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Abstract

Surface melting can alter ice sheet sliding by supplying water to the bed, but subglacial processes driving ice accelerations are
complex. We examine linkages between surface runoff, transient subglacial water storage, and short-term ice motion from 168
consecutive hourly measurements of meltwater discharge (i.e. moulin input) and GPS-derived ice surface motion for Rio Behar,
a “60 km? moulin-terminating supraglacial river catchment the southwest Greenland ablation zone. Short-term accelerations
in ice speed correlate strongly with lag-corrected measures of surface mass loss, specifically supraglacial river discharge (r=
0.9; p<0.001). Though our 7-day record cannot address seasonal-scale forcing, diurnal ice accelerations align with normalized
differenced supraglacial and proglacial discharge, a proxy for subglacial storage change, better than GPS-derived ice surface
uplift. These observations counter theoretical steady-state basal sliding laws and suggest that moulin- and proglacially induced

fluctuations in subglacial water storage, rather than absolute subglacial water storage, drive short-term ice accelerations.
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Text S1: Supplemental Background

Each summer, the delivery of supraglacial meltwater to the GrlIS bed causes a rapid initial rise in subglacial
water pressure, which reduces basal traction and enhances ice sliding (e.g. Bartholomew et al., 2010, Hoffman
et al., 2011; Zwally et al., 2002 ). A gradual slowdown in ice motion then occurs as increasing subglacial
efficiency reduces regional subglacial pressure and increases basal traction (e.g.,Bartholomew et al., 2010;
Hoffman et al., 2011; 2016 ). Superimposed upon this seasonal cycle are short-term accelerations lasting
several hours to several days attributed to variations in meltwater input (Andrews et al., 2014; Schoof,
2010 ). In the lower ablation zone, brief increases in ice speed of up to “300% (with lesser accelerations at
higher elevations) are broadly attributed to the effect of diurnal surface melting on subglacial hydrology and
water pressure (e.g. Andrews et al., 2014; Cowton et al., 2016; Davison et al., 2019; Hoffman et al., 2011;
Shepherd et al., 2009 ).

At a process level, however, the interaction among subglacial cavity evolution, subglacial storage, and ice
motion remains difficult to interpret across spatial and temporal scales despite extensive collection of on-ice
surface measurements (e.g., Anderson et al., 2004; Andrews et al., 2018; Bindschadler, 1983; Cowton et al.,
2016; Flowers et al., 2016; Hoffman et al., 2011; Howat et al., 2008; Iken et al., 1983; Jansson, 1996; Kamb,
1970; Schweizer € Iken, 1992 ). GPS-derived ice surface elevations, in particular, are typically noisy and
partitioning the components of uplift is uncertain. This makes interpretation of melt-induced basal uplift
and uplift rates in the context of ice motion challenging (e.g. Andrews et al., 2018, Cowton et al., 2016
). Furthermore, there is a growing appreciation that meltwater surface routing through Greenland’s large



supraglacial river catchments modulates the magnitude and timing of meltwater runoff entering moulins
(Smith et al. 2017; Yang et al., 2018; 2020 ), which must surely influence observed variations in basal
water pressure and associated ice velocity (e.g. Banwell et al. 2016; Clason et al., 2015; Palmer et al.,
2011; Pitcher and Smith, 2019; Zwally et al.,2002 ). Yet, the influence of supraglacial river discharge on
short-term subglacial water storage fluctuations and ice motion has received little observational study.

The purpose of this study is to examine the influence of moulin input (i.e. supraglacial river discharge) on
localized, short-term accelerations in ice surface velocity. To achieve this, we explore temporal correlations
between hourly time series of surface energy balance, ice ablation, supraglacial river discharge, and hori-
zontal /vertical ice surface motion for Rio Behar, a moderately sized (760.2 km? in July 2016) mid-elevation
(>1200 m a.s.l.) supraglacial river catchment in the southwest Greenland ablation zone (Smith et al., 2017
). It represents a typical catchment of the snow-free, bare ice ablation zone (Cooper and Smith, 2019; Ryan
et al., 2019 ), including intense melting and development of weathering crust development during the month
of July (Cooper et al., 2018 ).

The novel datasets analyzed here are: (1) 168 high-quality Acoustic Doppler Current Profiler (ADCP)
consecutive hourly measurements of supraglacial river discharge (i.e. catchment runoff flux, m? s'!) acquired
6-13 July 2016 approximately 750 m upstream of the Rio Behar terminal moulin; and (2) simultaneous
GPS measurements of horizontal and vertical ice surface motion (5-second sampling interval). We also
use PROMICE KAN_M AWS data to estimate surface energy inputs and ablation; and compute proxies
for subglacial storage (S) and its rate-of-change (AS) using both GPS and hydrographic methods. These
data are freely available as Additional Supporting Information (Additional Supporting Information
Datasets S1-S7 ).

Permanent discharge gauging stations are infeasible in the rapidly melting ablation zone environment. Owing
to continuous thermal erosion of the ice bed, empirical stage-discharge rating curves rapidly obsolesce,
necessitating that discharges be measured in situ rather than estimated from empirical rating curves relating
occasional discharge measurements to continuously recorded water level changes. This requirement of hourly
around-the-clock ADCP operations (together with non-trivial logistical challenges of camping and anchoring
instruments in rapidly melting bare ice) explain the relative brevity (1 week) of our hourly supraglacial river
discharge time series.

Simultaneous measurements of air temperature, radiation, and ice surface ablation were acquired from the
nearby PROMICE KAN_M Automated Weather Station (Fausto and van As, 2019 ). Proglacial river
discharges from two permanent gauging stations (Rennermalm et al., 2018b; 2017; van As et al., 2017;
2019 ) were also incorporated into this study. The 60.2 km? July 2016 Rio Behar catchment boundary
was delineated using a fixed-wing drone and WorldView satellite imagery following the methods of Smith
et al. 2017 . This 2016 catchment boundary is presented for illustration purposes inFigure 1 , but is not
otherwise used in this study.

Text S2: Field collection and data processing of Acoustic Doppler Current Profiler (ADCP)
supraglacial river discharge measurements

Over the period 5-13 July 2016, a total 847 ADCP transects were acquired at a fixed cross-section (location
67.0499°N, -49. 0180°W) in the main-stem Rio Behar supraglacial river, using field methods based onSmith
et al. (2017) (Figures S1-S4 ). Of these 847 transects, 677 later passed rigorous quality-assurance screening
and were used to compute 174 in situ supraglacial river discharge estimates (Tables S1-S2; Figure S5 ).
The 174 measurements were acquired between 13:00:09 UTC on 5 July 2016 and 10:37:57 UTC on 13 July
2016. Of these measurements, 168 were collected consecutively every hour starting 11:34:50 UTC on 6 July
2016 and ending 10:37:57 UTC on 13 July 2016. These 168 consecutive hourly measurements (1 full week)
are the moulin input dataset analyzed in this study. The additional 6 discharge measurements collected
intermittently on 5/6 July 2013 are excluded from our analysis because they do not fully capture the diurnal
cycle, but are included in the archival dataset.

