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ABSTRACT

Ice-marginal lakes are increasingly common around Greenland and are important for
modulating glacier runoff and dynamics. This study investigates the evolution of a ~3 km?
and up to ~100 m deep ice-dammed lake at Isunnguata Sermia, West Greenland. Satellite
observations between 1987 and 2024, and field observations of a 2023 drainage using
passive seismics, GNSS and time-lapse imagery reveal that the lake drains subglacially
and has undergone 12 fill-drain cycles since 1987, a drainage periodicity of 1-3 years.
Peak lake volume has decreased since 2010, associated with glacier thinning. Lake
drainage can perturb the wider subglacial hydrology system, including triggering the
release of stored subglacial water along the flood path in 2019. During the extreme melt
year of 2012, the lake drained but did not refill, suggesting that subglacial leakage under
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the ice dam was sustained by record runoff. Transient ice flow acceleration was observed
during the late season drainage in 2023 when the subglacial hydrological system was
less efficient and therefore more easily overwhelmed. Our results indicate that ice-
dammed lake fill-drain cycles, and the downstream impact on subglacial hydrology and
ice dynamics, are modulated by ice dam thickness, melt supply and the antecedent
subglacial hydraulic capacity.

INTRODUCTION

Ice-marginal lakes form as water becomes dammed behind ice or moraines, or trapped
in overdeepened basins. Over 3300 ice-marginal lakes exist around the fringe of the
Greenland Ice Sheet (GrlS) (How and others, 2021), constituting ~10% of the ice margin
(Carrivick and others, 2022). The number of ice-marginal lakes in Greenland has
increased over the last three decades, likely in response to enhanced meltwater runoff
and glacier recession (Carrivick and Quincey, 2014; How and others, 2021). This is
significant as lakes trap sediment and nutrients, delay the transfer of water to the ocean
(Carrivick and Tweed, 2013), and can accelerate glacier recession and mass loss
(Kirkbride, 1993; King and others, 2019; Sutherland and others, 2020; Mallalieu and
others, 2021).

Ice-dammed lakes can drain catastrophically, producing high-magnitude floods, known
as glacial lake outburst floods (GLOFs) or jokulhlaups (e.g., Thérarinsson, 1939; Liestal,
1956). GLOFs have been well studied around the world (see Litzow and others, 2023 for
a global database) due to the hazard they pose to communities (e.g., Post and Mayo,
1971; Haeberli, 1983; Carrivick and Tweed, 2016), their downstream ecological and
geomorphological impact (e.g. Russell and others, 2006, 2011; Tomczyk and others,
2020) and their potential to modify ice dynamics (e.g., Einarsson and others, 2016). Ice-
dammed lakes slowly (months to years) accumulate meltwater and rainfall before rapidly
(days to weeks) draining due to unstable failure of the ice dam. Potential dam failure
mechanisms include dam flotation (Thorarinsson, 1939; Glen, 1954), syphoning by the
subglacial drainage system (Whalley, 1971), breaches between the ice dam and bedrock
(Haeberli, 1983; Walder and Costa, 1996) and Darcian flow through basal sediments
(Fowler and Ng, 1996).

During the rising flood stage of a subglacial GLOF, hydrographs are typically
characterised by exponentially- (‘slow’) or linearly- (‘fast’) rising discharge. Slow drainage
is thought to be controlled by the opening of a subglacial channel due to a positive
feedback between the rate of frictional melting of its ice walls and frictional heat generated
by the turbulence of the water flowing through it (Nye, 1976). Fast lake drainage is caused
by the initial hydraulic uplift of the ice by a sheet flood rather than drainage through a
discrete conduit(s) (Bjornsson, 1992; Flowers and others, 2004; Einarsson and others,
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2017). The hydraulic gradient driving water flow is controlled by the lake level and
therefore decreases as the lake drains, eventually resulting in rapid termination as
channel closure by ice deformation exceeds melt opening (Nye, 1976). This resealing of
the ice dam allows water to begin accumulating again, consequently leading to cyclic fill-
drain behaviour. Temporal trends suggest that over time the magnitude of GLOFs from
ice-dammed lakes globally have decreased (Rick and others, 2023; Veh and others,
2023), consistent with glacier mass loss reducing the thickness of the ice dam and thus
the maximum lake level (Thorarinsson, 1939; Matthews and Clague, 1993; Evans and
Clague, 1994).

GLOFs are relatively under-studied in Greenland compared to other glaciated regions of
the world, such as Iceland and the Himalayas (Litzow and others, 2023) and there are
limited multi-decadal records, which are important for determining controls on flood timing
and size, as well as drainage mechanisms (Ng and Liu, 2009). However, they are likely
to be common events, with a recent study identifying 326 lakes in Greenland experiencing
a total of 541 GLOFs between 2008 and 2022 (Dgmgaard and others, 2024). This
includes rapid (days) drainage of large (>1 km?3) volumes of water (e.g., Kjeldsen and
others, 2017; Grinsted and others, 2017; Carrivick and Tweed, 2019). In this paper, we
investigate the evolution of a ~3 km? ice-dammed lake adjacent to the northern margin of
Isunnguata Sermia, West Greenland (Fig. 1). This lake was included in the GLOF
inventory of Demgaard and others, (2024), with drainages detected in satellite imagery in
2010, 2020 and 2022, but based on only 18 observations spanning 2008-2022. We build
on this work, using optical imagery and time-stamped Digital Surface Models (DSMs) to
comprehensively reconstruct lake-level evolution since 1987. This analysis allows us to
determine controls on flood frequency and magnitude, and its downstream impacts. Field
measurements are used to analyse the hydraulic and glaciodynamic processes of the
most recent GLOF in 2023.
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Figure 1. Location of Isunnguata Sermia, West Greenland (blue star in inset map) and ice-
dammed lake at the northern margin of the ice tongue. Region of Interest (ROI) 1 (black circle) is
used to calculate median ice thickness change of the glacier downstream of the ice-dammed lake
from ArcticDEM strips. Cross profile x-x’ is used to calculate ice-surface elevation profiles for Fig.
4a. ROIs D1-3 (downstream of the lake) and U1 (upstream of the lake) are used to calculate
velocities from feature tracking (see Methods). Blue dashed polygons represent ice-surface
elevation anomalies. SGL1-3 are anomalies (expected to represent subglacial lakes) previously
reported in Livingstone et al., (2019). Anomalies 1-3 are reported herein. Scientific instruments
were installed in summer 2023 and captured the GLOF that occurred in the autumn of the same
year. Time-lapse cameras are labelled 1-6. Background is Sentinel-2 optical imagery (2024-08-
13). Note river inflow (blue arrow) at the eastern end of the lake, originating from under Isunnguata
Sermia.

