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Abstract. Marine-terminating glaciers in central and southeast Greenland are major contributors to Greenland’s mass loss
making it essential to monitor their changing behaviour. Here, we use over a decade of Sentinel-1 satellite observations to
measure the change in ice speed on 66 glaciers between 2014 and 2025. We observe widespread, synchronous acceleration
between 2016 and 2020, during which two thirds of glaciers accelerate and 6 more than double their velocity, with many
glaciers reaching their fastest speeds since at least 2000. This period is followed by widespread deceleration after 2020,
although the slowdown is smaller in magnitude and more gradual, with most glaciers remaining faster than their pre-2016
values. The acceleration coincides with exceptionally warm surface ocean waters in 2016 (+3 °C anomaly), warming at depth
in 2018 (+1 °C anomaly) and a prolonged reduction in regional sea-ice concentration, suggesting ocean-driven processes
played a role in driving this change. Our results show that ice dynamic change in southeast Greenland has been more spatially
extensive and larger magnitude than previously recognised, highlighting the sensitivity of these glaciers to environmental

forcing and their susceptibility to rapid, synchronous change.

1 Introduction

Over the 28-year period from 1992 to 2020, the Greenland Ice Sheet experienced a significant negative mass balance, losing
4,892 + 457 Gt of ice at an average rate of 169 + 16 Gt per year (Otosaka et al., 2023). The 13.5 mm Greenland contributed to
global sea levels over this same time-period accounted for 65 % of the ice sheet contribution to sea level rise (Fox-Kemper et
al., 2023). Ice dynamics are a major driver of this mass loss and are projected to remain so in the future (Choi et al., 2021).
Since the 1970s, increases in the rate of calving and ice discharge above steady-state levels have contributed around two-thirds
of the ice sheet’s total mass loss (Mouginot et al., 2019a). In more recent decades, this fraction has declined to just under half
(King et al., 2020; Shepherd et al., 2020) as negative surface mass balance associated with atmospheric warming has become
more dominant (van den Broeke et al., 2016; Mouginot et al., 2019a). Nevertheless, dynamic losses have increased in absolute

terms, and total mass loss has accelerated since the 1990s (Otosaka et al., 2023).

Mass loss due to ice dynamics is particularly pronounced in regions with many fast-flowing marine-terminating glaciers, such

as the west, northwest and southeast Greenland (Mouginot et al., 2019a). Southeast Greenland, in particular, accounted for
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around a third of Greenland’s total ice discharge between 1986 and 2017; equal to the combined output of the north, northeast
and southwest regions (Mankoff et al., 2020; Mouginot et al., 2019a). Discharge from southeast Greenland changed little
through the 1980s and 1990s before increasing in the early 2000s as several major glaciers, including Helheim, retreated and
accelerated (Howat et al., 2007; King et al., 2020; Mankoff et al., 2020). Regional discharge increased by 18 %, peaking in
2005 and then undergoing little change until 2016 (King et al., 2020). The central east coast showed similar behaviour, mainly
driven by Kangerlussuaq Glacier, which also reached maximum retreat and acceleration in 2005 before levelling off until 2016
(Bevan et al., 2019; Brough et al., 2019; Enderlin et al., 2014; Mankoff et al., 2020). These changes have been linked to
warming of the Atlantic Water ocean layer (Seale et al., 2011; Straneo and Heimbach, 2013), which, due to the deep fjords

typical of this region was able to reach the glacier fronts and interact directly with grounded ice (Wood et al., 2021).

A study of 24 glaciers in central east Greenland found multiyear calving front retreat between 2016 and 2019 (Brough et al.,
2023), including at Kangerlussuaq Glacier (Bevan et al., 2019; Brough et al., 2019). This retreat has been linked to warming
surface waters that weakened the rigid mélange and enhanced iceberg calving (Brough et al., 2019, 2023), highlighting the
important role buttressing plays in modulating calving frequency and ice dynamic processes. Calving front retreat was also
observed in 2016 on peripheral glaciers along the southeast coast. However, in this case, change was attributed to increased
surface meltwater driven by atmospheric warming which increased submarine melting at the glacier front (Liu et al., 2022). In
2018, Steenstrup Glacier accelerated by around 300 %, coinciding with a warm Atlantic water anomaly in its fjord (Chudley
et al., 2023), providing further observational evidence of strong dynamic response to ocean forcing at the scale of one ice
stream. Although recent studies have identified isolated episodes of dynamic change along Greenland’s CE and SE coast in
the late 2010s, this work has focussed either on individual glaciers or on smaller sections of the coastline. This motivates the

need for a more spatially comprehensive and temporally extended assessment of change.