All surveys were conducted using a SonTek River Surveyor®@ M9 ADCP mounted on a SonTek HydroBoard



IT and a moving-boat survey type. To complete each survey, the M9 system was towed, in-transect, back
and forth across the Rio Behar Channel, using a custom bank-operated cableway that enabled single-side
tensioning and operation (Figures S1-S4 ). Between 3-9 individual hydrographic profiles or transects of
channel cross-section, wetted perimeter, and flow velocity were collected during each measurement hour,
yielding a total of 847 transects acquired over the field experiment study period (Tables S1-S2, Additional
Supporting Information Datasets S1-S3 )

ADCP data were later processed into high-quality discharge retrievals using the following quality assurance
(QA) and quality control (QC) workflow. This QA/QC workflow is similar to that described inSmith et al.
(2017) and consists of the following:

1.

Open all ADCP output files for a given hour in River Surveyor Live (RSL) software and manually
check/edit system settings. For all files, the Transducer depth was set to 0.1 m, the magnetic declination
was set at -29, GPS reference was set to GGA, and the depth reference was set to Vertical Beam (VB)
(rather than Bottom Track, BT).

Instrument performance was also validated in RSL. Our system quality checks include: ensuring system
power or voltage >9.5, GPS quality >= 3, Horizontal Dilution of Precision (HDOP) <= 2, the track
reference was >0. Quality checks were initially conducted manually, and were later automated using
Matlab.

The edge or bank data for each measurement were manually inspected to confirm that the ADCP was
receiving velocity and depth data near the profile edges. Profiles with no edge data (for either or both
edges) were discarded from the final hourly discharge estimate.

. The depth data for each profile were inspected by comparing both the VB and BT data series and

determining which depth reference was higher quality (i.e. had fewer outliers and less dropout). If
both VB and BT were of equal quality, VB was selected as the depth reference. If VB had substantial
dropout or anomalies, BT was selected. If either VB or BT had data dropout whereas the other depth
reference contained data, composite tracks were selected such that RSL fills gaps in depth data series.
Each profile was manually ranked on a scale from 0 to 3, where 0 or 1 indicates a poor or unusable
transect due to insufficient depth data, 2 indicates a profile with minimal outliers and dropout, and
3 indicates a profile with no outliers or dropout. Profiles ranked as 0 or 1 were discarded from the
final hourly discharge estimates, unless all transects in a given measurement hour were ranked as 0 or
1. In this instance, all transects were kept unless certain transects had notable more outliers or data
dropout than other transects, in which case lower quality transects were removed from the final hourly
discharge estimate.

Velocity vectors and the signal-to-noise ratio were also inspected manually. Velocity vectors were ranked
on a scale of 1 to 3, where 1 indicates minimal perpendicular vectors, substantial drift, or no data, 2
indicates vectors with moderate drift and some vector crossover, and 3 indicates minimal to no drift
or crossover. Profiles with a ranking of 1 were discarded from the final hourly discharge estimate.

All QA/QC’d data files were exported from River Surveyor Live as Matlab files. Both original ADCP
data files (.riv or .rivr) readable in River Surveyor Live (which can be freely downloaded from the
SonTek/Xylem website after registering with an email address) and output to Matlab files are available
via Additional Supporting Information Dataset S3 .

Following manual/automated QA/QC checks, resultant ADCP data and associated variable descrip-
tions were summarized for each measurement hour. These summary data are presented in Tables
S1-S2 ; and in as Additional Supporting Information in Excel spreadsheet (Dataset S1 ) and
txt (Dataset S2 ) formats.

Text S3: Description of variables for full-resolution ADCP datafiles
Sample filename: RioBeharl6_adcpQ-hourly_20190731.txt

Variables:

e ‘measHr’ = measurement hour. Data values range from -6 to 167. We measured discharge (Q) hourly a



total of 174 times (of which 168 were continuous hours and analyzed in this study) from 5-13 July 2016,
beginning 13:00:09 UTC on 5 July 2016 and ending 10:37:57 UTC on 13 July 2016. The continuous
168 hour record starts at measHr = 0 (11:34:50 UTC on 6 July 2016) with the 6 non-continuous
measurements collected prior to measHr = 0 noted as negative measHr values.

‘startYear’ = year at measurement start

‘startMonth’ = month at measurement start

'startDay’ = day of month at measurement start

'startHour” = UTC hour at measurement start

'startMinute’ = UTC minute at measurement start

'startSecond’ = UTC second at measurement start

’endYear’ = year at measurement end

’endMonth’ = month at measurement end

’endDay’ = day of month at measurement end

’endHour’ = UTC hour at measurement end

’endMinute’ = UTC minute at measurement start

’endSecond’ = UTC second at measurement start

'nFiles’ = number of ADCP profiles collected during a measHr

'nGood’ = number of ADCP profiles flagged as good or usable during QA/QC for a measHr

‘avgQ’ = average of all usable ADCP profiles for a measHr. Units = m? s'’medQ’ = median of all
usable ADCP profiles for a measHr. Units = m3s!

'min@’ = minimum of all usable ADCP profiles for a measHr. Units = m
‘'max(@’ = maximum of all usable ADCP profiles for a measHr. Units = m
'std’” = standard deviation of all usable ADCP profiles for a measHr.
‘range’ = range of all usable ADCP profiles for a measHr. Units = m® s
‘startUtc’ = measurement start date and time in UTC stored as .mat datetime variable
‘endUtc’ = measurement end date and time in UTC stored as .mat datetime variable
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Text S4: Field collection and data processing of GPS ice surface motion measurements

Records of positional location were collected with a Trimble R7 dual-frequency global positioning system
(GPS) receiver and Trimble Zephyr Geodetic antenna (Figure S6 ). The system was installed 750 m SSE
of the moulin near the ADCP gauging site at location 67.048°N, -49.018 °W, elevation 1211.43 m) The
antenna was affixed to a 3.3 m schedule-40 aluminum rod drilled vertically 3 m into the ice. The aluminum
rod-antenna setup was allowed to freeze overnight. The system was powered by a 40 W solar panel attached
to a weatherproof Pelican hard case that enclosed the GPS receiver, batteries, and cables adjacent to the
antenna. The ice sheet thickness at this location is “934 m based on Bedmachine v3 (Morlighem et al., 2017).
The entire system was provided by UNAVCO (formerly University NAVSTAR Consortium), with protocols
for field installation and GPS receiver settings provided by UNAVCO geodetic support engineers. The GPS
station recorded positions at 5-s intervals between 5 and 13 July 2016. A base station was also established
on bedrock near the ice sheet terminus (67.150°N, 50.058°W, elevation 581.19 m) and recorded positions at
5-s intervals between 4 and 15 July 2016.

