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Abstract. Ice flow controls the ice discharge at tidewater out-
let glaciers and is, together with frontal ablation, a key pro-
cess driving the mass loss of the Greenland ice sheet. While
annual glacier velocity variations of tidewater glaciers are
well studied using satellite-derived data, research on small-
scale, short-term speed variations, ranging from sub-diurnal
to multi-day scales, remains limited. We deployed a terres-
trial radar interferometer, operating at a 1-min sampling in-
terval (30 min resolution after processing) and a spatial res-
olution of a few meters, to investigate small-scale ice flow
variations at the terminus of Eqalorutsit Kangilliit Sermiat,
a tidewater outlet glacier in South Greenland. We observed
clear diurnal and multi-day ice flow speed variations and link
these to a high ice flow sensitivity to additional freshwater
input to the glacier system. This water originates from dif-
ferent sources, such as enhanced surface melt during warm
periods or sudden drainage events from subglacial or ice-
marginal lakes. The amplitudes of diurnal velocity fluctua-
tions remain remarkably consistent throughout the 6 km long
terminus area, but their spatial evolution shows clear vari-
ability. Spatio-temporal analysis of velocity map time-series
revealed a general downstream propagation of diurnal veloc-
ity variations. However, on days characterized by particularly
high ice flow speeds, these variations start at the terminus
propagating upstream in a distinct block-wise pattern, con-
nected to major rifts in the terminus area. We further con-
clude that the ice flow remains sensitive and reacts fast to
short-term surplus water input, despite having established an
efficient drainage system towards the end of the melt season.

1 Introduction

Over the past few decades, global warming has caused the
Greenland ice sheet (GrIS) to lose mass at an increasing rate
(Mankoff et al., 2021; Otosaka et al., 2023), making it one of
the largest contributors to global sea level rise (Bamber et al.,
2019; Shepherd et al., 2020; Zemp et al., 2025). About two-
thirds of this mass loss between 1972 and 2018 is attributed
to glacier dynamics of marine-terminating glaciers (Moug-
inot et al., 2019). Yet, the coupling between meltwater input,
subglacial hydrology, and flow velocity that governs these
processes is complex and remains poorly constrained, in par-
ticular across different timescales. Several studies suggest
that warmer temperatures in the future, and the associated
increase in surface melt, lead to enhanced mass loss through
accelerated dynamic thinning (e.g. Parizek and Alley, 2004;
Pritchard et al., 2009). However, other studies indicate that
this relationship is not universally applicable (e.g. Tedstone
et al., 2015; de Fleurian et al., 2022), since not the average
melt but rather the melt variability influences increased flow
velocities (Schoof, 2010). Consequently, it is crucial to un-
derstand the small-scale flow variations at the trunks of the
marine-terminating outlet glaciers, with short-term velocity
observations being a key constraint for such analysis.
Annual or seasonal variations in ice flow dynamics of the
GrIS have been well studied, mostly using satellite-based ob-
servations (e.g. Joughin, 2022; Gardner et al., 2023). Satel-
lite remote sensing techniques, such as feature tracking of
optical imagery and speckle tracking of SAR imagery, have
proven valuable for large-scale, long-term monitoring of ice
velocity and its response to a warming climate, in particu-
lar in large and inaccessible regions such as Greenland (e.g.
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Joughin et al., 2010; Tsai et al., 2019; Joughin, 2022). How-
ever, several studies show that tidewater glaciers also un-
dergo short-term velocity variations at a sub-diurnal to multi-
day scale (e.g. Meier et al., 1994; Vieli et al., 2004; Kneib-
Walter et al., 2023; Sugiyama et al., 2025). They highlight
the impact of diurnal meltwater input on small-scale speed
fluctuations, where additional water enters the glacier sys-
tem leading to a higher subglacial water pressure, which en-
hances basal sliding and results in larger ice flow velocities
(Iken, 1981; Stevens et al., 2022a). Meltwater input is able
to constantly alternate the subglacial channel size (Rothlis-
berger, 1972) and therefore the efficiency of the subglacial
drainage system, which can have a large impact on the ice
dynamics (Tedstone et al., 2015). Despite multiple efforts to
investigate the evolution of these rapidly changing systems
(e.g. Chandler et al., 2013; How et al., 2017; Doyle et al.,
2018), they remain poorly understood, mostly due to their
inaccessibility for direct measurement. This particularly ap-
plies for tidewater glacier tongues where basal water pres-
sures are generally rather high due to a bed well below sea
level.

Improving our process understanding of detailed dynam-
ics at the ice-ocean boundary requires short-term and high-
resolution observations that resolve diurnal and multi-day
variability. However, the multi-day revisit frequency of satel-
lite data limits their ability to capture short-term glacier dy-
namics, highlighting the continued importance of in-situ ob-
servations (Fahrner et al., 2024). Field studies on short-term
ice flow dynamics and their relation to subglacial condi-
tions and melt water input largely focus on land-terminating
glaciers, which are often relatively small and slow flowing,
and thereby much easier to access (Chandler et al., 2013;
Cowton et al., 2013). On tidewater glaciers in Greenland, par-
ticularly near the terminus, such studies are rare. A common
method to determine the ice flow velocity at sub-seasonal
or even diurnal timescales are fixed GPS sensors, typically
installed along the centreline (e.g. Podrasky et al., 2012;
Stevens et al., 2022a; Sugiyama et al., 2025; Wehrlé et al.,
2025). However, deploying and maintaining a GPS network
in glacial environments is logistically challenging and can
pose significant risks to field personnel, especially on heav-
ily crevassed termini of tidewater glaciers. Additionally, GPS
sensors only provide velocity data for single points on the
glacier, which limits our spatial understanding of the dynam-
ical processes. Ground-based photogrammetry methods us-
ing time-lapse cameras can serve as an alternative (Ahn and
Box, 2010; Murray et al., 2015), but often struggle to pro-
duce sub-daily velocity fields, since a considerable displace-
ment is needed to overcome the measurement uncertainty.
Uncrewed Aerial Vehicles (UAVs) are limited by their range
and the periodic nature of flight missions and therefore can-
not deliver continuous data (Ryan et al., 2015; Jouvet et al.,
2018). To date, no such studies have been conducted on tide-
water glaciers in South Greenland. At Eqalorutsit Kangilliit
Sermiat (EKaS), our target glacier, previous studies have ex-
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amined the glacier’s outline change (Weidick, 2009), investi-
gated calving-driven fjord dynamics (Griff et al., 2025), and
documented a substantial subglacial winter meltwater dis-
charge (Hansen et al., 2025). However, none of these works
have addressed glacier flow velocity at the site.

To address these limitations, we deployed a terrestrial
radar interferometer (TRI) to investigate short-term and
small-scale ice flow variations over the terminus area of a
major outlet tidewater glacier in South Greenland. Previ-
ous studies have demonstrated that the TRI can overcome
many of these observational constraints and has significantly
advanced our understanding of ice-flow dynamics of tide-
water glaciers, particularly with respect to the interactions
among ice flow, calving, ice mélange, and tidal forcing (e.g.
Voytenko et al., 2015; Xie et al., 2019; Walter et al., 2020;
Kane et al., 2020; Kneib-Walter et al., 2021; Drews et al.,
2021; Wehrlé et al., 2025). Many investigations focused on
fast-flowing glaciers in Greenland such as Sermeq Kujalleq
in Kangia (e.g. Xie et al., 2018; Wehrlé et al., 2025; Cas-
sotto et al., 2021) and Helheim Glacier (e.g. Voytenko et al.,
2015; Holland et al., 2016; Kim et al., 2025). In our study,
the TRI continuously operated over two separate two-week
periods in the summers 2023 and 2024 from a fixed posi-
tion on land, covering the entire terminus area at the lowest
6 km of the glacier with a 1 min sampling interval (30 min
resolution after processing) and a spatial resolution of a few
meters. We further monitored external factors such as mete-
orological conditions, tides, calving activity, and surface ice
conditions in the fjord to investigate their potential influence
on ice dynamics. With this approach, we aim to address the
basic research gap in understanding how variations in water
input impacts short-term flow dynamics at a tidewater glacier
grounded well below sea level, and how related velocity vari-
ations propagate along the glacier. We interpret our results in
the context of the interaction between ice flow and the evolu-
tion of a subglacial drainage system.