DATA AND METHODS

Ice-dammed lake evolution - Remote Sensing (1987-2024)

To evaluate the long-term evolution of the ice-dammed lake, shorelines were manually
digitized from 313 optical satellite images and time-stamped ArcticDEM DSM strips
between 1987 and June 2024. USGS/NASA Landsat 5-8 (30 m resolution), ASTER (15
m resolution) and Sentinel-2 (10 m resolution) imagery was digitized using the Google
Earth Engine Digitisation Tool (GEEDIT) v. 2.03 (Lea, 2018). This was supplemented by
images from Planet Labs that were acquired using the 3 m resolution PlanetScope
instrument. Time-stamped ArcticDEM DSM strips at 2 m resolution (Porter et al., 2023)
were extracted and co-registered using the pDEMtools python package (Chudley and
Howat, 2024). Co-registration was performed against the ArcticDEM mosaic following
Nuth and Kaab (2011), with stable ground identified using the BedMachine v5 (Morlighem
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and others, 2022) land mask. Shorelines for both ArcticDEM strips and Planet imagery
were manually digitized in QGIS v3.34. Shoreline digitization involved mapping the
boundary between water and land for regions where the edge of the lake could be clearly
discriminated. Images obscured by clouds or where the presence of icebergs made it
difficult to identify the shoreline were excluded from the dataset. Shoreline elevations
were extracted from the bathymetry determined using the co-registered 2019-08-11
ArcticDEM DSM strip when the lake was fully drained.

Median elevations were calculated for each time-stamped lake-shoreline. The uncertainty
in shoreline-derived lake levels was calculated from the standard deviation (10) of
elevation values, with the lower image resolutions typically resulting in greater uncertainty
(mean uncertainty: £ 9.4 m for Landsat; + 5.4 Planet; + 4.7 for ArcticDEM). Lake shoreline
elevations were converted to volume using the Surface Water Storage plugin in QGIS,
based on the 2019-08-11 ArcticDEM DSM strip, producing a scaling relationship between
lake shoreline elevation and lake volume (Fig. S1). Volume uncertainties were calculated
by applying the elevation-volume scaling relationship to the standard deviation of
elevation values. We do not account for errors associated with variations in glacier front
position and stranded icebergs in the ArcticDEM DSM strip. Freeboard was calculated by
manual picking of the ice surface elevation at the front of the calving face, along a transect
orientated normal to the ice margin and aligned with the centre of the lake. The minimum
value along this transect was used to identify the lake surface height, which was
subtracted from the ice surface height.

The downstream impacts and footprint of each GLOF were investigated using optical
satellite imagery in GEEDIT. This included identifying large calving events linked to, or
preceding, the GLOF, coincident drainages of smaller downstream ice-dammed lakes,
and flood limits of the proglacial braided river system.

To investigate the coupling between lake fill-drain cycles and ice-surface elevation
change, median and median absolute difference (MAD) ice surface elevation was
calculated. This was done within a 500 m diameter region of interest ~500 m upstream of
the main lake calving front for 51 co-registered ArcticDEM DSM strips between 2009 and
2023 (Fig. 1, ROI1). Ice surface elevation profiles across the main calving front (Cross-
profile x-x’ in Fig. 1) were used to extract changes in ice surface, lake height and
freeboard of the ice-front from the ArcticDEM.

Ice-surface elevation anomalies (Fig. 1, anomalies 1-3) occurred at the same time as
some lake drainage events. Following Livingstone and others (2019), relative elevation
changes for each anomaly were calculated by subtracting the mean ice-surface elevation
of the anomaly from the mean elevation of a 500 m buffer around it. This approach
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allowed the dynamic effect to be isolated from longer term thinning signals, and to remove
the influence of any vertical and horizontal offsets between DSMs.

Ice surface motion (2016-2024)

Ice-surface velocity was estimated from feature and speckle tracking of Sentinel-1a
(2014/4 - present) and Sentinel-1b (2016/4 - 2021/12) Interferometric Wide swath mode
Single-Look Complex Synthetic Aperture Radar (SAR) amplitude images. We used
approximately 2000 Sentinel-1a/b 12-day repeat-pass image pairs between January
2016 and May 2025. Prior to tracking, Sentinel image pairs were focused and co-located
using the Generic Mapping Toolbox for SAR imagery (GMTSAR; Sandwell et al., 2011a,
2011b). Each image was split into many overlapping ‘image patches’, with tracking of
each image patch undertaken in MATLAB, within a version of PlVsuite (Thielicke and
Stamhuis, 2014; https://uk.mathworks.com/matlabcentral/fileexchange/45028-pivsuite)
adapted for ice flow (Tuckett and others, 2019; Davison and others, 2020). Ice velocity
data from all coincident image pairs were filtered for anomalous data, mosaicked, co-
located and stacked. The stacked data were smoothed using a 3x3 pixel moving median
kernel and resampled to 200 m. Additional filtering of the stacked data based on temporal
variations in velocity magnitude and flow direction removed remaining spurious estimates.

Time series of ice motion were created by taking the median value from within regions of
interest (Figure 1); one upstream of the lake drainage (U1) and three downstream (D1-
3). All 12-day velocity estimates from within each ROl were smoothed using a second
degree 24-day Savitsky-Golay filter. Analysis of apparent motion over non-moving
bedrock areas indicates average uncertainties of 20 - 50 m/yr.

Field measurements of 2023 lake drainage

During late September and early October 2023 a range of sensors placed on and in-front
of Isunnguata Sermia recorded a GLOF associated with subglacial drainage of the ice-
dammed lake.

Time-lapse camera imagery and proglacial river stage

Six SLTL-6210MC Plus 12 Megapixel Scouting time-lapse cameras were installed near
the margin of Isunnguata Sermia (Fig. 1) to monitor subglacial upwelling and proglacial
accreted ice between September 2022 and April 2024. Each camera took 4 repeat photos
per day from 11:00 — 14:00; each photo is time- and temperature-stamped.