Here, we measure change in ice speed at high temporal resolution on 66 marine-terminating glaciers along Greenland’s central
and southeast coasts, over the past decade from 2014 to 2025. We identify a widespread episode of ice speed acceleration and
then deceleration which has significant implications for the region’s sea level contribution. We analysed ocean temperature

and atmospheric datasets to better understand the environmental drivers of change in the region.

2 Methods

2.1 Ice velocity measurements

We measured ice speed across the central east (CE) and southeast (SE) drainage basins (Mouginot et al., 2019b) of the
Greenland Ice Sheet over an 11-year period, from October 2014 to August 2025 using data from the Sentinel-1 synthetic
aperture radar (SAR) satellites. We used all available unique sequential pairs of Interferometric Wide (IW) swath, single-look
complex (SLC) images acquired by Sentinel-1A, -1B, and -1C during the study period, with temporal baselines of either 6 or

12-days for each pair reflecting the repeat cycle of the satellites. We measured ice speed using the intensity feature tracking
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method (Strozzi et al., 2002a) and the GAMMA Remote Sensing software, following cross-correlation methods that identify
stable intensity patterns between repeat acquisitions (Selley et al., 2021; Strozzi et al., 2002b). We take the signal-to-noise-
ratio (SNR) weighted mean of tracking results from three combinations of window and step sizes in range / azimuth (256 X
64,40 x 10; 350 x 76, 80 x 16; 512 x 128, 80 x 20) (Davison et al., 2024; Lemos et al., 2018; Selley et al., 2021; Wallis et al.,
2023b), and use the Arctic DEM v4.1 (Porter et al., 2023) to convert offsets into ground displacement. We compared our ice
speed measurements with a reference ice speed map consisting of annually averaged Greenland Ice Sheet surface velocity
measurements derived from Sentinel-1 for Oct 1st 2019 - Sept 30th 2020 from the Copernicus Climate Change Service
(Copernicus Climate Change Service, Climate Data Store, 2020; Nagler et al., 2015), removing outliers based on both flow
direction (deviations > 45° for velocities > 50 m yr! removed) and velocity magnitude (over 5 times greater or 0.1 times
smaller removed) (Wallis et al., 2023a). Our ice speed data was then aggregated by the mid-date between the primary and
secondary image acquisition dates and mosaicked onto to a 100 m x 100 m grid. The average ice speed map was generated by

averaging the full set of these primary/secondary image date-pair mosaics.

2.2 Ice velocity error

Several main sources contribute to uncertainty in ice velocity measurements including, i) error in the coregistration of the SAR
image pairs during the cross-correlation step (Lemos et al., 2018); ii) error in the DEM caused by ice surface elevation change
which affects georeferencing accuracy; iii) atmospheric effects such as ionospheric disturbances (Nagler et al., 2015); iv)
uncertainty caused by variations in the radar penetration depth between wet and dry snow conditions (Rott et al., 2020; Wallis
et al., 2023b); v) inaccuracies in the cross-correlation peak-finding algorithm; and vi) broadening of the cross-correlation peak
due to loss of image information between acquisitions (Bhattacharya et al., 2018). We generate a pixel-wise, spatially variable
error estimate for each velocity map by scaling the signal-to-noise ratio (SNR) of the cross-correlation peak with the ice speed
(Lemos et al., 2018). This method produces a spatially and temporally variable error field which is directly related to the cross-

correlation measurement technique (Fig. S3).

Additional uncertainty arises from gaps in the spatial coverage of the ice velocity measurements and the density of these
observations obtained throughout the study period. To assess this, we measured the number of successful velocity
measurements at each pixel across the study region (Fig. S4). The southeast region of Greenland experiences frequent heavy
snowfall, which can limit the success of offset-tracking technique and therefore reduce measurement density (Solgaard et al.,
2021), however, despite this we achieve robust coverage across much of the coastline, with more than 500 successfully tracked
velocity observations on most outlet glaciers during the 11-year study period (Fig. S4). Coverage decreases notably inland
(<100 observations), but these areas do not contain the faster-flowing glaciers that are most susceptible to change which are
the focus of this study. In contrast, there is more limited coverage in the northern CE coastline, where four glaciers
(Bredegeltsjer, Dendrit, Apuseeq An, and Sortebrae) have only 30-50 velocity measurements per glacier over the 10-year

period caused by relatively few Sentinel-1 IW-mode acquisitions.
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2.3 Ice speed timeseries