2 Data and methods
2.1 Field site

Eqalorutsit Kangilliit Sermiat (61.36°N, 45.76° W), here-
after EKaS (also locally called Qajuuttap Sermia), is
an marine-terminating outlet glacier in South Greenland
(Fig. 1). It flows into the Sermilik fjord, approximately 27 km
north-west of the international airport Narsarsuaq. EKaS
drains a large basin of the inland ice of the GrIS, extending
to the East-West ice divide and covering an area of about
5800km? (0.3 % of the GrIS). The glacier’s terminus has
advanced by almost 2km over the past few decades (Wei-
dick, 2009), despite being situated in a region where glaciers
are generally experiencing substantial thinning and retreat.
EKaS has an approximately 3 km wide and 360 m high calv-
ing front, which is grounded at a water depth of 280m
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(bathymetry data collected using single beam echosounder
(Rosier, 2025)). The flow speed of the EKaS terminus varies
between Smd~! at the end of the melt season and 12md~!
at the beginning of the melt season (Gardner et al., 2023).
This results in an annual ice discharge of approximately
3.1km3 yr_1 in the recent decade (Mankoff et al., 2020a),
equivalent to roughly 10 % of the ice discharge at major tide-
water glaciers such as Helheim glacier (Kim et al., 2025).

2.2 Field data collection
2.2.1 Terrestrial radar interferometry

A terrestrial radar interferometer (TRI) was deployed twice
for a two-week period in August 2023 and July 2024, re-
spectively, to continuously measure ice flow velocity. The
instrument was positioned on solid bedrock atop an oppos-
ing hill, 496 m above sea level and three kilometres from the
calving front (Fig. 1). The TRI developed by GAMMA Re-
mote Sensing, is a real-aperture radar interferometer with one
transmitting antenna and two receiving antennas, operating
at a wavelength of A = 17.4mm (Ku-band, 17.2 GHz). The
antennas are rotating along the vertical axis on a precision
astronomical mount. The range resolution is about 0.75 m,
while the azimuth resolution is 0.4°, which corresponds to
6.9m at a slant range of 1km and in our case about 21 m
at the calving front (Werner et al., 2008a, b). Whereas the
TRI scan has a maximum range of 16 km, our specific lo-
cation of the TRI system and the glacier topography enable
seamless, comprehensive coverage within the first 6 km of
the terminus area. In this study, the data acquisition, which is
daylight- and weather-independent, was repeated at 1-minute
intervals, allowing to receive almost continuous line-of-sight
(LOS) velocity and DEM values.

2.2.2 Weather station

In 2023, we installed a basic automatic weather station
(AWS) near the shore east of the terminus of EKaS (called
“Fjord”, data used in Fig. 2b). One year later, a weather sta-
tion was deployed next to the TRI, on the hill on the op-
posite side of the glacier terminus, 500 m above sea level
(called “Hill”, data used in Fig. 3b). Both weather stations
were measuring air temperature, relative humidity, incoming
solar radiation, and precipitation at a 30 min interval. Wind
speed and wind direction were taken from the Mittafik Air-
port weather station in Narsarsuaq (Drost Jensen, 2023). This
weather station, operated by the Danish Meteorological Insti-
tute (DMI), is located about 20 km from the front of EKasS, in
a valley that is aligned parallel to the flow direction of EKaS.
Since different weather stations were used to derive the air-
temperature records for the two years, we compared both
datasets with the AWS at Narsarsuaq to ensure that they re-
flect regional temperature variability rather than site-specific
effects (e.g. temperature inversions). As shown in Figs. Al
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and A2, the regional temperature signal is well captured in
both cases. The only exception is the initial phase of the
foehn event on 20 July 2024, which was suppressed at the
“Fjord” station by a local inversion. Therefore, data from the
“Hill” station were used in 2024.

2.2.3 Time-lapse camera

A time-lapse camera was installed on the hill opposite the
calving front (Fig. 1) and was running year-round from July
2022 onwards. The camera took pictures of the calving front
at intervals between two minutes during the summer field
campaigns and 20 min to one hour for the rest of the year.
This allowed us to classify the evolution of the ice mélange
extents and subglacial plume extents using a visual assess-
ment of the images. Plume extents were classified based
on their estimated relative coverage in the observed area:
none (0 %), small (1 %-25 %), medium (26 %—50 %), and
large (51 %-100 %). Ice mélange was similarly classified,
but with a slightly adjusted percentage range: none (1 %—
25 %), small (26 %—50 %), medium (51 %—75 %), and large
(76 %—100 %). Both variables were extracted twice a day in
the time-series of Figs. 2d and 3d, with the four classes de-
termined by visually estimating the relative extents. A sec-
ond camera on the hill east of the terminus, running at the
same intervals, allowed to approximate the timing, area and
surface elevation change of a major subglacial lake drainage
event L1 from the western tributary of EKaS.

2.2.4 Lake drainage events

Besides the time-lapse data, we used satellite imagery from
Sentinel-1 and Sentinel-2 (Copernicus Data Space Ecosys-
tem, 2025) as well as data from the Arctic-DEM (Porter et al.,
2023) to constrain the timing, extent and the approximate
volume of the subglacial lake drainage event L.1 mentioned
above and an additional ice-marginal lake drainage event L.2
on the orographic right side of EKaS, 20 km upstream of the
terminus. For the latter, discharge volumes were provided by
Dgmgaard et al. (2024), based on satellite and airborne al-
timetry data. The locations of the two lakes are shown in
Fig. A3.

2.2.5 Tide gauging

A pressure sensor was installed in the north-eastern end of
the fjord about 4 km from the calving front (Fig. 1) to moni-
tor the tides. We installed a RBR-duet® pressure-temperature
sensor in a steal-pipe drilled onto bedrock at the shore in
July 2022. It continuously sampled the water level at a 4
interval until end of July 2024.
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Figure 1. Overview Sentinel-2 image (Copernicus Data Space Ecosystem, 2025) showing the terminus region of the tidewater glacier
Eqalorutsit Kangilliit Sermiat (EKaS). Superimposed is the mean line-of-sight velocity field derived from the terrestrial radar interferometer
(TRI) for the period 3—15 August 2023. The sensor locations of TRI, time-lapse cameras, automatic weather station (AWS) and the tide-
gauge are marked. The picture on the lower right shows the established TRI during the measurement period. The two inset graphs on the
right illustrate the position of the EKaS glacier system within the Greenland ice sheet (Mouginot and Rignot, 2019).

2.3 Data Processing

2.3.1 Processing of TRI velocity

Ice flow velocities were derived from the TRI phase records
using the GAMMA software stack and following an estab-
lished workflow (Caduff et al., 2015; Kneib-Walter et al.,
2023; Wehrlé et al., 2021). The TRI transmits from a sin-
gle antenna and measures radar backscatter using two re-
ceiver antennas. Temporal interferometry was obtained by
analysing the phase signal recorded by a single receiver an-
tenna (in this case, the upper antenna) at consecutive acquisi-
tion time intervals of 1 min (Werner et al., 2008b), resulting
in a 1 min single-look interferogram time-series. A multilook
factor of 5 was applied to spatially average the TRI data in
range direction (e.g. Kane et al., 2020), as a compromise be-
tween noise reduction and high spatial resolution along the
flowline, resulting in a resolution of 3.75m (range) x 21 m
(azimuth) at the glacier front. To minimize atmospheric noise
in measurements caused by variations in air turbulence and
humidity (Goldstein, 1995), interferograms collected within
30 min were stacked, leading to a final temporal resolution
of 30 min. To support this choice, several temporal baselines
between 10 min and 1h were tested, with the aim to mini-
mize noise while maximising temporal resolution. While the
main velocity variation patterns could already be detected on
a 10 min resolution, a resolution of 30 min allowed us to get
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rid of most of the atmospheric noise and prevent misinter-
preting noise as a physical signal.