Trimble binary receiver files were converted to RINEX observation files using runpkr00 v5.40 and TEQC
utilities (Estey and Meertens , 1999). On-ice kinematic GPS positions were estimated using carrier-phase
differential processing relative to the bedrock mounted reference station (baseline of "47 km) using TRACK
v1.28 (Chen , 1998) and final International GNSS Service satellite orbits following Andrews et al., 2018;
Hoffman et al., 2011 . During processing, kinematic station motion was constrained on an epoch-by-epoch
basis to 2,000 m yr ! to permit rapid, short-term velocity changes. The 5-s time series was then smoothed with
a 6-hr phase-preserving filter to eliminate spurious signals associated with GPS uncertainties and decimated
to a 15-min time series. The smoothed x and y positions were used to calculate 6-hr velocities using a centered
time window to limit aliasing that may result from using discrete time intervals. Uncertainties presented here
are +/- one standard deviation of the 15-min binned 5-s position data.



Text S5: PROMICE KAN_M Automated Weather Station data and processing

Hourly weather station data were downloaded for the PROMICE KAN_M automated weather station (AWS;
Fausto and van As, 2019 , available at https://www.promice.org/PromiceDataPortal/). The KAN_M AWS
is located just outside the 2016 Rio Behar catchment (Figure 1 ). This station, operated by the Geological
Survey of Denmark and Greenland, records a range of surface atmospheric variables and ice conditions. Here
we use hourly mean energy balance components, surface air temperature and surface ablation measurements
to examine the relationship between atmospheric forcing and ice sheet motion. The hourly melt energy
(Figure 2a ) is calculated by summing the net longwave radiation, net shortwave radiation, sensible heat
flux and latent heat flux. The shortwave radiation is corrected for any sensor tilt recorded. Sensible heat
flux is calculated from the wind speed and temperature gradients between the surface and the sensor height,
with an assumed aerodynamic surface roughness of 0.001m. Latent heat flux is calculated from the wind
speed and humidity gradients between the surface and sensor height using the same aerodynamic roughness
prescribed for sensible heat flux. Air temperature is presented as recorded by the AWS. Ice surface ablation
is calculated by differencing the hourly observations of the pressure transducer (drilled into the underlying
ice) every 6 hours. During the observation period, the pressure transducer remained fully embedded within
the underlying ice and did not need to be reinstalled.

Text S6: Proglacial river discharge data and processing

Hourly proglacial discharges for Qinnguata Kuussua/Watson River (van As et al., 2017; 2019 ) were down-
loaded fromhttps://doi.org/10.22008 /promice/data/watson_river_discharge. Proglacial discharges have been
recorded at this location since 2006, using in situ pressure transducer measurements of stage (water level)
and an empirical stage-discharge rating curve calibrated with intermittent in situ discharge measurements
acquired from different techniques including current meters, the float method, and Acoustic Doppler Current
Profiler (ADCP) transects. The discharge estimates have an estimated 15% uncertainty due to rating curve
fit and errors in cross-sectional area and velocity measurements (van As et al. 2017 ).

Hourly proglacial river discharges in Akuliarusiarsuup Kuua, a major headwater tributary of Qinnguata
Kuussua "33 km upstream of the Kangerlussuaq bridge and "2 km downstream of the ice edge, were dow-
nloaded from https://doi.org/10.1594/PANGAEA .876357. Proglacial discharges at Akuliarusiarsuup Kuua
have been recorded since 2008 at a road bridge crossing (AK4 station, Rennermalm et al., 2013b; 2017 ).
Stage and water temperature data are collected sub-hourly using a Solinst@®) Levelogger pressure transducer
and atmospheric barometric pressure logger (accuracies 0.003 m and 0.05°C for the Levelogger, and 0.001 m
for the barologger, respectively). Discharges are estimated from the continuously recorded stage data using
an empirical stage-discharge rating curve calibrated by periodic in-situ discharge measurements collected
from the bridge, using either USGS-style Price AA current meters or a SonTek River Surveyor® ADCP.

The discharge monitoring station at Kangerlussuaq was chosen as the preferred proglacial discharge dataset
due its capture of proglacial outflow from a much larger area of the ice sheet, thus maximizing the likelihood
of subglacial linkage to Rio Behar moulin, despite uncertain basal routing in the region (e.g. Lindbick et
al ., 2015). To convert the Kangerlussuaq time series into a measure of estimated peak daily discharge at
the ice edge, a cross correlation analysis between hourly AK4 and GEUS station measurements was used to
determine to estimate the mean timing difference between peak daily flows observed at Kangerlussuaq and
peak daily flows at the ice edge.

During the study period, the mean time difference between daily flow peaks at Kangerlussuaq and at AK4
station (33 km distance) averaged 7.6 hours (0.83 s/m). A small additional timing correction between AK4
and the ice edge (2 km distance) is estimated as 0.46 h, by multiplying the mean Kangerlussuaq-AK4 timing
correction (0.83 s/m) by 2 km. The total timing correction of 8.1 + 0.9 h was rounded to 8-h and temporally
subtracted from daily peak timings observed at Kangerlussuaq bridge. Note that this 8-h proglacial correction
is not the same thing as a proglacial flow routing delay because it does not distinguish between wave celerity
and Lagrangian flow, but is sufficient for our purpose here, which is simply to estimate the daily timing of
peak proglacial outflow at the ice edge using measurements from Kangerlussuaq. Furthermore, note that this



8-h proglacial timing correction does not represent the time difference between peak daily discharge entering
Rio Behar moulin and peak daily discharge at the ice edge. Cross-correlation analysis between daily peaks in
supraglacial and estimated ice-edge proglacial indicate that the moulin-edge timing difference (again, timing
difference only, not subglacial routing) is “20-h (Figure 3).

Though we generally use this corrected proglacial discharge during analysis (e.g. Figures 2, 3 & 5), we do
remove the immediate linear trend from proglacial discharge when examining the lagged correlation between
proglacial discharge and ice speed in order to eliminate the potential for autocorrelation.
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GPS-derived prozxies : GPS-measured vertical ice motion is a combination of three components: the vertical
component of mean bed-parallel motion, vertical strain of the ice column, and vertical motion of the ice
relative to the bed (due to some combination of cavity formation and till dilation, depending on basal
conditions). Ideally, these components may be separated by leveraging local knowledge of ice conditions
and, critically, several proximal GPS stations (e.g.,Anderson et al., 2004; Andrews et al., 2018; Harper et
al., 2007; Hoffman et al., 2011; Howat et al., 2008; Mair et al., 2002; Sugiyama & Gudmundsson, 200 4).
In the absence of additional GPS stations, the vertical strain rate cannot be estimated, but during the peak
of the melt season changes in vertical strain rates are small and similar to winter background strain rates
(e.g., Andrews et al., 2018 ), which are accounted for with a detrending to remove the impact of bed parallel
motion (e.g., Bartholomew et al., 2012; Cowton et al., 2016 ).