Ice speed time series were generated pixelwise by temporally stacking the date-pair mosaics and then filtered to remove outliers
using two filtering steps based on an outlier-robust estimate of the standard deviation. The outlier-robust standard deviation
(ORSD) is approximated by scaling the median absolute deviation (MAD) by 1.4826. First the ORSD is calculated with respect
to the full time series, and data points which are > 3 ORSD from a 1-year rolling median are removed. Secondly, a Hampel
filter with a rolling-window size of 90 observations is applied to the remaining data. In the Hampel filter, any observations >
2 ORSD from the median of the window are removed, with the ORSD recalculated in each window. This filtering was applied
to the x and y components of velocity, to better mask magnitude values where there was a large anomaly in a single component.
We also removed any ice speed measurements with erroneously large error values (greater than 1x103° m/yr). Rates of ice
speed change (trends) were calculated on a pixelwise basis over the full date range by fitting a linear trend through the filtered

velocity time series in each pixel.

We extracted individual ice speed time series on 66 outlet glaciers in the CE and SE regions of the Greenland Ice Sheet. For
each glacier, ice speed was sampled within a 1 km x 1 km box positioned ~1.5 km inland of the most retreated calving front
location (CFL), with CFL’s measured using our own manually derived observations (see Terminus Position section) or taken
from other freely available datasets (Black and Joughin, 2022). For each glacier, we calculated the average ice speed and
associated error in the sampling box at every timestep. We produced an error-weighted smoothed, daily estimate of ice speed
and ice speed error using a Kalman Smoother (Wallis et al., 2023b), which are the primary time series used in all subsequent
analyses. When calculating speed changes between two months (Fig. 2 and 3), we resampled the daily time series to monthly
resolution by averaging the ice speed and associated error within each month. When averaging the uncertainty here, and across
the sampling box over the glacier, we assume perfect covariance between measurements, resulting in the most conservative
estimate of the uncertainty. For derived quantities such as the percent change in ice speed between two months (Fig. 3), errors
were propagated by adding in quadrature. We applied a 12-month rolling mean to the Kalman smoothed ice speed time series
when plotting data on the ‘highlight glaciers’ (Fig. 2), and extended the record of ice speed measurements prior to 2014 using
annual ice velocity estimates from ITS LIVE (Gardner et al., 2024) using the same sampling box. ITS LIVE ice velocity fields

are produced from mosaics that combine optical (Landsat) and SAR imagery.

2.4 Terminus position

We measured change in calving front location (CFL) on 15 highlight glaciers (Fig. 1). Between 2015 and 2021 we used the
Black and Joughin (Black and Joughin, 2022) dataset, and extended this record from January 2022 to September 2024 by
manually delineating terminus positions in Sentinel-1 imagery using the GEEDIT digitisation tool (Lea, 2018). We generated

a monthly time series by using the first available Sentinel-1 acquisition in each month. If that image was obscured, we used
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the next suitable acquisition. After digitisation, we quantified terminus position change using the curvilinear box method
implemented in MaQiT (Lea, 2018). Although we performed digitisation at the spatial resolution of the SAR imagery (10
m), the uncertainty associated with manual delineation is typically ~25 m and may be larger for heavily crevassed termini or

for tidewater glaciers influenced by mélange or sea ice (Black and Joughin, 2023).

2.5 Environmental forcing data

We extracted environmental forcing data from the region shown in Fig. 1a, which spans the continental shelf along CE and SE
Greenland on the ocean side and the full extent of the fast-flowing glacier regions on the land side. We took ocean temperature
from the Arctic Ocean Physics Reanalysis product from the Copernicus Marine Environment Monitoring Service (Arctic
Ocean Physics Reanalysis, 2025). For 2 meter air temperature we used ERAS reanalysis data (Copernicus Climate Change
Service, 2023), and sea-ice concentration was taken from the Arctic Ocean Sea Ice Reanalysis (Arctic Ocean Sea Ice
Reanalysis, 2025), also from the Copernicus Marine service. For all variables, we computed spatial averages across the full

region. Anomalies were calculated relative to the mean over the full period 1991-2024 (19932024 for sea-ice concentration).
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Figure 1 | Ice speed and speed change trends across central east and southeast Greenland. a) Mean ice
speed (m yr™) for the central east and southeast Greenland study region from October 2014 to August
2025. The black dashed line marks the boundary of the area used to extract ocean and atmospheric
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forcing data in Fig. 4. b) Pixelwise trends in ice speed over the same period with speedup (red) and
slowdown (blue) shown. The inset map of Greenland shows the central east (purple) and southeast (pink)
drainage basins from Mouginot et al. 2019 (Mouginot et al., 2019a), with the locations of zoomed panels
in Fig. 1c-h also noted (black dashed boxes). These regions focus on selected highlight glaciers where
velocity time series are shown in Fig. 2. c—h) Zoomed maps of ice-speed trends for individual highlight
glaciers, labelled by glacier ID: ¢) Borggraven (12), Kangerlussuaq (18), Apuliliip Apusiia (Polaric) S
(21). d) Unartit (25). e) K.J.V. Steenstrup Nerdre Brz (28), Kattilersorpia (Glacier de France) (29),
Apuseerajik (Fenris) (31), Helheim (32). f) Sleipner (46), Storebjern (48). g) Mogens Heinesen N (53),
Mogens Heinesen C (54). h) Anorituup Kangerlua CN (60), Anorituup Kangerlua CS (61), Avaqqat
Kangerluat (63). The black coastline is from Gerrish (2020) (Gerrish, 2020) .