At a next step, the phase signal was unwrapped using a sta-
ble location on bedrock as a control point. The phase differ-
ences between consecutive unwrapped interferograms, can
be converted into LOS displacement § by: § = —%, where
A =17.4mm is the wavelength, ¢ is the differential phase
difference, and where the displacement measurement sensi-
tivity is better than 1 mm (Werner et al., 2008b). Note, pixels
with a stacked coherence < 0.8 were masked out before un-
wrapping. However, since we originally measured the 1 min
displacement, the coherence on the glacier was always given.
Finally, the displacement data were used to calculate LOS
velocity maps that allow for investigation of spatial and tem-
poral flow speed variability (Werner et al., 2008b). For visu-
alization purposes, the radar image pixels were transformed
into Cartesian coordinates. Since resampling may introduce
errors, all computations were conducted in the original radar
geometry, with georeferencing applied only to the final out-
puts.

2.3.2 Temporal analysis of TRI velocity

The temporal variability of the velocity during both two-
week campaigns was mainly analysed using the values along
the centreline of the mapped area (Fig. 1). Averaged veloc-
ity estimates close to the front can be affected by bound-
ary effects such as from missing ice due to calving events
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happening within the 30 min between two consecutive ve-
locity maps. Additionally, our data quality assessment de-
riving velocity estimates over exposed stable bedrock along
the glacier showed that atmospheric noise increases with dis-
tance from the calving front due to longer travel times of
the radar beams through the atmosphere (Fig. A4b). There-
fore, the averaged centreline velocities were calculated using
data for the first two kilometres along the centreline, where
data quality is highest (Fig. A4b), but excluding the initial
100 m. The according stretch is labelled as “centreline part”
in Fig. 1.

Acceleration maps were derived from smoothed velocity
maps as follows: For each pixel in the velocity map, a tempo-
ral smoothing was applied. Therefore, a 30 min interval time-
series covering the entire two-week period was processed for
each pixel using a Butterworth low-pass filter with a cut-
off period of 12 h (Fig. 2a and a). The Butterworth low-pass
filter and the according cut-off period was chosen because
this configuration was found to perform best to effectively
suppress outliers while still preserving the full diurnal ve-
locity variability. The filtered value for each time-step was
subsequently used to update the corresponding pixel in the
velocity map. Finally, the gradient between two consecutive
smoothed velocity data points was calculated and divided by
the time difference, yielding acceleration estimates for every
time-step and pixel.

2.3.3 Processing of TRI DEMs

The TRI DEMs used to identify calving events were gener-
ated using a workflow similar to that applied for deriving TRI
velocities. However, spatial interferometry was obtained by
analysing the phase signal difference between the two receiv-
ing antennas. The resulting interferograms, that have an orig-
inal acquisition time interval of 1 min (Werner et al., 2008b),
were multilooked and unwrapped using a stable location on
bedrock as a reference and subsequently converted into to-
pography following the workflow of Strozzi et al. (2012). To
correct systematic errors such as reference height inaccura-
cies, baseline errors and antenna misalignment (Strozzi et al.,
2012), a correction factor was derived by comparing the gen-
erated DEMs with the ArcticDEM (Porter et al., 2023) using
stable control points at different radar distances. This fac-
tor was applied to the computed topography to reduce ele-
vation uncertainty. To reduce atmospheric noise, 10 consec-
utive elevation maps were stacked, leading to a final tempo-
ral resolution of 10 min (Walter et al., 2020). Then, elevation
changes between sequential stacked elevation models were
calculated and negative changes at the front attributed to a
calving event. Because of the stacking procedure, events oc-
curring within a 10 min interval were combined. Elevation
changes of less than 5 m are considered as noise and filtered
out (Walter et al., 2020), leading to a detection of calving
events exceeding a volume of 5000 m°.
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3 Results

Velocity time-series for both summer campaigns show diur-
nal variations superimposed on multi-day speed-up events.
We first present the temporal velocity results, structured by
the different time scales alongside their potential external in-
fluences, followed by the spatial variations.

3.1 Temporal ice flow variability
3.1.1 Diurnal velocity variations driven by melt

Both line-of-sight (LOS) ice velocity time series from the
2023 and 2024 summer campaigns show clear diurnal fluc-
tuations, which are characterized by an increase in veloc-
ity during the day followed by a decrease during night
(Figs. 2a and 3a). While this diurnal signal is consistently
observed in the 2024 dataset, it is slightly less clear in 2023,
particularly during the period from 10-11 August. In both
years, the diurnal accelerations generally start in the morn-
ing around 08:00-09:00 local Greenlandic time (UTC—2 in
2023, UTC—1 in 2024) and the velocities peak in the evening
around 19:00-20:00 local Greenlandic time. However, the
exact timing can vary up to six hours between individual
days. An average diurnal velocity fluctuation, excluding peri-
ods that are heavily influenced by multi-day speed-up events,
shows a peak-to-peak amplitude of 0.4md~! (2023) and
0.5md~! (2024), which corresponds to 7 % (2023) to 8§ %
(2024) of the average speed (Fig. AS). These diurnal vari-
ations of the flow velocity are clearly correlated with the
air temperature signal measured at a nearby weather station,
which acts as a proxy for surface ice melt (Figs. 2b and 3b).

In 2024, cross-correlation analysis of the velocity and air
temperature time-series reveals a peak correlation of 0.6 at
a lag of 4h, indicating a moderately positive relationship
throughout the entire 2-week field period. In other words,
the ice flow speed reaches its daily maximum 4 h after the
temperature peak. For the days from 16 July 2024, onward,
the correlation becomes even stronger, reaching a cross-
correlation of 0.8, again at a lag of 4h. However, before
16 July, no correlation between flow speed and air temper-
ature can be detected, with a cross-correlation value < 0.1 at
a lag of 4 h. Furthermore, the fjord was strongly covered by
ice mélange, while the plume extent remained small for most
of the time during the 2024 campaign (Fig. 3d).

In 2023, the cross-correlation between air temperature
and flow velocity over the entire dataset is weak (cross-
correlation < 0.1), but most positive at a lag of 5h. Nev-
ertheless, for the last few days, between 12—15 August 2023,
the cross-correlation is moderately positive, with a value of
0.7 at alag of 5 h. In that year, the glacier terminus was barely
covered with ice mélange and the plume extent fluctuated in
size (Fig. 2d).

In both years, periods with poor correlation between air
temperature and flow velocity are likely due to additional
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Figure 2. (a) Low-pass-filtered line-of-sight (LOS) mean centreline velocity of the summer campaign 2023 (green) together with % 1 standard
deviation of the residuals computed over a 3 h window (gold). (b) Air temperature, (c) relative humidity (RH) and wind records from nearby
weather stations. (d) Categorical time-series of ice mélange and plume extent are retrieved from time-lapse imagery, and calving events

(> 5000 m3) detected by TRI. (e) Tidal amplitude from tide-gauge.

processes disrupting the diurnal signal (see below). Further,
no clear link to multi-day scale velocity variations was found
for either the ice mélange or the plume extent. The diurnal
ice velocity variations are not directly correlated to the tidal
signal, with cross-correlation values close to zero regardless
of any lag (Figs. 2e and 3e). At the study site, the tides are
dominated by a shorter periodicity of 12.4 h.

3.1.2 Multi-day speed-up events

During both field campaigns multi-day variations in veloc-
ity are superimposed onto the diurnal changes. In 2023,
a distinct velocity peak is observed between 7-10 August
(Fig. 2a). During this period, a continuous velocity increase
of in total 1.5md~! (27 %) occurred, followed by a fast ve-
locity decrease of 1.7md ™" (30 %) within 13 h. After 12 Au-
gust, another continuous increase of similar magnitude over
a period of at least 4 d was observed. The weather, however,
remained rather stable with no substantial additional water
inputs such as rainfall, varying wind conditions, or foehn
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events (Fig. 2c). Thus, no direct relation to meteorological
conditions is apparent for this multi-day speed-up event.