As such, we detrend the 6-h smoothed z data using the long-term linear trend (Figure 2c ). This limited
correction introduces unquantifiable uncertainties, a particular issue with deriving uplift and basal uplift
change from GPS observations. In order to calculate the rate of basal uplift, we calculate the derivative of
the detrended elevation data by applying a 6-h differencing of the 15-minute dataset, as done to calculate
the horizontal velocity. The detrended elevation and basal uplift rate are considered proxies for subglacial
storage (S ) and subglacial water storage change (AS ), respectively (Figure 2c, Figure 5a ). Our GPS-
derived proxy for AS , albeit noisy, presents peaks that sometimes align with short-term accelerations in ice
speed (Figure 5a ), unlike our GPS-derived peaks in S (Figure 2c ).

Discharge-difference proxies: While calculating basal uplift and basal uplift rates from GPS requires either
multiple GPS stations or assumptions about vertical strain rate and ice flow orientation, our observations
also present opportunity utilize an input-output approach to assess subglacial storage (S) and subglacial
water storage change (AS) more directly. Input-output methods seek to measure or estimate the discharge
of surface meltwater entering a glacier or ice sheet catchment and the discharge of proglacial water release.
They have been used on smaller alpine glaciers to capture the role of subglacial water storage and change
in water storage in driving short-term ice sheet motion (e.g.Bartholomaus et al., 2008, 2011 ), to compute
water balance of a small surface catchment in the Sermeq Avannarleq ablation zone of Greenland (McGrath
et al., 2011), and to examine long-term storage in the Russell Glacier using surface mass balance modeling
and proglacial discharge measurements (van As et al., 2017 ).

The high-quality supraglacial discharge dataset presented here (Figure S5, Table S1 ) offers a rare in situ
“input” suitable for comparison with proglacial output.

However, due to the disparities in the magnitudes of supraglacial and proglacial discharge, we must modify
our approach by using the normalized difference between measured supraglacial moulin input and proglacial
discharge (Figure 5b, 5c¢ ). To calculate a qualitative proxy for subglacial storage (S ), we calculate the 6h
cumulative input and discharge, then normalize both measures of cumulative discharge (e.g. instantaneous
input and output) between 0 and 1, then calculate the difference (supraglacial minus proglacial) between these
two measurements (Figure 5b ). Inspection of this Sproxy versus ice speed suggests that local subglacial
storage and horizontal ice speed are offset, with ice speed peaking several hours before peak storage; however,
once the derivative (AS) of the proxy is calculated, the correlation with ice speed improves (Figure 5c; Figure
S7). The derivative of the storage calculation is input — output on a 6h interval, which is the same as the



6h position derivative used to calculate smoothed ice speed. The occasional temporal offset between our AS
proxy and ice speed, as well as a secondary daily peak in both datasets, are discussed next in SI Text S8 .
Note that these discharge-difference calculations represent a fleeting measure of net subglacial water storage
(i.e. input minus output), not the time required for subglacial water transport. Therefore, any subglacial
routing delays (which are known to range from less than 1 to multiple days in this region, Chandler et al.,
2013; van As et al., 2017 ) need not be considered in meltwater S and AS proxies.

Tegt X8: Junnmicpevial Sioguooiov o AX npold avd Lge proTiov

Of the variables examined here, we conclude that supraglacial river discharge is the dominant driver of
short-term variations in ice speed at our field site, due to its influence on subglacial water storage change AS
. In the vicinity of the moulin, AS is strongly paced by the integrative nature of upstream surface routing
through the Rio Behar catchment, which makes the timing of peak daily moulin input less variable than
that of melt energy, air temperature, or ablation (Figure 3 ). Our observed “5 h delay between peak melt
energy and peak moulin input confirms previous assertions (e.g. Smith et al., 2017; Yang et al. 2018; 2020 )
that surface routing delays through supraglacial stream/river drainage catchments are both non-trivial and
predictable and should be explicitly accounted for in studies of short-term ice motion. Unlike melt energy,
moulin discharge does not shut down at night (Figure 4d ), perhaps helping to maintain pressurized water-
filled subglacial conduits and resist conduit closure (e.g. as per Meierbachtol et al., 2013; Bartholomaus et
al., 2008 ).

Our discharge-difference proxies for S and AS rely on a core assumption that proglacial discharges sourced
from a large area can reasonably characterize basal water pressure under our much smaller study area;
and that supraglacial moulin inputs transfer rapidly to the bed rather than entering englacial storage.
Furthermore, we must apply a timing correction to the proglacial discharge record to compensate for the
net effects of proglacial flow routing and wave celerity between the ice terminus to Kangerlussuaq bridge (35
km; ST Text S6).

While our supraglacial hydrograph and resultant qualitative ASproxy appear to align reasonably well with
the ascent of daily peaks in ice speed, we note a varying time lag between AS and ice motion, as well as
some non-linear behavior on the descending limb of the diurnal peaks (Figure 5c¢ ). There are a number
of possible reasons for these phenomena. One likely reason is that ice motion integrates both local and
non-local forcings over long length scales (3-8 ice thicknesses), so ice dynamics from surrounding areas likely
influence our field site. Similarly, supraglacial forcing of the subglacial system is not uniform over these
length scales, with moulin inputs peaking at different times due to varying upstream catchment areas (Smith
et al., 2017; Yang et al, 2016 ). While the Rio Behar moulin has no neighboring large moulins within 5 km,
we cannot rule out the possibility of temporally asymmetric subglacial water delivery from nearby moulins.
However, we observe a small secondary daily peak in our discharge-difference AS proxy that often coincides
with a smaller secondary peak or shoulder in daily ice motion (Figure 5c ) suggesting reasonably good
coupling between our regionally-influenced AS proxy and local accelerations in ice speed and that this small
secondary ice speed peak is driven by subglacial hydrologic dynamics.
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Figure S1. Photo 1 of ADCP discharge monitoring site (67.0499°N, -49. 0180°W). A SonTek River Sur-
veyor@®) M9 Acoustic Doppler Current Profiler (ADCP) mounted on a SonTek HydroBoard II is being ferried
across the Rio Behar supraglacial river channel cross-section in southwest Greenland. The ADCP and hy-
droboard are tethered to a specialized bank-operated cableway developed by the field team for deployment
on ice surfaces with wireless (radio frequency) data relay. A total of 847 ADCP profiles were collected 5-13
July, 2016.

Figure S2. Photo 2 of ADCP discharge monitoring site. The bank-operated cableway requires vertical
masts to be drilled into the ice surface on both banks of the river several 10s of m away from the flow. The
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masts support a tensioned static line and a secondary control line used by roped technicians to safely ferry
the ADCP across the channel.

Figure S3. Photo 3 of ADCP discharge monitoring site. Close up photograph of the SonTek River Sur-
veyor@® M9 ADCP mounted on a SonTek HydroBoard II.