Time lapse imagery from camera 3 (Fig.1) was used to find the relative stage of a section
of the braided proglacial river during the ice-dammed lake drainage. The Segment
Anything Model (SAM; Kirrillov and others, 2023) was used to create a mask of the river
for each time lapse image. From this, a mean average height of the wetted shoreline was
calculated in the region where the shoreline is against the quasi-vertical bank, thus
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providing the most representative estimate of river surface height (Fig. S2). The shoreline
position was then converted from pixels to metres with respect to a reference
measurement taken when the camera was deployed. Stage is displayed relative to the
lowest stage during this period.

Ice surface motion

Time series of horizontal and vertical ice surface motion were determined from dual
frequency (L1 + L2) Global Navigation Satellite System (GNSS) data recorded by a Leica
GS10 receiver at 0.1 Hz. GNSS station C was located at 67.186N, -50.203W, 2.0 km
south of the ice-dammed lake and 5.8 km east of the glacier terminus (Fig. 1). The GNSS
antenna was mounted on a 6-m-long aluminium pole drilled 5 m into the ice surface.
Rapid re-freezing of the hole secured the antenna pole within the ice. Data were post-
processed kinematically (King, 2004) relative to a bedrock-mounted reference station
using the differential carrier-phase positioning software Track v1.53 (Chen, 1998). The
baseline length was 4.0 km and precise ephemerides from the International GNSS
Service were used (Dow and others, 2009). Positioning uncertainties were estimated at
~0.01 m in the horizontal and ~0.02 m in the vertical by calculating the standard deviation
of the residuals from linear regression applied to the position time series during a month-
long period of steady ice motion in November 2023. Small (< 5 min) gaps in the position
record were linearly interpolated before a second-order 6 h low-pass Butterworth filter
was applied. The position record was then resampled to 10 minute medians and
differentiated to calculate velocity, which was further filtered using a 6 h moving average.
Daily mean velocities were calculated from the filtered 10-min interval velocity record. To
prevent phase shifts, phase preserving filters, differentiation, and resampling methods
were used throughout.

Passive seismic

A Digos DATA-CUBE”3 Type 2 data logger with a 4.5 Hz 3-component geophone
sampling at 100 Hz was installed adjacent to the proglacial river (Fig. 1) to measure
seismic tremor generated by river discharge. This approach follows previous studies
which found a correlation between seismic noise in the 2 — 10 Hz frequency range and
water discharge, attributed to turbulent flow in the river channel (Schmandt and others,
2013; Diaz and others, 2014; Gimbert and others, 2014). Seismic power was calculated
using Welch’s averaging method (Welch, 1967) applied to the vertical component of
ground motion, on 3 s time windows with 50% overlap. Power was averaged over 60 s
time windows.

Surface melt estimates

To estimate daily surface runoff (melt plus rain)n at GNSS-C we used COSIPY - a
COupled Snowpack and Ice surface energy and mass-balance model in PYthon (see
Sauter and others, 2020). We forced this model with data from the PROMICE KAN_L
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automatic weather station situated at ~630 m a.s.l. approximately 14 km SE of the ice-
dammed lake (Fausto and others, 2021) and precipitation data from the nearest ERA5
Land reanalysis model grid cell (Mufioz Sabater and others, 2019). Air temperatures were
interpolated to the elevation of GNSS-C using a constant lapse rate of -5.3 °C km-! and
air pressure was interpolated using the barometric equation.

RESULTS

Ice-dammed lake evolution (1987-2024)

Shoreline mapping of the ice-dammed lake revealed 12 fill-drain cycles between 1987
and 2024 (Fig. 2). Prior to the launch of the Landsat 7 satellite in 1999, data are sparser
with at least one GLOF likely missed between 1987, when the lake was relatively full
(0.164 + 0.044 km?3), and 1993 when the lake was filling from a lower level (0.077 + 0.035
km?3). Lake evolution is characterised by slow filling over 1-3 years (mean: 2.8 years), with
satellite imagery indicating recharge from water emanating from under ice flowing into the
eastern side of the lake (Fig. 1). Filling is followed by rapid subglacial drainage beneath
the southwest ice-contact boundary of the lake. There is a clear seasonal pattern of filling;
lake levels typically rise by 40-50 m during the summer melt season (June-August), with
slower filling towards the start and end, while the winter (October-March) is characterised
by no significant (i.e. within error) or slow increases in water level (Fig. 2).
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Figure 2. Ice-dammed lake volume evolution (1987-2024) based on shorelines mapped using
optical imagery and the time-stamped ArcticDEM strips, and application of an elevation-volume
scaling relation (see methods and Figure S1). Note that 1987 to 1993 is poorly constrained (black
dashed line). See Methods section for details of error bars.

Lake drainages occur throughout the melt season, ranging from May-June (e.g., 2012)
through to late September / early-October (e.g. 2023), but with the majority (at least 6)
occurring between July and August when melt tends to be greatest. The lake volume at
which drainage occurs varies, but with a statistically significant negative relationship
(Pearson r = -0.71, p<0.05) through time (Fig. 3a, Fig. S3). Up to 2010, lake volumes
reached >0.176 km?® (>365 m a.s.l.) before drainage occurred, with a peak lake volume
of 0.218 + 0.04 km3 (218 million cubic metres) recorded during the 2010 drainage. Since
2010, 50% of the drainages have occurred at lake volumes <0.176 km3, with the 2019
and 2023 levels peaking at just 0.151 + 0.019 km? and 0.111 * 0.01 km? respectively.
This ~0.05 km? reduction in volume and 20 m drop in maximum lake level since 2010
corresponds with a ~10 m reduction in median ice-surface elevation within ROI1, dropping
from ~413 m a.s.l. in 2010 to ~403 + 4.9 m a.s.l. in 2023 (Figs. 3a and 4a). Within ~200
m of the calving-front, Isunnguata Sermia responds to changes in lake level (Fig. 4a),
lifting up to 37 m as the lake becomes full and the ice likely begins to float (Fig. 4b). The
freeboard height during periods when the lake is full and the ice-front is floating is 12-16
m, which corresponds to a maximum ice thickness of 145-193 m assuming hydrostatic
equilibrium, an ice density of 917 kg m3 and water density of 1000 kg m3. The lake basin
is completely or nearly emptied during GLOFs, with the lake level dropping around 100
m and the freeboard height increasing (Fig. 4b). The denser temporal record of satellite
observations from 2009 onwards has enabled 6 GLOF events to be constrained to <10
days, with the 2022 event occurring in just 4 days or less (Table 1), with a minimum mean
discharge of 480 m3 s'.