In the 2024 campaign, a very distinct speed-up event oc-
curred between 19-21 July (Fig. 3a), starting with a sud-
den velocity increase of 2md~" (28 % of the average speed)
within 13 h, followed by a large diurnal fluctuation peak-
to-peak amplitude of 1 md~" (14 %), before dropping back
down to pre-event velocity levels. At the same time, the air
temperature rose drastically to almost 20 °C, accompanied
by a noticeable shift in the prevailing wind direction from
south-west to north-east (Fig. 3c). This shift comes along
with a low relative humidity of 30 %-50 %, which indicates a
warm, foehn-like wind descending from the ice sheet. Later,
another one-day speed-up event occurred on 25 July, with
a large velocity increase of 1.2md~! (17 %), followed by a
sudden speed drop of 1.8 md~! (26 %), mostly driven by a
large local velocity change signal at the front. During the ini-
tial phase of the 2024 time-series, a clear slowdown over 3—
4 d can be observed on top of some diurnal variations, while
air temperatures remain rather low or even slightly increase.
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deviation of the residuals computed over a 3h window (gold). (b) Air temperature and precipitation, as well as (c) relative humidity (RH)
and wind records from nearby weather stations. (d) Categorical time-series of ice mélange and plume extent are retrieved from time-lapse
imagery, and calving events (> 5000 m?) detected by TRI. (e) Tidal amplitude from tide-gauge.

This is also reflected in a weak cross-correlation between ve-
locity and temperature.

3.1.3 Lake drainage events

Both years show a multi-day speed-up event (7-10 Au-
gust 2023; 12-15 July 2024), which exhibits only weak cor-
relation with air temperature and therefore cannot solely
be explained by surface melt. Instead, these events align
with the timing of subglacial and ice-marginal lake drainage
episodes.

The slowdown in the first 3—4 d of the 2024 dataset coin-
cides with the cessation of a major subglacial lake drainage
event (L1, Fig. A3b), expected to release approximately 100—
300 million cubic metres of freshwater. The drainage event
from below the western tributary about 3 km upstream of the
glacier front has been detected in the time-lapse imagery. The
onset of the lake drainage event started already on 4 July, a
few days before the start of our velocity record, and lasted
until 15 July.

Having deployed our TRI from 12 July onwards, we only
managed to capture the ending tail signal from this lake
drainage event occurring on 4—15 July, but the timing cor-
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responds well to the phase of slowdown in flow speed and
weak cross-correlation between air temperature and ice flow
speed. Note, the time-lapse cameras also recorded this large
subglacial lake drainage L1 in summer 2023. But this dis-
charge event occurred between 28 July and 3 August, stop-
ping just as we began our field campaign, and hence we could
not detect any influence in our TRI-velocity record.

For the period of the observed main velocity speed-up
event in the summer 2023 data, we observed an ice-marginal
lake drainage event (L2, Fig. A3a), that may have provided a
large volume of freshwater input to the glacier system. Satel-
lite imagery from Sentinel-1 and Sentinel-2 (Copernicus
Data Space Ecosystem, 2025) showed that the lake, which
is located 20 km upstream at the orographic right margin of
the main glacier, drained between 7-9 August (Fig. A3a).
Sentinel-1 data indicates a half empty lake on the morning
of 8 August and thus confirms ongoing drainage (Coperni-
cus Data Space Ecosystem, 2025). Dgmgaard et al. (2024)
already observed this ice-marginal lake drainage in 2020 and
2022 and used satellite products to estimate an average water
level drop of 12 m, which corresponds to about 2 million m?
of released water, considering a lake area of roughly 0.2 km?.
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Given an expected delay due to the large distance to the ter-
minus, the lake drainage date seems to align with the high
velocity speed-up event that peaks at the start of 10 August.

3.1.4 Calving events

The TRI allowed to detect calving events with subaerial
volumes larger than 5000m> and relate them to our ve-
locity variations. In 2023, a total of 134 events were cap-
tured during the 12d field period, whereof the interquar-
tile range (IQR) shows subaerial calving volumes from
10000 to 30000 m?, with a median calving volume of about
15000 m>. In 2024 (total of 81 events in 14 d), the IQR of
the subaerial calving volumes goes from 8000 to 60 000 m?,
with a median calving size of about 30 000 m>. In both years,
the largest captured calving events had a subaerial volume of
about 200 000-300 000 m*.

Throughout the two summer campaigns, we observe that
calving events are generally more prevalent during high-
velocity periods (Figs. 2d and 3d). For example, the high-
velocity day of 20 July 2024, recorded 9 events, compared to
just 2 events on 14 July 2024, a day with relatively low flow
velocity. The average flow velocity during calving events
is significantly higher compared to periods without calving
(p < 0.05). However, no clear velocity response, such as
slow-downs or speed-ups from the front travelling upstream,
were found after an individual calving event. Additionally,
no diurnal pattern for the appearance of calving events could
be found.

3.2 Spatial ice flow variability

3.2.1 Spatially coherent diurnal velocity change
amplitude

The temporal patterns, such as the diurnal and the multi-
day speed-up events, can generally be observed almost uni-
formly along the entire 6 km long centreline (Figs. 4 and 5).
The velocities are generally increasing towards the terminus
(Figs. 4a and 5a). Subtracting the 2-week velocity average
for each location indicates that the diurnal velocity fluctua-
tions not only appear along the entire 6 km stretch, but also
occur at a similar absolute magnitude along the centreline
(Figs. 4b and 5b). This is further supported by comparing
the average LOS velocity on three different flow and trans-
verse lines, showing an almost constant velocity difference
between these lines, regardless of any fluctuations, indicating
a consistently detectable diurnal signal of similar magnitude
at all distances from the terminus (Figs. A6 and A7).

However, a close inspection of the velocity change and ac-
celeration data (Figs. 4 and 5) shows that the timing of the
diurnal velocity peak and minima also varies spatially along
the centreline and is further analysed below.
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3.2.2 Spatial patterns of diurnal velocity change
propagation

During high-velocity days, diurnal velocity changes initiate
at the terminus and propagate upstream, whereas commonly
diurnal accelerations start at locations further upstream and
propagate downstream over time. The initiation of acceler-
ation in the morning and deceleration in the evening gener-
ally occurs with a lag of about two hours between the ter-
minus and the location 6 km upstream. This is visible in the
inclined acceleration/deceleration signal with time on Fig. 4c
and Fig. 5c. For better readability, a zoomed-in represen-
tation with supporting labels is provided in the Appendix
(Fig. A8). In nearly half of the observed initiations, the veloc-
ity change starts earlier at the upper part, propagating down-
stream with time (manually detected and marked as orange
boxes in Fig. 5c), whereas upstream propagations, when ve-
locity changes are initiated at the front, only occur in 20 % of
the cases (green boxes in same figure). The remaining 30 %
labelled as “unclear” show either no clear propagation direc-
tion or a combination of an upstream and a downstream sig-
nal. Table B1 in the Appendix provides a complete overview
of the acceleration transition types for both years.
Representative 30 min interval time-series of velocity vari-
ation maps illustrate in more detail the spatial patterns dur-
ing propagation of such flow transitions (Fig. 6). These tran-
sitions occur either from acceleration to deceleration in the
evening (a and c), or from deceleration to acceleration in the
morning (b and d). The more common downstream propa-
gation to the terminus appears spatially smooth and uniform
across the entire width of the glacier, apart from the almost
stagnant parts beyond the shear margins (Fig. A9). In con-
trast, on days with high flow velocities, such as for exam-
ple during the speed-up event around 20 July 2024 (Fig. 5¢),
the transition signal generally starts at the front and propa-
gates upstream. In these cases, propagation typically exhibits
a more “block-like” spatial pattern (Fig. 6a, b). The outlines
of these blocks align with major crevasses or rifts, which are
oriented in north-westerly direction due to generally faster
flow velocities towards the western margin of the glacier (see
black dashed polygons in Fig. A9). The velocities are signif-
icantly higher (with p < 0.02 in both years) during upstream
propagating transitions compared to downstream transitions.