Figure S4. Photo 4 of ADCP discharge monitoring site. Technicians on the ice bank controlled the ADCP
instrument remotely, monitoring its data stream via radio transmissions between the instrument and a laptop
computer.
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Figure S5. In situ Rio Behar meltwater discharge. Quality-assured ADCP profiles were averaged into
a time-series of 174 hourly supraglacial river discharge estimates. A continuous record of 168 consecutive
hourly estimates commencing 11:34:50 UTC on 6 July (vertical dashed line) and concluding 10:37:57 UTC
on 13 July 2016 forms the basis of this study. Six high-quality discharge measurements acquired July 5-6
were excluded from our analysis due to their intermittency, but are included in archival data.
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Figure S6 : Photograph of GPS data collection site (67.048°N, -49.018 W, elevation 1211.43 m). Mea-
surements of ice surface motion were collected every 5 seconds using a Trimble R7 dual-frequency global
positioning system (GPS) receiver and Trimble Zephyr GPS antenna affixed to a 3.3 m schedule-40 aluminum

pole drilled vertically 3 m into the ice.
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Figure S7. Correlations between calculated subglacial storage proxies and ice motion: (a) GPS-derived
storage proxy S (surface elevation), (b) GPS-derived change in storage, AS (surface elevation derivative) (c)
meltwater-derived storage proxy S (cumulative input- output), and (d) meltwater-derived change in storage,
AS (6h input-output). These correlations use a cross-correlation value of 0 (e.g. no time offset correction to
ice velocity). Linear correlations (r ) and p -values indicating statistical significance (p ) are shown in the
bottom right corner of each plot. Discharge-difference AS shows strongest overall correlation with ice speed
(r =0.79, panel d).
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38| 2016 7 8 1 23 55| 2016 7 8 1 30 51 4 3] 19.04 2.81
39| 2016 7 8 2 33 17| 2016 7 8 240 17 4 4] 18.11 0.50
40( 2016 7 8 3 27 53] 2016 7 8 3 34 42 4 4] 14.56 0.40
41( 2016 7 8 4 31 11] 2016 7 8 4 36 29 4 4] 11.75 0.47
42| 2016 7 8 5 25 1]2016 7 8 5 31 18 4 4] 10.80 0.39
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44( 2016 7 8 7 29 10| 2016 7 8 7 34 32 4 3| 8.59 0.44
4512016 7 8 8 3153|2016 7 8 8 36 53 4 4] 7.99 0.47
46( 2016 7 8 9 31 39] 2016 7 8 9 39 25 6 6] 7.54 0.33
47| 2016 7 8 10 18 9] 2016 208 10 30 37 6 4] 7.89 0.28
4812016 7 8 11 48 38/2016 7 8 11 59 43 7 6| 7.80 0.25
49( 2016 7 8 12 30 25| 2016 7 8 12 41 38 6 6| 7.97 0.22
50| 2016 7 8 13 26 25| 2016 7 8 13 36 30 6 6| 8.50 0.18
51| 2016 7 8 14 23 6| 2016 7 8 14 30 53 4 4] 9.37 0.24
52| 2016 7 8 15 29 22| 2016 7 8 15 36 16 4 3] 11.24 0.80
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Table S2. Minimum, maximum and diurnal range of our ADCP supraglacial river discharge measurements
for each calendar day

Dataset Captions:

Data Set S1. Summary data tables for hourly Acoustic Doppler Current Profiler (ADCP) supraglacial
river discharge measurements, acquired 5-13 July 2017 (Excel spreadsheet format)

Data Set S2. Summary data for hourly Acoustic Doppler Current Profiler (ADCP) supraglacial river
discharge measurements, acquired 5-13 July 2017 (Plain Text format)

Data Set S3.Full-resolution cross-sectional Acoustic Doppler Current Profiler (ADCP) data files for SonTek
River Surveyor@® M9 transects, acquired 5-13 July 2017

Data Set S4 . Hourly air temperature, melt energy and ice surface ablation time series computed from
PROMICE KAN-M Automated Weather Station measurements, July 2016

Data Set S5. GPS-derived ice surface positions, uncertainties, and 6h ice speed calculations, acquired 5-14
July 2016.

Data Set S6. Hourly GPS-derived and discharge-difference proxies for subglacial storage (S) and subglacial
storage change (AS), including uncertainties, calculated for 6-13 July 2016.

Data Set S7. Full-resolution GPS datafiles of ice surface motion

Data Set S8. Time-lapse camera movie of Rio Behar water level fluctuations and ADCP data collections
at our discharge monitoring site.
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Key Points:

e We present coincident field measurements of supraglacial river discharge and GPS-
derived ice motion on the southwest Greenland Ice Sheet ablation zone

e The measurements are obtained upstream of a major moulin, enabling study of how
supraglacial meltwater runoff influences subglacial hydrology and ice motion

e Recorded ice velocities are strongly correlated with measurements of supraglacial river
discharge acquired hourly over the 7-day study period

e Differencing of supra- and proglacial discharge hydrographs suggests that diurnal
fluctuations in subglacial water storage drive short-term variations in ice motion

Abstract (150 words max)

Surface melting can alter ice sheet sliding by supplying water to the bed, but subglacial processes
driving ice accelerations are complex. We examine linkages between surface runoff, transient
subglacial water storage, and short-term ice motion from 168 consecutive hourly measurements
of meltwater discharge (i.e. moulin input) and GPS-derived ice surface motion for Rio Behar, a
~60 km? moulin-terminating supraglacial river catchment the southwest Greenland ablation
zone. Short-term accelerations in ice speed correlate strongly with lag-corrected measures of
surface mass loss, specifically supraglacial river discharge (r= 0.9; p<0.001). Though our 7-day
record cannot address seasonal-scale forcing, diurnal ice accelerations align with normalized
differenced supraglacial and proglacial discharge, a proxy for subglacial storage change, better
than GPS-derived ice surface uplift. These observations counter theoretical steady-state basal
sliding laws and suggest that moulin- and proglacially induced fluctuations in subglacial water
storage, rather than absolute subglacial water storage, drive short-term ice accelerations.

Plain Language Summary

The importance of surface melting to Greenland ice sheet subglacial hydrology and ice sliding
dynamics is widely recognized but poorly constrained by field observations. We present 168
consecutive hours of rare in-situ meltwater runoff measurements from a large supraglacial river
draining the ice sheet surface, just upstream of its plummet into a major moulin. GPS
measurements of ice surface motion record brief accelerations in ice sliding speed that follow
daily cycles in meltwater entering the moulin. By comparing these measurements with
proglacial river discharges leaving the ice sheet, we identify daily fluctuations in subglacial
water storage that align with short-term accelerations in ice motion. These findings affirm the
importance of supraglacial rivers to subglacial water pressure and ice dynamics, even in
relatively thick ice >40 km inland from the ice terminus.
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1. Introduction

Accurate models of ice-sheet response to climate change require good physical
understanding of interactions between surface melting, subglacial hydrology, and ice dynamics
(e.g., Bell, 2008; Chu, 2014; Davison et al., 2019). On the Greenland Ice Sheet (GrlS) ablation
zone, surface melting activates a perennial hydrologic system of supraglacial streams, rivers, and
lakes (Irvine-Fynn et al., 2011; Rennermalm et al., 2013a; Lampkin and VanderBerg, 2014;
Pitcher and Smith, 2019), which commonly drain into moulins forming a dynamic subglacial
drainage system that modifies basal pressures and ice motion (e.g. Meierbachtol et al., 2013;
Van de Wal et al., 2008; Zwally et al., 2002; Bartholomew et al., 2012). While early concerns
about warming-induced runaway sliding now seem unfounded (e.g. Tedstone, et al., 2013;
2015; van de Wal et al., 2015; Flowers, 2018), physical processes governing the link between
GrlS supraglacial meltwater runoff, ice sheet basal pressures, and ice sliding remain under
intense study (Davison et al., 2019; Nienow et al., 2017; Williams et al. 2020).