The downstream ice velocity response to drainage of the ice dammed lake is variable
(Fig. 5). Of the four drainage events within the window of the Sentinel-1 ice velocity data
(2016-2025), there was no discernable impact on ice flow during the 2017 and 2019
events, but a relative increase in ice flow at downstream sites during the 2022 and 2023
events. The 2022 drainage event was associated with a 20-60% speed-up at downstream
ROls compared to the upstream ROI, whilst the 2023 event coincided with a 50-110%
relative acceleration, which was the largest GLOF and non-GOLF-related velocity
anomaly between 2016-2025.
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Figure 3. (a) Time series of ice-dammed lake volume (black line; symbols are the same as Figure
2) and median ice-surface elevation (orange stars, ROI1 in Fig 1) from 2009 to 2024. See Methods
Section for details of error bars. (b-d) Time series of mean relative ice surface elevation from 2009
to 2024 for three ice-surface elevation anomalies on Isunnguata Sermia (see Fig. 1) (b-d). (b)
Anomaly 1; (c) Anomaly 2; (d) Anomaly 3. Vertical dotted lines mark drainage events of the ice-
dammed lake visible in (a).
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Figure 4. (a) Cross-profile showing ice-lake interactions at the calving front from 2009-2022
based on ArcticDEM DSM strips along profile x-x’ in Fig. 1. Note the overall pattern of declining
elevation (ice thinning) over the 13-year period, with ~10 m thinning furthest upglacier and nearly
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ROIs (see Figure 1 for locations). U1 is upglacier and D1-3 are downglacier from the ice dammed
lake. Vertical blue lines and labels mark the first satellite record of each ice-dammed lake drainage
(see Table 1). Subplot (b) shows the difference between the ice-velocity anomalies for D1-3 and
U1. Note that both the 2022 and 2023 lake drainage events coincide with a large positive anomaly
indicating a relative speed up of the downstream ROls. The raw time series for each ROI are
shown in Figure S4.

Table 1. Dates of ice-dammed lake drainage based on satellite imagery (yyyy-mm-dd). This
includes the dates immediately pre-, during and post-drainage, and associated lake volumes and
water levels. The drainage duration is the number of days between the pre- and post-drainage
imagery. Drainage durations were only noted where they can be reasonably constrained by
satellite imagery and the ArcticDEM. The satellite imagery used to identify the lake shorelines is
noted in brackets. L = Landsat and S = Sentinel.

Drainage dates and source Lake volume (km?3) and [lake level (m a.s.l.)]
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1994-07-12 (L5)
2000-09-17 (L7)

2003-08-05
(ASTER)

2006-05-11 (L7)

2007-08-27 (L7)

2010-07-02 (L7)

2012-05-04 (L7)

2015-07-24 (L8)

2017-08-15 (S2)

2019-08-02 (S2)

2022-06-30 (S2)

2023-09-30 (S2)

1995-05-05
(LS5)

2001-03-17 (L7)

2003-09-24 (L7)

2006-07-05
(ASTER)
2006-07-21
(ASTER)

2007-09-12 (L7)

2010-07-10
(ArcticDEM)
2010-07-18 (L7)

2012-06-03 (L7)
2015-07-31 (L8)

2017-08-16
(Planet)
2017-08-21 (S2)
2017-08-24 (S2)

2019-08-07 (S2)
2019-08-09 (S2)
2019-08-11
(ArcticDEM)

2022-07-02 (S2)
2022-07-03 (L9)
2022-07-04 (S2)

2023-10-01
(Planet)
2023-10-02
(Planet)
2023-10-05
(Planet)

0.201 £ 0.065 [373 + 9.3]

0.191 £0.072 [370 + 10.6]

0.205 £ 0.014 [374 = 2.0]

0.176 £ 0.047 [365 = 7.1]

0.167 £0.045 [363 + 6.9]

0.218 % 0.040 [377 + 5.6]

0.165 £ 0.034 [362 + 5.2]

0.181 £ 0.044 [366 = 6.5]

0.160 £ 0.026 [360 + 4.1]

0.151 £0.019 [355 £ 4.7]

0.168 £ 0.009 [362 + 1.4]

0.111 £0.010 [344 + 1.9]

0.015 +0.008 [291 + 4.7]

0.005 + 0.013 [275 + 12.9]

0.011 £0.008 [285 + 5.8]

0.015 £ 0.005 [291 = 2.7]

0.001 £0.005 [262 + 10.3]

0.010 +0.010 [284 + 7.1]
0.021 + 0.008 [297 + 4.1]
0.007 +0.013 280 + 11.0]
0.014 +0.012 [289 + 7.1]
0.002 + 0.007 [266 + 10.3]
0.096 + 0.022 [338 + 4.3]

0.008 + 0.006 [282 + 4.7]
0.002 + 0.003 [267 + 5.6]

0.031 £ 0.013 [306 + 5]

0.0003 = 0.002 [259 + 4.8]
0.001 £0.001 /261 = 1.6]

0.068 + 0.031 [327 + 7.0]
0.013 0.012 /289 + 7.3]
0.002 + 0.002 [267 + 3.2]
0.072 + 0.017 [329 + 3.7]
0.058 + 0.012 [322 + 3]

0.001 £ 0.005 [264 + 8.9]

8 days

7 days

9 days

5 days

4 days

5 days

2019 GLOF - Cascade of downstream subglacial events
The 2019 GLOF drained 0.12 km? over ~5 days, with the lake level dropping 98 m

between the 4th and 9th August (Table 1, Fig. 6). This gives a mean discharge of 278 m3

s!, which is likely to underestimate peak discharge. The foreland showed limited
evidence of a change in river stage during and following the ice-dammed lake drainage
(Fig. 6). However, the GLOF generated a cascade of downstream subglacial events
detected from repeat ArcticDEM DSM data and optical imagery. Downstream of the lake
three quasi-circular regions of the ice surface subsided during the same period
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(Anomalies 1-3 in Figure 7a). Time series of relative elevation change for each anomaly
(Fig. 3b-d) suggest similar behaviours, with subsidence starting between 16th June and
11th August, which was largely complete by 25th August and at its lowest level on 22nd
September. Given the subsidence persisted after 11th August when the ice-dammed lake
was fully drained, we suggest these events were most likely triggered by the GLOF,
although we lack the temporal resolution to confirm this.