4 Discussion
4.1 Speed sensitivity to diurnal freshwater input

At EKaS, we observed an average diurnal velocity peak-to-
peak amplitude of 7 %—8 % of the mean velocity. Diurnal
velocity fluctuations were also found on large Greenlandic
tidewater glaciers such as Helheim Glacier and Sermeq Ku-
jalleq in Kangia, but the amplitude only covers about 1 %—
2 % of their average flow speed (Davis et al., 2014; Stevens
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Figure 4. (a) Smoothed 2023 LOS velocities along centreline and with time, (b) their deviations from the 2-week row average in 2023 along
centreline and with time, (¢) smoothed LOS acceleration along centreline and with time. The centreline spans from 100 m behind the calving
front to about 5.5 km upstream. The coloured boxes label the along glacier propagation direction of the acceleration transitions, with green
for upstream and orange for downstream. Orange-green striped transitions refer to either no clear propagation direction or a combination of
an upstream and a downstream signal. White boxes represent no transition (deceleration only).
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Figure 5. (a) Smoothed 2024 LOS velocities along centreline and with time, (b) their deviations from the 2-week row average in 2024 along
centreline and with time, (¢) smoothed LOS acceleration along centreline and with time. The centreline spans from 100 m behind the calving
front to about 5.5 km upstream. The coloured boxes label the along glacier propagation direction of the acceleration transitions, with green
for upstream and orange for downstream. Orange-green striped transitions refer to either no clear propagation direction or a combination of
an upstream and a downstream signal. Fig. A8 shows a zoomed-in representation with supporting labels for better readability.
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ice flow acceleration (m/d?)

Figure 6. Map sequences of deceleration in the evening propagating (a) upstream or (¢) down-stream, as well as acceleration in the morning
propagating (b) upstream or (d) downstream. Each sequence covers a total period of 1.5h with a time interval of 30 min (absolute time
is given in local Greenlandic time). Black dashed polygons represent zones with major rifts (Fig. A9), potentially influencing the spatial
acceleration signal on certain days (a and b). The background image is a Sentinel-2 acquisition from 7 August 2023 (Copernicus Data Space

Ecosystem, 2025).

et al., 2022a; Podrasky et al., 2012). On tidewater glaciers
in Alaska, diurnal fluctuations with amplitudes ranging from
2.5 %—8 % have been observed—similar to those found in our
study (Meier et al., 1994; O’Neel et al., 2001).

A Fourier analysis of the two velocity time series revealed
strong peaks at 24 h for both years (Fig. A10). This suggests
a clear solar influence rather than a lunar one, which lasts
12.4h (Ross, 1995). Some studies find a (at least partial) link
between flow speed and tidal forcing (e.g. Kane et al., 2020;
Sugiyama et al., 2025). Our results, however, are in line with
other studies that excluded tidal influences as a cause of di-
urnal velocity fluctuations (e.g. Davis et al., 2014; Pimentel
et al., 2017; Stevens et al., 2022a). In particular, tidewater
glaciers that are clearly grounded—such as EKaS—have been
found to show no tidal response (Kneib-Walter et al., 2023).

The clear correlation between air temperature, which be-
haves as a proxy for surface ice melt, and ice velocity at
EKaS (Figs. 2 and 3) highlights the impact of surface wa-
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ter production on tidewater glacier dynamics. In other words,
increased air temperature during the day drives ice melt and
therefore increases the freshwater input to the glacier sys-
tem. This results in higher subglacial water pressure, fol-
lowed by reduced resistance to basal sliding and therefore
enhanced ice speed (Iken, 1981; Stevens et al., 2022a). A ve-
locity analysis conducted over exposed stable bedrock along
the glacier to assess data quality (Fig. A4a) shows that the
influence of atmospheric noise on the diurnal velocity mea-
surements is negligible, and the correlation to temperature is
very weak (0.2 at a lag of 4h). On days with precipitation,
which only occurred during the 2024 field season, the diur-
nal signal got weakened both for the temperature and the ve-
locity signal (Fig. 3b). Especially on 23 July 2024, the rain-
fall partially compensated for the lower melt discharge, re-
sulting in only a small velocity drop during night. However,
since the precipitation rate was relatively low, its impact on
velocity was small. Given that the glacier velocity typically
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responds within a few hours to additional water input, the
rainfall event is unlikely to be responsible for the velocity
increase observed around 25 July.

The ice surface melt depends not only on air temperature,
but also on other factors such as cloud cover and wind con-
ditions (Laffin et al., 2023). This likely explains the large di-
urnal variability in velocity amplitude and peak timing, even
for days with a similar mean air temperature. Since the sur-
face of EKaS is heavily crevassed (Fig. A11b), the generated
melt water will quickly enter the glacier system (Andrews
et al., 2014), where it influences the basal water pressure.
At EKaS, the diurnal velocity maxima occurs about 4 h after
the local temperature peak. This delay aligns with findings
from other studies, where peaks lagged between 2 and 6 h
(Sugiyama et al., 2025; Stevens et al., 2022a). Notably, Kamb
et al. (1994) observed a similar lag between water pressure
and velocity maxima at Columbia Glacier.

4.2 TImpact of melt-induced speed-up events

Several multi-day speed-up events with a velocity increase of
15 %-30 % above average speed were observed. The period
with exceptionally warm temperatures on 20-21 July 2024
can be explained by a warm and dry foehn event, character-
ized by a low relative humidity and a change to north-easterly
winds (Fig. 3c), likely leading to enhanced melt rates. The
ice flow velocity reacts rapidly, showing a large speed-up
of 28 %. Such speed-up events induced by melt water pro-
duction or lake drainage were documented before. However,
events of comparable magnitude on tidewater glaciers are
generally connected to lake drainage or heavy rainfall events
(Sole et al., 2011; Meier et al., 1994). Melt-induced speed-up
events usually showed a smaller velocity increase (Podrasky
et al., 2012; Stevens et al., 2022a), with some exceptions
(Vieli et al., 2004). Overall, the distinct and sudden response
in flow speed highlights the high sensitivity (e.g. rapid and
large response) of EKaS to surplus freshwater input in the
glacial system.

4.3 Impact of a lake drainage event

The peak velocity period around 10 August 2023, occurs dur-
ing a time of constant, average melt conditions. However,
other studies indicated that lake drainages, such as the L2
event, play an important role in forcing the evolution of an
efficient subglacial drainage system and often align with the
largest speed-up events (Sole et al., 2011). Subglacial dis-
charge from the lake drainage event took about two days to
cover the 20 km distance to the terminus. This estimate is
based on the timing between the mid-emptying phase ob-
served in Sentinel-1 imagery (Fig. A3) and the increased
plume activity at the terminus. This results in an average dis-
charge speed of approximately 0.1 ms~!, which is in good
agreement with estimates of down-glacier flood propagation
velocities of 0.01-0.1ms~! from previous studies for tide-
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Figure 7. Satellite-derived, year-round velocity estimates of EKaS’
centreline by the NASA MEaSUREs ITS_LIVE dataset (purple,
Gardner et al., 2023), highlighting the intra-annual velocity varia-
tions of EKaS. Additionally, the TRI time-series of the two field
campaigns (green) indicate the measurement period within the an-
nual cycle. Note, the data from TRI only captures the line-of-sight
component of the velocity field.

water glaciers (e.g. Vieli et al., 2004; Stevens et al., 2022b;
Wehrlé et al., 2025).