Traditional basal sliding law formulations linking subglacial pressure and ice motion
assume steady-state cavities at the bed (e.g. Bindschadler, 1983; Schoof, 2005; Gagliardini et
al., 2007). However, observational research suggests that subglacial cavities constantly undergo
transient evolution in response to fluctuations in supraglacial meltwater supply and subglacial
channelization (Iken et al., 1983; Bartholomaus et al., 2008; Hoffman et al., 2011; Cowton et al.,
2016; Andrews et al., 2018). If so, highest subglacial water pressures (and therefore ice sliding
speed) should occur when transient cavities are growing fastest, not when they are largest (Iken
et al., 1983; Cowton et al., 2016).

Evidence for transient cavity evolution is drawn primarily from GPS-derived correlations
of horizontal ice speed with vertical ice surface uplift (interpreted as a proxy for total subglacial
water storage, S) or its first derivative (interpreted as subglacial water storage rate-of-change,
AS). GrlS horizontal ice sliding speed broadly covaries with vertical surface uplift over the time
scale of a melt season (e.g., Hoffman et al., 2011; Bartholomew et al., 2010; Bartholomew et al.,
2012), but variations at shorter timescales tend to correlate better with its derivative (Hoffman et
al., 2011; Cowton et al., 2016; Andrews et al., 2018). Such correlations are typically weak and
spatially variable due to a range of confounding factors impeding calculation of basal uplift from
ice surface elevation measurements (see Andrews et al., 2018 and Hoffman et al., 2011).
Therefore, it is difficult to infer interactions between surface melting, subglacial water storage,
cavity growth, and ice motion for the GrlS, despite previous success on alpine glaciers (e.g.
Bartholomaus et al., 2008; 2011).

To study the links among supraglacial runoff, subglacial water storage fluctuations, and
short-term ice motion, we present in situ measurements of moulin input (i.e. supraglacial
discharge), ice surface speed, and ice surface uplift for Rio Behar, a large supraglacial river on
the GrIS mid-elevation (>1200 m a.s.l.) ablation zone (Figure 1). We compare daily cycles in
these variables with PROMICE automated weather station measurements of surface energy
balance and ablation (Fausto and van As, 2019), and with proglacial discharges from permanent
river gauging stations located downstream (Rennermalm et al., 2013b; 2017; van As et al., 2018;
2019). Horizontal GPS positions provide ice surface speed variations, and vertical GPS
positions and their first derivative provide proxies for subglacial storage S and rate-of-change
AS, respectively. We also compute alternate, qualitative proxies for S and AS by differencing
normalized supraglacial and proglacial discharge hydrographs (adapted from Bartholomaus et
al., 2008, 2011 and McGrath et al., 2011). We conclude that diurnal cycles in moulin input
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influence local ice speed variations through their influence on AS, confirming that transient water
storage and cavity growth are important drivers of subglacial basal pressure and short-term ice
motion.

51.0 °w 50.0 °w 49.0 °W
“+67.2°N
67.2 °N
[67.0°N
67.0 °N i

51.0 °W 50.0 °W 49.0 °W

Figure 1: Study area in southwest Greenland. Black star shows location of our GPS measurements of ice surface
motion and Acoustic Doppler Current Profiler (ADCP) measurements of moulin input (supraglacial discharge) in
Rio Behar, a large supraglacial river penetrating the ice sheet >40 km from the ice edge. Measurements were
acquired ~750 m upstream of the Rio Behar terminal moulin from 5-14 July 2017. Black outline denotes the Rio
Behar surface catchment (60.02 km” in July 2016). White stars show locations of the PROMICE KAN_M
automated weather station (black square) and two permanent gauging stations in proglacial rivers. Background
is a 26 July 2016 true-color Landsat-8 satellite image.
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2. Data and Methods
2.1 Observational data

In July 2016 the Rio Behar terminal moulin was located at 67.047°N, -49.033°W, with an
upstream drainage catchment of ~60.2 km? and mean surface elevation >1200 m (Figure 1). We
established a field camp to monitor moulin meltwater input ~750 m upstream (location
~67.0499°N, -49. 0180°W) and ice surface motion. Field operations were carried out from 5-14
July 2016, with 168 consecutive hourly measurements of supraglacial river discharge collected
6-13 July using a SonTek RiverSurveyor M9 Acoustic Doppler Current Profiler (ADCP) and
methods of Smith et al. (2017). A Tyrolean cableway was suspended over the river to safely and
repeatedly tow the ADCP back and forth across the channel (Figures S1-S4). A total of 847
ADCP transects were acquired, of which 677 later passed rigorous quality-assurance screening
and were used to compute 174 hourly in situ discharge measurements (Figure S5, Tables S1-S2,
Datasets S1-S3).

Simultaneous measurements of ice surface motion were collected every 5 seconds using a
Trimble R7 GPS receiver and Trimble Zephyr Geodetic antenna anchored in the ice (67.048°N, -
49.018 °W, elevation 1211.43 m). On-ice kinematic GPS positions were later estimated using
carrier-phase differential processing relative to a bedrock mounted base station (67.150°N, -
50.058°W, elevation 581.19) and final International GNSS Service satellite orbits (Chen, 1998;
Estey & Meertens, 1999; Hoffman et al., 2011; Andrews al. 2014; 2018; see Sl). To assess
surface melt processes, simultaneous measurements of 2-m air temperature, energy balance, and
ice ablation were obtained using the nearby PROMICE KAN_M automated weather station
(AWS) (Fausto and van As, 2019). To assess proglacial water outflow, hourly discharges were
obtained from permanent river gauges at Qinnguata Kuussua (Watson River) in Kangerlussuaq
(van As et al., 2019), and its northern tributary Akuliarusiarsuup Kuua near the ice terminus
(Rennermalm et al., 2017, AK4 station 67.146°N, 50.107°W). Lagged correlation coefficients
were used to quantify links among these various forcing variables with GPS-derived ice motion.