Anomaly 1 is located 2.6 km downstream of the ice-dammed lake at the western end of
a large overdeepened trough where the ice is ~230 m thick (Fig. 7b). A 0.36 km? surface
depression with a mean drop of 15 m and maximum drop of 38 m formed between 16th
June and 22nd September 2019 (Fig. 3b). Anomalies 2 and 3 are both located within 1.5
km of the glacier terminus, close to the main meltwater outlet and above relatively thin ice
(120-130 m). They formed 0.11 and 0.10 km? depressions respectively, with mean
surface lowering of 5.2 and 5.7 m and maximum surface lowering of 14 and 16 m across
the same period (Fig. 3c-d). Across the full time-series, Anomalies 1 and 3 are
characterised by periods of slow uplift followed by rapid subsidence, similar to the three
ice-surface elevation patterns previously detected further to the east (SGL 1-3 in Figure
1). These were previously interpreted as recording subglacial lake filling and drainage
(Livingstone et al., 2019). Anomaly 1 previously underwent a 4.3 m mean elevation drop
between 3rd August and 31st October 2011, with crescentic crevasses apparent on the
ice surface in 2012. Anomaly 3 also subsided between 31st October 2011 and 14th
February 2013, and might therefore be associated with the 2012 GLOF, although the
drainage event is poorly constrained. Anomaly 2 is characterised by a long-term trend of
subsidence relative to the surrounding ice surface. There is a more subtle (few metres)
pattern of subsidence, evident between 6th June 2019 and 22nd September 2019 (Fig.
7a). This subsidence, which follows the W-E axis of the basal overdeepening across
Anomaly 1 (Fig. 7b) southwards towards Anomaly 2 and then west to the outflow at the
terminus, suggests the wider pattern of subglacial drainage is associated with the
anomalies and represents a potential drainage flowpath during GLOFs (arrows on Figure
7a).
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Figure 6. Cloud-free true colour optical satellite imagery (PlanetScope) of the terminus (left
column: note the absence of significant changes to the proglacial river and floodplain) and ice-
dammed lake (right column) before (4th August), towards the end of (8th August) and after (9th
August) the 2019 drainage event. Images © 2019 Planet Labs PBC.
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"[2019-06-16 to 2019-09-22 |

-50.35 -50.30 -50.25 -50.20 -50.15 -50.10

Figure 7. (a) Anomaly plot of ice-surface elevation change from 2019-06-16 to 2019-09-22 from
differencing ArcticDEM DSMs. Dashed arrows represent the interpreted subglacial drainage
pathways based on the pattern of ice-surface subsidence. The long-dashed line emanating from
the ice-dammed lake represents the inferred lake drainage pathway based on both the pattern of
subsidence and changes in proglacial river stage. Note during the period the ice-dammed lake
drained, three areas of the ice surface subsided (anomalies 1-3). (b) Ice thickness based on the
Bedmachine v5 DEM (Morlighem et al., 2017).
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2023 GLOF - remote sensing and field observations

Remote sensing observations

Satellite imagery of the ice-dammed lake shows that it drained 0.11 km?® over 5 days
between 30th September and 5th October 2023, with the lake level dropping 80 m (Table
1, Fig. 8). This drainage corresponds to a mean discharge of 255 m?3 s™! across the 5
days, with a mean of ~471 m3 s-! across a 23 hour period between 30th September and
1st October. During drainage between the 1st and 2nd October, there was a 89,669 m?
calving event from the glacier terminus into the ice-dammed lake. Between the 1st and
2nd October water ponded on the ice surface towards the northern terminus (Fig. 8). The
lack of ponding off-ice, the origin at crevasses and the drop in elevation towards the
margin, suggest this water rose to the ice surface from the bed through the crevasses
during the GLOF.

Increased proglacial river flow is observed in both satellite and time-lapse imagery from
24th September, despite low rainfall and melt, suggesting that lake drainage could have
begun earlier (Figs. 8-10). This includes an increase in water levels from 25th September
recorded by time-lapse cameras (e.g., Fig. 9), increased activity of the northern proglacial
river system and an increase in stage in the southern proglacial river system between the
24th and 30th September (Fig. 8).

Time-lapse photography at 67.181N -50.334W (camera 4 in Fig. 1) began on 21st
September 2023. The camera pointed westward, across a stream between the
Isunnguata Sermia terminus and a subglacial upwelling (Fig. 9). Here, turbulent
subglacial waters emerged into an area of ponded water surrounded by accreted ice,
which overlay the outwash plain. The water level recorded by the time-lapse camera
slowly fell from 11:00 (local Western Greenland Time) on 21st September until 13:00 on
25th September. One hour later, the water began rising. By 11:00 on 26th September,
the water had risen and at 11:00 on 27th September, another increase in water level was
visible. During this period, no turbulent upwelling was evident. At 11:00 on 28th
September, water overflowed its basin and the point of emerging water was apparent in
the same position as 21st September. By 29th September, the emerging waters began
erupting higher than the surrounding accreted ice. Additionally, a mound of dislodged
accreted ice or frozen outwash appeared in the pond overnight. These mounds
disappeared on 30th September and were replaced by other mounds, including a
prominent one in the foreground of the image. The eruption height reached a maximum
on 1st October and continued through 2nd October. By 11:00 on 3rd October, the water
level fell while vigorous eruptions continued. This is consistent with satellite imagery
indicating that between the 3rd and 5th October the northern proglacial river had returned
to its previous state and the southern river had decreased in stage. In the 11:00
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482  photograph on 5th October, the eruption had ceased and ponded water drained, leaving
483 alandscape of accreted ice.
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Figure 8. Cloud-free true colour optical satellite imagery (PlanetScope) of the terminus (left
column) and ice-dammed lake (right column) before (24th September), during (2nd October) and
after (5th October) the 2023 drainage event. Images © 2023 Planet Labs PBC.

Figure 9. Time-lapse of the upwelling at the terminus of the glacier in 2023. Camera location:
67.181N -50.334W (Fig. 1 - Camera 4). Black circle highlights the point of turbulent upwelling.
Pink dashed line is a water level reference line. Arrows on 29th September images highlight the
formation and then movement of a mound of dislodged accreted ice or frozen outwash.

Passive seismic observations
During the first three weeks of September 2023, seismic energy in the frequency range
2-10 Hz gradually decreased at the foreland passive seismic station (Fig. 10a). This
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500 frequency range is characteristic of turbulent water flow (Gimbert and others, 2014), and
501 the energy decrease was consistent with reduced runoff and proglacial river discharge in
502 response to colder air temperatures during the late melt season. However, from 26th
503 September, seismic energy began to increase rapidly, peaking around 2-4th October and
504  then rapidly decreasing, with a pronounced period of low seismic energy on 5-6th October
505 that fell below the longer term trend (Fig. 10b). The increase in seismic power was
506 contemporaneous with an increase in river stage (Fig. 10b) suggesting that the record of
507  seismic power can be used as a proxy for river discharge. During the subsequent melt
508 event on 6-7th October, there was no correlation between high seismic energy and river
509 stage (Fig. 10c), potentially reflecting a shift in where water is discharging from under the
510 ice.