The velocity at EKaS usually decelerates overnight. How-
ever, on the night of 10 August 2023, a subdued slow-down
over about six hours that even turned into a local acceleration
phase in the upper section of the 6 km centreline could be ob-
served (Figs. 2a, 4c and Alla). This unusual mid-night be-
haviour is likely linked to the arrival of the lake discharge wa-
ter at the terminus area. The potential velocity wave propaga-
tion, which is illustrated by acceleration maps in Fig. Alla,
is followed by the development of a large plume at the ter-
minus shortly after (Fig. A11b). Given the 6 km distance the
discharge wave covered within roughly six hours, a propa-
gation speed of the water wave of about 0.25ms™! can be
determined. Our measurements therefore reveal an average
propagation speed of 0.1 m s~! along the entire 20 km stretch
that is increasing to 0.25ms™! at the front. Other studies
confirmed that an efficient drainage system can extent up to
several tens of kilometres up-glacier and show a propagation
velocity of up to 1 ms~! or more (Chandler et al., 2013). Af-
ter the development of the plume, a fast and distinct decrease
in flow velocity occurs over the course of a full day, skipping
an entire diurnal acceleration cycle. The velocities fall back
to pre-event magnitudes (or even lower). All these observa-
tions indicate that the high and rapid discharge of lake wa-
ter, which started in a distributed flow further upstream, tran-
sitioned to an efficient, channelized drainage system while
approaching the terminus. Once drainage ceased in this ef-
ficient drainage system, subglacial water pressure and con-
sequently flow velocities dropped sharply (Das et al., 2008).
Thus, an efficient subglacial drainage system driven by an al-
ready high background freshwater discharge enables a rapid
velocity increase followed by a quick drop below pre-event
values, and recovery within days—as observed on fast-flowing
Helheim glacier (Stevens et al., 2022b).
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4.4 Evolution of basal drainage system

To understand the response of the subglacial hydrology sys-
tem at EKaS to high-melt or lake drainage events, we need to
consider the velocity evolution over the entire year. Figure 7
shows the intra-annual glacier speed variations, again aver-
aged along the centreline, using satellite-derived data from
the NASA MEaSUREs ITS_LIVE project (Gardner et al.,
2023) for the period between early winter 2023 and end of
2024. Generally, EKaS shows substantial intra-annual veloc-
ity variations with velocities that are more than twice as large
in spring than in autumn. More specifically, the speed of
EKaS declines once warm summer air temperatures lead to
increased surface melt (Fang et al., 2023), resulting in a min-
imum speed by the end of summer. This pattern aligns with a
seasonal transition from an inefficient to efficient subglacial
drainage system due to increased discharge (e.g. Rothlis-
berger, 1972; Sundal et al., 2011; Chandler et al., 2013).
Thus, EKaS can be assigned to a “type 3” glacier, a clas-
sification used by several authors (Moon et al., 2014; Vi-
jay et al., 2021), which is associated with long melt seasons,
large meltwater availability and a high intra-annual velocity
range. Once the melt period is over, the glacier flow speed
at EKaS continuously accelerates, from about 5 to 12m d-!
until late spring, when melt sets in again. While there is ev-
idence for winter discharge at our study site (Hansen et al.,
2025), the velocity increase is likely driven by channel clo-
sure, as the rate of creep closure progressively exceeds sub-
glacial channel melting once discharge declines, leading to
increased subglacial water pressure (Vijay et al., 2021). Our
local TRI measurements align well with the annual satellite-
derived velocity trends. Note that the data from TRI only
captures the line-of-sight component of the velocity. The di-
urnal and semi-diurnal velocity fluctuations observed during
our two-week field campaigns capture a significant portion
of the annual ice flow variability — a level of detail which is
not reflected in the sparse and somewhat noisy data provided
by Gardner et al. (2023). This is in line with model results
by Schoof (2010) showing that short-term water input events
can surpass seasonal water pressure signals.

Channelized systems are considered the primary factor
controlling the sensitivity of ice velocity to supraglacial wa-
ter input (Bartholomew et al., 2010). Our observed strong
diurnal and multi-day response of the velocity to meltwa-
ter input indicates a fast transportation of surface water to
the bed (Andrews et al., 2014; How et al., 2017). At EKaS,
the correlation between temperature and velocity is lower in
2023 compared to 2024, both for diurnal and multi-day pe-
riods. Clearly, overarching processes such as lake drainage
events are skewing this correlation. Nonetheless, a major dif-
ference between the two years is the timing of field work,
which occurred about three weeks earlier in 2024 than in
2023. Thus, the average velocity was still higher in 2024,
and the efficiency of the drainage system was likely not yet
fully established. This aligns with the current understanding
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that increased drainage efficiency through the melt season
comes with decreasing water pressure at the bed and thus
reduced ice speed response to supraglacial meltwater input
(e.g. Chandler et al., 2013; Andrews et al., 2014; Doyle et al.,
2018). Nevertheless, in both years EKaS remains highly sen-
sitive to short periods of additional water input, even by
the end of summer, when an efficient drainage system is al-
ready well-developed. This is because the meltwater input is
still large enough to surpass over short timescales the capac-
ity of the subglacial drainage system (Bartholomew et al.,
2012; Cowton et al., 2013). Together with the findings dis-
cussed above, this highlights the glacier’s ability to respond
rapidly to additional water input, indicating a dynamic basal
drainage system.

Most studies on the evolution of basal drainage systems
have focused on land-terminating glaciers (e.g. Bartholomew
et al., 2010; Cowton et al., 2013; Chandler et al., 2013) or
on more upstream regions of tidewater glaciers, where ac-
cess is easier (e.g. Andrews et al., 2014; Doyle et al., 2018).
The bed at the terminus of marine-terminating glaciers, how-
ever, is continuously pressurised due to its contact with the
ocean, and it is argued that its fast movement might even
prevent the evolution of an efficient drainage system, leading
to key differences from land-terminating systems (Nienow
et al., 2017). Nevertheless, several studies suggest parallels
between the two subglacial hydrology settings, namely the
evolution of a basal drainage system (e.g. Sole et al., 2011;
How et al., 2017), supporting our finding that an efficient
drainage system can develop even under persistently high
water pressures and fast ice flow throughout the melt season.

To better understand the relationship between air temper-
ature and flow speed, we estimated the temperature-driven
subglacial meltwater discharge at the terminus of EKaS
(methods in Appendix C), providing indirect insights into
the basal drainage system. The comparison between the
modelled discharge and the TRI-derived velocity variations
(Figs. A12 and A13) indicates that the time-series agree best—
showing a clear diurnal pattern—when a water flow velocity
of at least 1ms~! is assumed, consistent with values that
have been found for an efficient subglacial drainage system
(Chandler et al., 2013). While the mean discharge is lower in
July 2024 compared to 2023, the modelled discharge relies
on numerous assumptions, making it difficult to draw firm
conclusions about the sensitivity of the glacier flow to the
evolving subglacial drainage system over the course of the
season. Instead, an analysis of the average diurnal tempera-
ture and velocity cycles for periods that are not directly in-
fluenced by multi-day speed-up events (11-13 August 2023
and 16-18 July 2024) was performed. Figure A5 shows that
the absolute and relative peak-to-peak amplitudes for both
temperature and velocity are similar between the two years,
even though the 2024 data was recorded nearly one month
earlier. We conclude that on seasonal timescales, the sub-
glacial drainage system at EKaS is more established later
in the season (e.g. Sole et al., 2011; Davison et al., 2020;
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Gjerde et al., 2025), as evidenced by a lower average veloc-
ity (Fig. 7). On diurnal timescales, however, the glacier’s ve-
locity response to temperature forcing is similar in both July
and August. This demonstrates that, from July onwards and
at short timescales, the flow sensitivity to additional meltwa-
ter input does not change as the season progresses, indicating
an already well established drainage system at the terminus
of EKaS by July.

4.5 Spatially consistent diurnal velocity fluctuation
magnitude

Whereas the flow velocity of EKaS decreases with increasing
distance from the terminus, the diurnal or multi-day fluctua-
tions in speed generally exhibit a similar magnitude through-
out the entire investigated terminus area between the shear
margins (Figs. 4b, 5b, A6, A7). This suggests that short-term
velocity variations occur coherently across this area, imply-
ing limited short-term internal strain and indicating that the
ice responds as a dynamically coupled unit up to at least 6 km
upstream. Sugiyama et al. (2025) also found similar speed
fluctuation magnitudes along the centreline for melt-water
influenced data points, but not for regions close to the termi-
nus, where a high tidal influence was detected. Conversely,
several studies observed a clear decay of velocity fluctuation
amplitude in upstream direction from the terminus (e.g. Po-
drasky et al., 2012; Sole et al., 2011; Stevens et al., 2022a).
However, most of these studies — relying on GPS point data
along the centreline — focused on locations more than 10 km
upstream of the terminus, making direct comparison with our
observations difficult (Andersen et al., 2010; Stevens et al.,
2022a).

4.6 Sub-daily spatial variability

The sub-daily flow variability exhibits clear spatial inhomo-
geneity across the terminus area of EKaS. On days with an
average or low flow velocity, the transition from acceleration
to deceleration (in the evening) or vice versa (in the morning)
starts earlier on upstream locations propagating downstream
with time (Table B1, Figs. 4c and 5c). Conversely, on high-
velocity days during multi-day speed-up events, both the ac-
celeration and deceleration generally starts earlier at the ter-
minus compared to locations further upstream. Additionally,
these upstream propagating velocity changes often occur in
a distinct block-wise spatial pattern, which align with major
crevasses or rifts of the glacier.