2.2 Proxies for S and AS

GPS-derived vertical positions and their first derivative were used to estimate subglacial
storage S and rate-of-change AS (e.g. Cowton et al., 2016; Bartholomew et al., 2012; see SI).
Proxies for S and AS were also computed by adapting a meltwater input-output approach
(Bartholomaus et al. 2008; 2011; McGrath et al. 2011) comparing relative timings of supra- and
proglacial discharge hydrographs (see SI). Hydrographs were normalized and differenced
(supraglacial minus proglacial) to assess their relative timings and shapes at Rio Behar moulin
and at the ice edge. These “discharge-difference” proxies are unitless and do not satisfy mass
conservation so should be used qualitatively (i.e. for visual comparison of peak S and A4S timing
with accelerations in ice speed). They also characterize instantaneous net water storage, not
subglacial routing delays and/or storages known to retard proglacial discharges longer than 24 h
(e.g. Chandler et al., 2013; Chu et al., 2016; Pitcher et al. 2020; Rennermalm et al., 2013b;
Smith et al., 2015; van As et al., 2017). Dye tracing experiments, for example, show that
subglacial routing from ~1300 m elevation takes 1-3 days (Chandler et al. 2013, site L57), or ~2-
5 days from proglacial hydrograph analysis (van As et al., 2017). Such subglacial delays and
storages are irrelevant to our purpose here, which is simply to characterize instantaneous
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175  subglacial conditions at our field site, not Lagrangian transport to the ice edge. Complete
176  description of these data and methods are presented in Sl.
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178 Figure 2: In situ measurements of (a) melt energy, air temperature, and ice ablation from PROMICE KAN_M; (b)
179 Rio Behar moulin input (supraglacial river discharge) and proglacial discharge at Kangerlussuagq; (c) Rio Behar ice
180 surface speed and elevation. Colored envelopes (b, c) represent measurement uncertainties of discharge and ice
181 motion (see SI).

182
183 3. Results
184 3.1 Correlations of ice speed with other variables

185 We find strong diurnal cycles in all variables except surface elevation, with daily
186  accelerations in horizontal ice speed closely tracking melt energy and moulin input (Figure 2).
187 A consistent progression is observed in the timing of daily peaks, with melt energy and air
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temperatures peaking near local solar noon, followed by sequential peaks in ice ablation, moulin
input, ice speed, and proglacial discharge (Figure 3). The timing of daily peaks is most
consistent for melt energy, moulin input, ice velocity, and proglacial discharge, whereas peaks in

?ﬂelt energy
(gir temperature
OI(x-:- surface ablation
.Moulin input
.Ice speed
%e surface elevation
Proglacial discharge.
06:00 12:00 18:00 00:00 06:00 12:00 18:00

Local time of day (UTC - 02:00h)

air temperature, ablation, and ice surface elevation are more temporally variable (Figure 3).

Figure 3: Mean daily timing (circles) and timing range (earliest to latest, grey bars) of daily peaks in observed
variables. Diurnal cycles in melt energy and air temperatures peak around solar noon, followed by peaks in ice
ablation, moulin meltwater input, ice surface speed, ice surface uplift, and proglacial discharge. Peak proglacial
discharge displays no timing variability and is here shifted -8h to account for the mean timing difference
between peak daily discharge observed at Kangerlussuaq versus at the ice edge (see SlI). Note that this figure
presents only the timing of daily peaks, not subglacial routing and/or storages known to delay proglacial
discharges longer than 24h.

After lagging our GPS-derived horizontal ice speed time-series to correct for mean timing
differences with the other variables, we find ice speed correlates most strongly with melt energy
and moulin input (r=0.9, Figures 4a, 4d). Moderately strong correlations are found for air
temperature (r=0.71, Figure 4b) and ice surface ablation rate (r=0.75, Figure 4c), drivers of melt
energy and runoff, respectively. Lower correlations are found for detrended proglacial discharge
(r=0.74, Figure 2b) and detrended ice surface elevation (i.e. uplift, r=0.37, Figure 4e). All
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correlations are statistically significant (p<0.01). Unlike melt energy (which turns negative,
suggesting nocturnal refreezing), moulin input persists at low levels throughout the night.
Because i) moulin input closely tracks (and derives from) melt energy; ii) virtually all meltwater
runoff generated within Rio Behar catchment flows to its moulin; and iii) the observed +5h
timing difference between peak melt energy and peak supraglacial discharge is similar to a
previously calculated catchment routing delay for Rio Behar (i.e. estimated time-to-peak t,=5.5h,
Smith et al., 2017) we infer that supraglacial river discharge, a product of catchment-integrated
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melt energy, is a dominant forcing variable driving our locally recorded ice-speed variations.

Figure 4. Correlations between ice speed and other observed variables, after correcting for the mean differences
in daily peak timing shown in Figure 3 (timing differences in parentheses): (a) melt energy (-7h); (b) air
temperature (-7h); (c) ablation (-4h); (d) moulin input (-2h); (e) ice surface elevation (+6h); (f) proglacial
discharge (+19h at the ice sheet edge). Linear correlations (r) and statistical probability values (p) are shown in
the bottom right corner of each plot. Strongest correlations with ice speed are found for melt energy and
moulin input.

3.2 Comparison of short-term ice accelerations with S and AS

To further investigate drivers of ice speed variations, we test proxies of subglacial water
storage S and rate-of-change AS calculated from GPS-derived ice surface observations (Anderson
et al., 2004; Andrews et al., 2018; Cowton et al., 2016; Harper et al., 2007; Hoffman et al.,
2011; Howat et al., 2008) and by differencing normalized hydrographs of supraglacial and
proglacial river discharge (See Methods and Sl). Implicit in the latter discharge-difference
calculations are assumptions that englacial storage is negligible; that en/subglacial melting is
negligible; that subglacial routing delays are irrelevant to instantaneous net storage; and that
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distal (>40 km) proglacial discharge reflects overall regional basal water pressure, allowing Rio

Behar moulin input to be compared with regional proglacial discharge despite its smaller spatial

domain (60 km? vs. ~2800 km?to 1750 m a.s.l.) and absolute discharge magnitude (~6-38 m*s™*
vs. ~800-1300 m*s™).

Comparison of our observed horizontal ice speeds with both proxies for S and AS
suggests that AS drives short-term accelerations in ice speed (Figure 5b). This conclusion is
clearest from the discharge-difference proxies, with AS aligning better with ice speed peaks and
ascents than S (see Figure 5c versus Figure 5b, see also Figure S7). This same conclusion may
be drawn, albeit less compellingly, from conventional GPS-derived S and AS proxies (i.e. Figure
5a versus Figure 2c; Figure S7). For both methods, peaks in AS generally align better with ice
accelerations than peaks in S, suggesting that changes in subglacial water storage force short-
term ice speed accelerations at our field site.
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Figure 5. Comparison of horizontal ice speeds (blue line) with proxies for subglacial water storage (S) and its
rate-of-change (AS): (a) AS as estimated from GPS-derived ice surface elevations; (b) S as estimated from
normalized discharge-difference; (c) AS as estimated from normalized discharge-difference. See Figure 2(c) for S
as estimated from GPS. Short-lived accelerations in ice speed generally align with peaks or ascents in S (c), see
also (a); but not S (b), see also Figure 2(c). Peaks in AS capture peaks in ice speed more exclusively in (c) than (a),
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246 and also some small secondary ice accelerations, suggesting that the discharge-difference proxy may more
247 sensitively characterize subglacial water storage conditions than vertical GPS measurements.