511

= N b
o O o

Frequency (Hz)
N
o
Seismic Power (dB)

Seismic Power (dB)

Lake Drainage Duration
S Quiescent Period

|I|IIIIII|I|IIIIII||II|ll||||IIIIIIIIIIII|||IIIII|IIII 0

|
N
Relative River Stage (m)

I D:ily Total Rainfall
I Daily Total Melt

S
|

w
|

N

Daily Runoff (cm w.e.)

o
i

vvvvvv

Sep 01 Sep08 Sep15 Sep22 Sep29 Oct06 Oct 13  Oct 20
512
513  Fig. 10. (a) The passive seismic record from the forefield of Isunnguata Sermia from 29th August

514 2023 to 24th October 2023. Location of the terminus passive seismic station is marked in Figure



515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

22

1. (b) Average seismic power within the 2-10 Hz frequency range (marked by the red lines in
panel a). Note, the GLOF is picked out by a rapid increase in seismic energy (red line) starting on
26th September and peaking around 2-4th October (green shading), before rapidly decreasing.
From 5-6th October there is a distinct low in seismic energy (orange shading). The change in
seismic power is consistent with changes in relative proglacial river stage during the GLOF (blue
line). (c). COSIPY daily total melt and rainfall at the GNSS site.

Ice dynamic observations

At the glacier scale, there was a 50-100 m yr! speed-up of ice flow into the southwestern
ice-contact boundary of the ice-dammed lake and across the northern part of the terminus
during the 2023 GLOF (Fig. 11, Fig. S5). The latter coincided with the emergence of turbid
meltwater at the ice surface (Fig. 8). More generally, there was a slight ~20 m yr' speed-
up of the tongue of Isunnguata Sermia downstream of the ice-dammed lake during the
period when the lake drained (Fig. 11c). This acceleration was related to an increase in
westerly flow, particularly over the central part of the tongue, and greater spreading of the
near-terminus (Fig. S5). However, this magnitude of speed-up was similar to areas
upstream of the lake, although they tended to have a patchier spatial signal.

The GNSS station, located 1-2 km up-glacier from the inferred drainage route of the ice-
dammed lake (Fig. 7a), also recorded evidence of a change in ice dynamics during the
2023 GLOF (Fig. 12). There was a subtle increase in daily average horizontal velocity
during the GLOF (from ~75 m yr' to ~80 m yr') between 23rd September and 3rd October
(Fig. 12a), although the initial speed up coincided with a small rainfall event on 24th
September (Fig. 12c). This velocity increase was accompanied by a switch from ice-
surface uplift to ice-surface subsidence of several centimetres over about 7 days (Fig.
12b). On 4-5th October horizontal velocity increased sharply, peaking at 93 m yr-' on 5th
October (Fig. 12a,d), and there was a steepening of the subsidence signal (~1 cm/day),
which continued until 7th October (Fig. 12b,e). The velocity spike and increased
subsidence lagged maximum lake discharge by 1-2 days and coincided with shutdown of
the proglacial drainage system (Figs. 8-10). The trajectory of the GNSS also shifted
slightly during the GLOF, temporarily trending further northwards towards the ice-
dammed lake (Fig. 12d,e) until 7th October. A velocity spike of >100 m yr', and a switch
to ice-surface uplift, on 7-8th October was attributed to a melt and rainfall event (Fig. 12c).
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DISCUSSION

We have reconstructed the evolution of a large (0.218 + 0.040 km?) ice-dammed lake at
the northern margin of Isunnguata Sermia, West Greenland from remote sensing and field
measurements. Our results reveal multiple fill-drain cycles with gradual filling of the lake
followed by rapid subglacial drainage over multiple days with a periodicity of 1-3 years.
These GLOF events impact downstream and upstream ice dynamics, subglacial
hydrology and runoff.

GLOF magnitude and frequency

Reconstruction of lake-level evolution since 1987 reveals no obvious change in the
frequency or annual timing of GLOFs over the 37-year study period, but a ~0.05 km3
reduction in maximum lake volume and a ~20 m decrease in the maximum lake level
since 2010. The general reduction in lake volume since 2010 appears to coincide with
glacier thinning, which could have reduced the water pressure in the lake needed to
approach or exceed the overburden pressure of the ice dam (Thorarinsson, 1939; Tweed
and Russell, 1999). However, this relationship breaks down in some years; for example,
the lake reached a greater volume in 2022 (0.168 + 0.009 km?3) than in 2019 (0.151 +
0.019 km?3). This variation might reflect error in the mapping process or the temporal
availability of satellite imagery - missing the maximum lake level. Alternatively, changes
in geometry might not be the sole cause of the variations in water level, with drainage not
always occurring when the ice dam reaches flotation (e.g., Bjérnsson, 1992; Huss and
others, 2007; Veh and others, 2023).

The reduction in lake volume does not lead to a reduction in GLOF frequency (Fig. 3a).
This is consistent with recent large-scale studies (see also Veh and others, 2023; Rick
and others, 2023). In Figure 13 we explore potential runoff controls on GLOF frequency
by summing modelled daily discharge from the main outlet of Isunnguata Sermia (Mankoff
et al., 2020) over the recharge period between GLOFs. Although used as a proxy of runoff
for lake recharge, we note that the catchment for the ice-dammed lake is likely much
smaller than the main outlet. Overall, there is no clear relationship between catchment
runoff and lake recharge volume. However, six of the eight recharge periods exhibited
similar peak lake volumes (0.149-0.167 km?3) and total catchment runoff (9.2-11.6 km?3),
suggesting a similar rate of filling (Fig. 13).