To further analyse the switch between the upstream and
downstream propagation, a set of equally spaced points was
selected along the centreline and corresponding velocity and
acceleration 2024 time-series were extracted and shown in
Fig. 8. Again, on days with upstream propagation of velocity
changes (e.g. 20 July), points at the terminus (yellow lines)
change from positive to negative acceleration (e.g. crossing
the zero-line of Fig. 8b) earlier than locations further up-
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stream (blue lines); on days with downstream propagation
of velocity changes (e.g. 18 July), upstream locations (blue
lines) undergo this acceleration sign change before the termi-
nus (yellow lines) does. Additionally, Fig. 8b shows that on
days with a downstream propagation, the acceleration time-
series of all locations overlap, indicating uniform accelera-
tion and deceleration with similar magnitudes along the en-
tire centreline. In other words, while the timing of the tran-
sition may vary slightly, the magnitude of acceleration re-
mains almost constant along the entire centreline, with values
usually within +2 md~2. In contrast, on high-velocity days,
when the transitions propagate upstream, the acceleration/de-
celeration magnitude is generally much higher at the termi-
nus, with values largely exceeding +5md~2, than further
upstream, where values are generally within £3md=2. In
conclusion, the key difference between days with upstream
versus downstream propagation of velocity changes can be
found at the glacier’s terminus, where acceleration and de-
celeration on high-velocity days are much larger than at lo-
cations further upstream.

On days with a low or average flow velocity, when a down-
stream propagating transition is typically observed, the diur-
nal increase in melt water input at EKaS seems to be suffi-
cient to surpass the capacity of the subglacial hydrological
network, resulting in a pressure peak at the bed and a sub-
sequent speed-up of the glacier (Bartholomew et al., 2012;
Cowton et al., 2013). Model results showed that such short-
term spikes in water input still manage to increase the water
pressure leading to periods of fast ice flow, even in a chan-
nelized drainage system (Schoof, 2010). Assuming a similar
melt input throughout the terminus area of EKaS, a less effi-
cient drainage system further upstream would become pres-
surized first after the onset of melting, leading to a down-
stream propagating pressure wave as the meltwater flows
down towards the terminus. This would cause the upstream
area to accelerate earlier than the downstream parts, as ob-
served on the majority of the days on EKaS (Table B1). Ac-
cordingly, once the melt water input decreases in the evening,
the discharge reduces first in the large upstream areas, lead-
ing to a drop in water pressure (Meier et al., 1994). This
would result in a downstream propagating deceleration wave
and explain the observed delayed transition from acceleration
to deceleration near the terminus compared to the upstream
region.

The contrasting behaviour of upstream propagation during
speed-up events, including the block-wise patterns, seems
less straightforward to interpret. We expect that the much
higher water input to the basal drainage system on these days
strongly overwhelms the capacity of the subglacial network.
Consequently, basal water pressure is assumed to sharply
increase towards approaching flotation. This is particularly
pronounced near the front, where the bed is already under
high pressure from contact with the fjord water and may, for
a brief period, lead to basal sheet flow due to basal sepa-
ration and the hydraulic jacking mechanism (Réthlisberger

The Cryosphere, 20, 2099-2125, 2026
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Figure 8. (a) LOS velocity and (b) its acceleration time-series at different positions along the 6 km long centreline in 2024. The coloured
boxes label the along glacier propagation direction of the acceleration transitions (crossing the zero-line), with green for upstream and orange
for downstream. Orange-green striped boxes refer to either no clear propagation direction or a combination of an upstream and a downstream

signal.

and Iken, 1981; Cowton et al., 2016; Sugiyama et al., 2025).
This is also indicated by the much stronger velocity increase
near the terminus than upstream and the patchy accelera-
tion pattern (Fig. 8b). The observed behaviour seems to be
in line with the model results by Pimentel et al. (2017),
showing that the rapid injection of water, after reaching a
certain threshold drainage, completely overthrows existing
drainage systems up to a certain distance from the terminus.
As soon as the water input decreases, the basal water pressure
seems to collapse, again in this block-wise pattern, leading
to abruptly decelerating basal sliding at the terminus, which
then propagates upstream. On these days, the described pro-
cess fully overwrites the downward propagating diurnal sig-
nal discussed above, and precludes a uniform acceleration
and deceleration reaction of the glacier as observed on low-
velocity days.

5 Conclusions

Terrestrial radar interferometric observations revealed high
spatio-temporal ice velocity variations in the lowest 6 km of
Eqalorutsit Kangilliit Sermiat’s terminus during two sepa-
rate two-week periods in the summers of 2023 and 2024. We
found that the glacier’s velocity shows clear temporal fluc-
tuations on both diurnal and multi-day scales, likely driven
by additional water input from surface melt or lake drainage
events. Tidal changes and ice mélange cover show no de-
tectable influence on the velocity variations at diurnal time
scales. The diurnal velocity peaks about four hours after the

The Cryosphere, 20, 2099-2125, 2026

temperature and exhibits a diurnal peak-to-peak amplitude
of about 7 %—8 % of the mean speed. Thus, the melt water
of each day seems to quickly access the basal system, which
leads to a peak in basal water pressure and thereby a tempo-
rally enhanced sliding velocity. During a high-temperature
period over multiple days caused by a foehn event, the ice
speed was observed to increase by 28 %. Additionally, sev-
eral detected multi-day events with substantially enhanced
flow velocities could be linked to subglacial or ice-marginal
lake drainage events. These findings underscore the glacier’s
sensitive velocity response to additional water input and its
relatively rapid adjustment, indicating an efficient and dy-
namic basal drainage system with a persistently high basal
water pressure.

While the glacier shows increasing velocities towards the
front, the diurnal fluctuation amplitudes remain remarkably
consistent along the 6 km long terminus area. However, when
considering the spatial evolution of the diurnal velocity vari-
ations, local differences in the propagation pattern become
apparent. On days exhibiting average diurnal velocity fluc-
tuations, the glacier starts to accelerate and decelerate in the
upstream regions first, with the signal subsequently propa-
gating down towards the terminus. Conversely, on days char-
acterized by high flow velocities (during multi-day speed-up
events), the acceleration and deceleration was observed to
start at the terminus propagating upstream over time. Inter-
estingly, in the lowest few kilometres, these upstream propa-
gating velocity changes occur in a distinct block-wise spatial
pattern (bordered by rifts), indicating patch-wise adjustment

https://doi.org/10.5194/tc-20-2099-2026
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in basal conditions. Our observations suggest that rapid melt-
water input temporarily overwhelms the basal drainage sys-
tem near the terminus, causing local sheet flow and strong
flow acceleration, followed by a rapid, block-like collapse in
basal water pressure and sliding as water inputs subside.

We conclude that the studied tidewater glacier, despite
having established an efficient drainage system towards the
end of the melt season, remains very sensitive and reacts
fast to surplus water entering its basal system. Lower av-
erage velocities later in the season indicate a progressively
more established subglacial drainage system. However, the
glacier’s diurnal velocity response to temperature forcing re-
mains constant from July to August. While the diurnal ve-
locity variations observed at EKaS are at the upper end of
those reported for even faster-flowing tidewater glaciers, the
distinctive spatial pattern of acceleration propagation docu-
mented here underscores the need for further investigation of
these processes and highlights the profound influence of wa-
ter input and basal hydrology on the short-term, small-scale
flow dynamics of tidewater glaciers near the terminus.

https://doi.org/10.5194/tc-20-2099-2026
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Appendix A: Figures
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Figure A1. Comparison of the air temperature record 2023 used in Fig. 2 from the “Fjord” weather station east of the terminus of EKaS to
the Mittafik Airport weather station in Narsarsuaq operated by the Danish Meteorological Institute (Drost Jensen, 2023).
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Figure A2. Comparison of the air temperature record 2024 used in Fig. 3 from the “Hill” weather station at the hill on the opposite side of
the glacier terminus to the AWS at the “Fjord” weather station east of the terminus of EKaS and to the Mittafik Airport weather station in

Narsarsuaq operated by the Danish Meteorological Institute (Drost Jensen, 2023). Note that parts of the fjord temperature signal is suppressed
by local inversion effects.

