser rangefinder unit (Lidar N1), with an

additional record of stage available from the norvented Levelogger (2019 to 2020) and vented Level TROLL (2021) PTs.
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500

Figure 7. Stage records from 2019 to 2021 at the Fox Canyonver are available from a bank mounted laser rangefinder unifLidar

F1).

505 Table 1.Coefficients of determination () and root-mean-square-errors (RMSE) of different river stage sensors relative to the CF
Bubbler vented pressure transducer record (consided the gold standard for stage accuracy0.003m)2° Sensor pros/cons

including data completeness at Iin, hourly, and daily timesteps,are summarized.
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