There are two clear outliers in the fill-drainage cycles. The first is the 2007 to 2010
recharge period, which had the lowest total catchment runoff but an anomalously large
(0.208 km?3) lake recharge volume (Fig. 13). One possible explanation is that our crude
proxy of using total runoff from the main Isunnguata Sermia catchment misses changes
in area of the lake’s catchment, driven by changing ice thickness and water pressure
(e.g., Chu et al., 2016).
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The other outlier is the 2012 to 2015 recharge period, which coincided with approximately
double the catchment runoff (23.46 km?) (Fig. 13). This discrepancy can be explained by
changes in the stability of the ice dam. The preceding 2012 lake drainage, which occurred
relatively early in the melt season (May-June), was not followed by substantial lake filling
until 2013 (Fig. 3), despite the record melt that year (Nghiem and others, 2012). This
behaviour indicates that during this period the lake experienced a net loss of water, with
the most obvious route for increased water loss via the subglacial channel(s) created
during the 2012 GLOF. This is consistent with elevated runoff in 2012 (Nghiem and
others, 2012) causing melt-enlargement to exceed creep closure of subglacial channels
(Rothlisberger, 1972), with the early season GLOF enabling the channel(s) to remain
open as surface melt increased thereafter. Further evidence that the ice dam can allow
water to escape is provided by slight decreases in lake volume in winter, when outputs
must have exceeded inputs. This behaviour is more evident when the lake is fuller and
water pressure therefore higher prior to 2015 (Figs. 2-3a) (Gilbert, 1971; Matthews and
Clague, 1993).
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Figure 13. Summed discharge from the main outlet of Isunnguata Sermia (Mankoff and others,
2020) between drainage events of the ice-dammed lake against the change in lake volume over
the same period where lake drainages are well constrained. The dates represent the period of
lake filling (recharge).

Lake drainage mechanism: inferences from the 2023 GLOF
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The rapid rising limb and sharp falling limb of the discharge hydrograph, inferred by the
seismic and stage records at the terminus in 2023 (Fig. 10), is consistent with channelised
drainage and the classical slow outburst flood model (Nye, 1976). However, at Isunnguata
Sermia water emerges at multiple points along the terminus, suggesting a more complex
multi-path drainage configuration. The spatial and temporal evolution of proglacial
drainage and increase in downstream ice motion observed during the 2023 GLOF also
suggests the channelised subglacial system was at least temporarily overwhelmed.
Similar observations of other slow-rising GLOFs (Huss and others, 2007; Magnusson and
others, 2007; Sugiyama and others, 2008) have been linked to water pressure exceeding
ice overburden, driving water out of the channel, reducing basal friction and enabling
other flowpaths to form (Clarke, 2003). Such short-term reconfiguration of subglacial
systems highlights the importance of understanding the role of glacier lake drainage in
local hydrologic and ice-dynamic perturbations.

Perturbation of the subglacial hydrological system

Subglacial water release during 2019 GLOF

The 2019 GLOF coincided with ice-surface subsidence in three downstream regions (Fig.
7a). Anomalies 1 and 3 are interpreted as distinct subglacial lakes based on their surface
elevation time series of slow uplift (subglacial lake filling) followed by rapid subsidence
(subglacial lake drainage) (e.g., Livingstone and others, 2019). The coincidence of the
rapid drainage of these lakes with the 2019 ice-dammed GLOF suggests that GLOFs can
trigger secondary releases of stored subglacial water along their flood path, which then
contribute to output flood waters (e.g., Huss and others, 2007; Shangguan and others,
2017). Mejia and others (2021) suggest that subglacial flood waves from rapid
supraglacial lake drainages can dewater isolated cavities by opening connections to
them. Thus, we might expect release of stored water to be linked to GLOFs that have
overwhelmed the subglacial drainage system causing vertical uplift and increased sliding,
in turn leading to growth of cavities initiating new connections (Mejia and others, 2021).
However, the 2019 GLOF occurred during peak melt season when we might expect the
additional meltwater discharge from the GLOF to be largely accommodated by an efficient
subglacial channelised system (Bartholomew and others, 2010); an interpretation
supported by the absence of an observable ice-dynamic response (Fig. 5). An alternative
mechanism is that the 2019 GLOF caused an increase in the local hydraulic gradient,
possibly due to a pressure wave, or via expansion of low pressure channels, which was
sufficient to trigger drainage of water stored subglacially (e.g., J6hannesson, 2002;
Kingslake and Ng, 2013; Dow and others, 2018). More generally, there is no obvious
reason why the 2019 GLOF triggered the release of subglacially stored water compared
to other years, suggesting a complex response that could also be related to the drainage
route, antecedent conditions and stage of the subglacial lakes. This makes the estimation
of proglacial discharges challenging.
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The lack of a subsequent uplift pattern at Anomaly 2 following subsidence in 2019
suggests that either it was a subglacial lake that didn’t refill once drained and therefore a
transient feature, or given its position close to the meltwater outlet at the terminus, it could
be recording collapse of ice above a subglacial channel (Egli and others, 2021; Hésli and
others, 2025). The latter would be consistent with the GLOF causing rapid enlargement
of the subglacial channel, thinning the ice roof and making it more prone to collapse.
Although Anomaly 3 is even closer to the terminus, tunnel collapse might be favoured at
Anomaly 2, for example, if it was over thinner ice or at a location where the hydraulic
gradient is steeper resulting in greater turbulent melting of the subglacial channel roof.

Subglacial water storage after the 2023 GLOF

From 5-6th October, at the end of the 2023 GLOF, there is a distinct reduction in the
observed seismic power to below the pre-event background signal, suggesting proglacial
water flow is beneath the detectable threshold. This is supported by time-lapse imagery
close to the glacier terminus, revealing an abrupt drop in water flow over the same period.
This could reflect low melt inputs into the subglacial drainage system during this period,
or a wider perturbation of the subglacial hydrology by the GLOF, temporarily inhibiting or
changing the configuration of subsequent water flow from the wider catchment to the
terminus. This contrasts with other studies that have observed a tail of above-average
discharge thought to be associated with the release of stored water (e.g., Anderson and
others, 2003; Huss and others, 2007). We postulate that the creation of large low-
pressure channels (and potential evacuation of stored water similar to 2019) during the
2023 GLOF reduced the hydraulic gradient, initially inhibiting drainage (Dow and others,
2022) out of the overdeepened trough at Isunnguata Sermia (Lindback and others, 2014).
Drainage up areverse slope is supported by active ice accretion in the immediate foreland
(Fig. 9), consistent with supercooled water (Cook and others, 2006; Cook and Swift,
2012). We suggest the relatively quiet seismic period from 5-6th October was
characterised by re-pressurisation and re-filling of subglacial water stores until there was
sufficient water to re-escape the overdeepening.