2024-07-04 2024-07-15

camera ¥

Figure A3. (a) Sentinel-2 and Sentinel-1 imagery before, after and during the ice-marginal lake drainage event L2 (red) occurring between
7-9 August 2023, about 20 km upstream of the terminus (Copernicus Data Space Ecosystem, 2025). (b) Time-lapse imagery before and after

the subglacial lake discharge event between 4—15 July 2024. The Sentinel-2 inset maps from 7 August 2023 show the locations of the lakes
and the camera (Copernicus Data Space Ecosystem, 2025).
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Figure A4. Temporal (a) and spatial (b) velocity estimates over exposed bedrock along the glacier (red line) to assess data quality. The LOS
velocity at the bedrock is close to zero, in particular within the distance of the centreline part (bold blue line), which is used for the mean
LOS velocity calculations. This highlights that the influence of sensor sensitivity on the diurnal and multi-day velocity signal is negligible.
The image in the inset graph is a Sentinel-2 acquisition from 7 August 2023 (Copernicus Data Space Ecosystem, 2025).
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Figure AS. Average diurnal temperature (red lines) and LOS velocity (green lines) cycle for 3 d periods that are not directly influenced by
multi-day speed-up events (11-13 August 2023; 16-18 July 2024). For consistency between 2023 (solid lines) and 2024 (dashed lines),
temperature records for both years are taken from the Mittafik Airport weather station in Narsarsuaq operated by the Danish Meteorological

Institute (Drost Jensen, 2023). The vertical lines mark the time of the day (UTC) at which the daily maximum or minimum temperature and
velocity occurs.
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Figure A6. (a) Average LOS velocity time-series in 2024 for three parallel flow lines and (b) their deviation from the central flow line
highlighting the spatially constant diurnal velocity fluctuations. The image in the inset graph is a Sentinel-2 acquisition from 7 August 2023
(Copernicus Data Space Ecosystem, 2025).
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Figure A7. (a) Average LOS velocity time-series in 2024 for three parallel transverse lines and (b) their deviation from the southern trans-
verse line, highlighting the spatially constant diurnal velocity fluctuations. The image in the inset graph is a Sentinel-2 acquisition from
7 August 2023 (Copernicus Data Space Ecosystem, 2025).
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Figure A8. Zoomed-in representation of the smoothed LOS acceleration along the centreline from Fig. Sc for a specific period between 18—
20 July 2024. The centreline spans from 100 m behind the calving front to about 5.5 km upstream. The grey solid line marks the transition
from acceleration to deceleration (or vice versa) in the upstream region, while the black dotted line indicates the corresponding transition at
the glacier front. Earlier transitions upstream imply a downstream propagation of the signal (orange arrow); earlier transitions at the front
refer to an according upstream propagation (green arrow).

LOS shear strain rate (d—1)

Figure A9. LOS shear strain rate during the evening of 19 July 2024, highlighting the large lateral velocity gradient as well as the rift
positions that potentially influence the block-wise acceleration and deceleration pattern (black dashed polygons).
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Figure A10. Fourier analysis of the mean centreline LOS velocity for the two periods in 2023 and 2024, showing a dominant diurnal (24 h)
oscillation period.
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ice flow acceleration [m/d?]

Figure A11. Potential ice-marginal lake drainage event L2 approaching the terminus on 10 August 2023 (a) leading to a weakened mid-night
deceleration (light-blue colours at lower part of centreline) or even an untypical acceleration (red colours at upper part of centreline), (b)
followed by the development of a large plume visible at the terminus in the time-lapse imagery from 06:00 am onwards (green rectangle).
The number in the box shows the local Greenlandic time. The black line in (a) represents the centreline and the background image is a
Sentinel-2 acquisition from 7 August 2023 (Copernicus Data Space Ecosystem, 2025).
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Figure A12. (a) Average LOS velocity time-series in 2023. (b) Air temperature-based modelled total meltwater discharge at terminus of
EKaS in 2023 for surface meltwater velocity of 0.1, 1 and 2 m s—L.
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Figure A13. (a) Average LOS velocity time-series in 2024. (b) Air temperature-based modelled total meltwater discharge at terminus of
EKaS in 2024 for surface meltwater velocity of 0.1, 1 and 2 m s~ L
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Appendix B: Table

Table B1. Categorical overview on the spatial propagation pattern of the diurnal acceleration in the morning and deceleration in the evening

during the two fieldwork periods in 2023 and 2024.

A. Dachauer et al.: High spatio-temporal velocity variations

2023 \ 2024

Date Morning Evening ‘ Date Morning Evening

3 Aug no data no data 12 Jul  unclear upstream

4 Aug downstream unclear 13 Jul  unclear downstream

5 Aug downstream no data 14 Jul downstream downstream

6 Aug no data no data 15Jul  upstream downstream

7 Aug no data upstream 16 Jul  unclear downstream

8 Aug upstream unclear 17 Jul  unclear downstream

9 Aug unclear downstream 18 Jul  downstream downstream

10 Aug  deceleration only  deceleration only | 19 Jul downstream upstream

11 Aug downstream downstream 20 Jul  upstream upstream

12 Aug  downstream downstream 21 Jul  unclear unclear

13 Aug  unclear downstream 22 Jul  unclear downstream

14 Aug downstream upstream 23 Jul downstream unclear

15 Aug  unclear no data 24 Jul downstream unclear
25Jul  unclear no data

The Cryosphere, 20, 2099-2125, 2026
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Appendix C: Modelled meltwater discharge

To model meltwater discharge at the terminus, a Tempera-
ture Index Model (Braithwaite, 1995) was applied to calcu-
late melt at each pixel. Then, the melt was added up consid-
ering the flow distance to the terminus. In more detail, hourly
air temperature data from the Mittafik Airport weather station
in Narsarsuaq (Drost Jensen, 2023) were used as input after
correction for elevation using the average lapse rates for sum-
mer (—0.0051 °C m~!) and winter (—0.0092 °C m~—!), which
is derived from the on-ice Q-transect meteorological stations
QAS_L, QAS_M, QAS_U (How et al., 2025).

The continuous ablation measurements from the DWIAT
sensor of DWIAT Forloh (2025) located on the Nordbo out-
flow lobe of EKaS 25 km upstream of the calving front was
used to calibrate the ice melt resulting in the following melt
factor: mf_ice =0.00017 mh~! °C~!. The snow melt factor
mf_snow =0.0001 mh~! °C~! was obtained by calibration
using the freshwater discharge product by Mankoff et al.
(2020b). Snow line elevations and hence snow extent were
extracted from Sentinel-2 imagery (Copernicus Data Space
Ecosystem, 2025), interpolated between dates, and used to
distinguish between snow or ice melt for each pixel and
timestep.

The flow distance was derived using a flow routing routine
based on basal hydraulic potential, estimated from bed to-
pography and ice thickness data (Morlighem et al., 2017) un-
der the assumption of water pressure at ice overburden pres-
sure (Shreve, 1972). The TopoToolbox (Matlab, 2014) was
applied to compute flow accumulation, catchment area, and
the flow distance of each pixel to the glacier front. The re-
ceived catchment aligns with that of Mankoff et al. (2020b).

Discharge velocity over ice was estimated using Man-
ning’s equation (Arnold et al., 1998) and the mean surface
slope from the 50m resolution ArcticDEM (Porter et al.,
2023), yielding an average surface meltwater velocity of
2.4ms~!. As this value neglects refreezing and subsurface
flow, likely overestimating actual conditions, we used veloc-
ities of 2, 1, and 0.1 ms~! (Figs. A12 and A13), acknowl-
edging that actual values likely vary spatially and seasonally.

Code and data availability. The code and data used to pro-
duce the figures in this manuscript can be accessed here:
https://doi.org/10.5281/zenodo.19386860 (Dachauer et al., 2026).
Raw TRI data are available upon request.
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