248 4. Discussion and conclusion

249 We find that diurnal cycles in moulin input (following the integrative and delaying

250  effects of surface routing through the upstream catchment) are the primary driver of short-term
251 accelerations in ice sliding velocity (Figure 3, Figure 4). This finding supports previous work
252 (Andrews et al., 2014) and the conclusion that over diurnal scales, supraglacial rivers impose a
253  first-order control on subglacial water pressure fluctuations. Furthermore, while short-term
254 accelerations in ice speed closely follow moulin input (Figure 2, Figure 4), they also tend to
255 align with proxies for subglacial water storage change (AS) better than proxies for absolute

256 storage (S) (Figure 5, see also Figure 2c), suggesting that nocturnal peaks in subglacial water
257  storage drive subglacial basal pressure and short-term ice motion.

258 This conclusion is more evident in discharge-difference proxies (Figures 5b, 5c) than
259  conventional GPS-derived proxies (Figures 2c, 5a). The discharge-discharge AS proxy reflects
260  quiescent periods better than GPS-derived AS, and may also reflect subglacial behavior

261  associated with a secondary ice-speed peak on most days (Figure 5¢). Differencing supra- and
262  proglacial hydrographs, therefore, may characterize subglacial water storage conditions more
263 sensitively than small vertical ice surface elevation changes, which are inherently difficult to
264  detect and have multiple sources of uncertainty (Anderson et al., 2004; 2018). A meltwater
265  input-output approach (here adapted from Bartholomaus et al., 2008; 2011 and McGrath et al.,
266  2011), comparing moulin inputs with proglacial outputs, offers an alternate strategy for

267  characterizing subglacial water storage and their link to ice and basal sliding laws. Future

268  studies, for example, could develop discharge-difference proxies over longer time scales and
269 larger study areas by pairing surface-routed climate model output (e.g. Smith et al., 2017; Yang
270 et al., 2019) with proglacial discharge records (Rennermalm et al. 2017; van As et al., 2019), to
271 relate net increases/decreases in AS to ice speed variations. Our results, using normalized input
272 and output without mass conservation, suggest that a true (i.e. mass-conserved) water balance
273 may not even be necessary to infer qualitative relationships between subglacial water storage,
274  subglacial pressures, and ice motion.

275 It is well-known that evolution of the subglacial system from inefficient to efficient states
276  acts to modulate the ice dynamical response to supraglacial inputs (e.g. Bartholomew et al.,

277 2010; 2011; Hoffman et al., 2011). Using two different methods, we find that peak or ascendant
278  AS s associated with localized GrlIS velocity accelerations (Figure 5¢). This suggests that

279 highest subglacial water pressures (and ice sliding speeds) occur when subglacial cavities are

280  growing the fastest, not when their size is largest (e.g. Iken et al., 1983; Cowton et al., 2016) As
281  such, steady-state theoretical basal sliding laws — which assume a relationship between cavity
282  size and subglacial pressure — do not accurately represent transient behavior of the subglacial

283  system.

284 It is important to note that the strong correlation between moulin input and ice velocity
285  reported here (Figure 4d) is unlikely to hold over an entire melt season. Previous work has
286  clearly established that Greenland ice sliding velocities are strongly influenced by long-term
287  seasonal evolution of the subglacial hydrological system (Hoffman et al., 2011; Andrews et al.,
288  2018; Bartholomew et al., 2010; Nienow et al., 2017). Our short 7-day record captures neither
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the early nor late melt season, when subglacial efficiency (and associated ice speeds) undergo
extensive changes. Subglacial evolution makes melt-driven proxies inappropriate for estimating
ice motion over the entire melt season (Andrews et al., 2014, Bartholomew et al., 2010) or
multiple years (Tedstone et al., 2015; Davison et al., 2019). Over short time scales, however, we
find that diurnal cycles in moulin input are the primary driver of fluctuating subglacial water
pressures and associated ice accelerations — even in relatively thick ice (~1 km) more than 40 km
inland from the ice edge. Some slight variability in peak timings between AS and ice motion, as
well as non-linear behavior on descending limbs (Figure 5c¢) are discussed further in SI (Text
S8)

This study adds to a small but growing collection of GrIS supraglacial streamflow
measurements (Holmes 1955; Echelmeyer and Harrison 1990; Carver et al. 1994; McGrath et
al. 2011; Chandler et al., 2013; Gleason et al. 2016; Smith et al., 2015; 2017). With peak daily
discharges of 26.59 — 37.61 m*/s (Table S2), the discharges reported here are far larger than
those collected in most supraglacial streams, but are typical for trunk supraglacial rivers in
southwest Greenland (Smith et al., 2015; 2017). Nearly all of them terminate in moulins (Smith
et al., 2015; Yang and Smith, 2016), and the high diurnal variability we observe (19.05 — 30.50
m?/s, Table S2) signifies that local subglacial channels are likely out of equilibrium with moulin
input for large portions of the day, such that corresponding accelerations in ice speed are driven
by addition or removal of water outside of the channelized system.

Based on satellite mapping (e.g. Yang and Smith, 2013; 2016; Lampkin and VanderBerg,
2014; Smith et al., 2015; Yang et al., 2015; 2016) and topographic modeling (e.g. Banwell et al.
2012; 2016; King et al., 2016; Karlstrom and Yang, 2016; Crozier et al., 2018), we submit that
supraglacial rivers likely drive ice accelerations near hundreds of other terminal moulins as well.
Process-level understanding and modeling of subglacial hydrology and associated ice dynamics
should presume large, strongly diurnal inputs of meltwater entering hundreds of supraglacial
river moulins distributed throughout Greenland’s ablation zone. These inputs, countered by
water output discharged beneath outlet glaciers, trigger short-term fluctuations in subglacial
water storage that drive short-term accelerations in ice sheet motion.

5. Data Availability

Supraglacial discharges, surface mass balance variables, ADCP and GPS data, and S and
AS proxies are provided as summary tables (Tables S1-S2) and/or as Additional Supporting
Information (Datasets S1-S7). PROMICE KAN_M automated weather station data (Fausto and
van As, 2019) are available from https://www.promice.org/PromiceDataPortal/). Proglacial river
discharges for Qinnguata Kuussua/Watson River (van As et al., 2019) and Akuliarusiarsuup
Kuua (Rennermalm et al., 2013b; 2017) are available from
https://doi.org/10.22008/promice/data/watson_river_discharge and
https://doi.org/10.1594/PANGAEA.876357.
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