Ice dynamic response to GLOFs

At the western ice-water boundary of the ice-dammed lake, the latter stages of lake filling
are typically characterised by ice-surface uplift (Fig. 4), indicating that water is penetrating
up to ~200 m under the ice dam (either due to flexure or movement along fractures)
causing flotation (e.g. Nye, 1976; Anderson and others, 2003; Walder and others, 2005;
Bigelow and others, 2020). By neglecting subglacial storage, our lake volume estimates
from satellite data therefore underestimate the volume of water. During GLOFs there is
further evidence of mechanical damage, with calving of the marginal ice-front recorded
by satellite data in multiple years (e.g., Figs. 6,8). This calving is likely driven by a rapid
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reduction in the hydrostatic pressure as the lake drains and the ice-front freeboard height
increases.

The impact of ice-dammed lake drainage on ice velocity is variable (Fig. 5). Both the 2017
and 2019 GLOFs produced no detectable ice velocity signal in our Sentinel-1 data. These
events occurred in August during peak melt season, and therefore we suggest the limited
impact on ice motion is because the antecedent hydraulic capacity of the subglacial
drainage system was sufficient to accommodate the additional water without spikes in
water pressure (e.g., Livingstone and others, 2022). Indeed, there is also no observable
change in the proglacial river and flood plain during the 2019 GLOF (Fig. 6) indicating
that drainage was largely accommodated by the existing river system. In contrast, both
the 2022 and 2023 GLOFs were associated with increased ice-flow downstream of the
ice-dammed lake (Figs. 5, 11-12). Compared to 2019 the 2022 GLOF was of greater
magnitude (mean discharge of 480 m3 s*') and occurred earlier in the melt season
(beginning of July) when the drainage system would have been more inefficient. It
therefore follows that the 2022 GLOF was able to overwhelm the antecedent drainage
system and elicit a detectable velocity response (e.g., lken & Bindschadler, 1986;
Kingslake and Ng, 2013).

The 2023 GLOF produced the largest observed downstream velocity anomaly (Fig. 5).
This is consistent with the subglacial drainage system being overwhelmed due to its low
antecedent hydraulic capacity after the end of the melt season (October), and following
a period of declining melt and proglacial river flow. The larger acceleration of the northern
part of the terminus (Fig. 11b-c) suggests the drainage system here was particularly
sensitive to melt inputs. This is supported by the outflow of subglacial water to the ice
surface through crevasses in this region (Fig. 8), suggesting high subglacial water
pressures (Roberts, 2005; Roberts and others, 2010; Bowling and others, 2021). GNSS
C, upstream of the ice-dammed lake, records an initial ~6% speed-up of ice flow and a
switch from ice-surface uplift to subsidence between 24th September and 3rd October.
This signal is consistent with longitudinal extension causing vertical compression of the
ice at C, driven by downstream acceleration from increased basal sliding of the lower
glacier tongue during the GLOF. The GNSS subsequently shows a sharp increase in ice-
velocity and ice-surface subsidence from 4th October (Fig. 12), which lags peak
discharge by ~1-2 days and is associated with ice flow deflection towards the ice-dammed
lake. This is interpreted to record increased ice flow into the ice-dammed lake (Fig. 11b-
c) as it re-adjusts following the rapid lowering of hydrostatic pressure (lake water-level
drop) (Riesen and others, 2010), and re-grounding of floating ice causing an increase in
driving stress.
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CONCLUSIONS

We studied the evolution of a ~3 km? ice-dammed lake adjacent to the northern margin
of Isunnguata Sermia, West Greenland that drains subglacially every 1-3 years. We used
remote sensing observations to monitor lake volume changes between 1987 and 2024,
and to quantify the downstream subglacial hydrological and ice dynamic impact. In 2023
a GLOF was instrumented with a number of sensors, including GNSS, a passive seismic
station and time-lapse cameras deployed on and at the terminus of Isunnguata Sermia.

We demonstrate no clear change in the frequency or annual timing of GLOFs at
Isunnguata Sermia, but a reduction in peak lake volume since 2010, likely due to glacier
thinning in response to climate change. Predicting future changes in lake volume and
drainage timing is complicated by the penetration of a wedge of water under the ice and
leakage through the ice dam. In particular, net loss of water through the ice dam during
the extreme melt year of 2012 suggests that some ice dams might become more leaky
as the climate warms, reducing their potential to fill.

Our results demonstrate the potential for GLOFs to impact downstream ice dynamics and
hydrology, and to trigger the release of water stored along the subglacial flood-path. The
concomitant drainage of subglacial lakes during the 2019 GLOF demonstrates the
potential for ice-dammed lake drainages to perturb the wider subglacial hydrological
system. But the absence of similar releases of stored water during other GLOFs suggests
antecedent subglacial hydrological conditions, drainage route and the impact of drainage
on subglacial water pressure also impact this process.

Two ice velocity mechanisms were identified. The first velocity response, characterised
by increased flow into the lake basin, is caused by the rapid removal of hydrostatic
pressure at the lake-ice boundary and an increase in driving stress (ice-surface slope)
following lake lowering. The second is increased basal sliding caused by the GLOF
pressurising the subglacial drainage system. The impact of this is related to whether the
discharge exceeds the hydrological capacity of the existing subglacial drainage system.
In particular, GLOFs that occurred in the early- or late-melt season when subglacial
drainage is inefficient elicited a greater ice velocity response.
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Figure S1. Elevation-Volume scaling relationship derived from the 11/08/2019 ArcticDEM DSM
strip when the lake was empty.

* Foreground Points * Background Points

Figure S2. Examples of the Time-lapse imagery used to estimate the river stage at the terminus
of the glacier in 2023. Camera location: -50.334W 67.181N -50.335W (Fig. 1 - Camera 3). Red
and green stars show the background and foreground points used in the Segment Anything Model
(SAM). Blue line is the output of the SAM showing the water mask. The height of the water mask
averaged in the area delineated by the white dotted line is taken as the relative river stage.
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Figure S4. Ice velocity time-series for ROIs D1-3 and U1 (see Fig. 1 for locations). (a) is the U1
time-series, and (b-d) are the D1 to D3 times-series, respectively.
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Figure S5. Isunnguata Sermia ice velocity: a-b. 2014 - 2025 average ice velocity of the U and V
components, respectively; c-d. Average ice velocity of the U and V components for image pairs
that include the 2023 ice-dammed lake drainage; e-f. Ice velocity anomaly in the U and V direction
for the 2023 ice-dammed lake drainage period compared to the long-term average. Positive
values (blue) represent pixels for which ice velocity was greater during the lake drainage period.