3 Results

3.1 Spatial patterns of ice speed change

To identify the broad spatial pattern and magnitude of dynamic change across central east (CE) and southeast (SE) Greenland
over the past decade, we first examine the mean ice speed and ice speed trends derived from the full Sentinel-1 record (Fig.
1). Ice flow in this region is dominated by fast-flowing outlet glaciers terminating in long, narrow fjord systems. Kangerlussuaq
and Helheim are the fastest glaciers in the region, reaching speeds of over 8 km yr™ near their terminus. In contrast, several
smaller outlet glaciers flow at only ~300 m yr*. Fast flow (>1 km yr™') can extend up to 50 km inland on the region’s largest

outlet glaciers but is generally confined to within 10 km of the termini on slower glaciers.

Ice speed trends were measured by applying a linear fit to the full Sentinel-1 ice velocity record from 2014 to 2025, on every
pixel in the study region (Fig. 1b). We find that non-zero trends are almost entirely restricted to the outlet glaciers, with minimal
rates of change inland. On these glaciers, the strongest trends (greater than 50 m yr2) are located near the glacier termini.
Exceptions to this include K.J.V Steenstrup and Apuseerajik (Fenris) glaciers, in which large trends can be seen over distances
greater than 30 km upstream of the terminus (Fig. 1e). Positive trends dominate much of the CE coast south of 69°N, with
Boggraven, Kangerlussuaq and K.J.V Steenstrup reaching approximately 60, 110 and 400 m yr 2, respectively (Fig. 1c, e).
Similar positive trends are observed across much of the SE coast. Here, Mogens Heinsen N and C glaciers show trends
exceeding 100 m yr2 near their termini (Fig. 1g), while Anorituup Kangerlusa CN and CS reach values above 200 m yr 2 (Fig.
1h). However, neighbouring glaciers can show contrasting behaviour within the same fjord system. Helheim and Apuseerajik
(Fenris) Glaciers both show strong acceleration, with Apuseerajik (Fenris) exceeding 300 m yr2, whereas neighbouring
Nigertiip Apusiia (Midgard) shows a negative trend of nearly —200 m yr2 (Fig. le). Similarly, A.P. Bernstorff and Sleipner
Glaciers display opposing trends with negative and positive velocity changes respectively (Fig. 1f). Overall, these trends
demonstrate that substantial dynamic change is widespread across CE and SE Greenland. However, since linear trends can
obscure when these changes occurred, we next examine the temporal evolution of glacier speed to further investigate the timing

and magnitude of speed changes.
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3.2 Widespread, synchronous acceleration and deceleration

To better understand the timing of the ice speed change in central and southeast Greenland, we extracted time series of ice
speed on all glaciers in the study region (Fig. 2, Fig. S1). These data reveal a widespread, multi-year acceleration of glaciers
along the whole length of the CE and SE Greenland coast initiating between January and June 2016 and persisting until 2020.
This was followed by a peak in speeds and deceleration from 2020 until the end of the study period. We expand upon each of

these phases in the next three sections.

3.2.1 Acceleration phase (2016-2020)

During the period 2016-2020, 43 out of the 66 glaciers (65 %) experienced a significant increase in ice velocity, 7 slowed and
16 showed no significant change (Fig. 2, Fig. 3a). Figure 2 shows timeseries of ice velocity on the 15 glaciers with the most
pronounced ice speed change over the full study period from 2016 to 2024. We refer to these glaciers from here on as
“highlight” glaciers, with time series for all 66 glaciers in the study region shown in Figure S1. These time series show the
very large magnitude change in ice speed that occurred in just a few years. The largest percent increases in ice speed in this
four year time period, occurred on K.J.V Steenstrup (Fig. 2e) which increased from 1466.7 + 116 km m yr' to 4660.2 = 74 m
yr! (+217.7 £26 %), Kattilersorpia (Glacier de France) (Fig. 2f) which increased from 426.0 £31 m yr! to 951.2 £ 20 m yr!
(+123.3 + 17 %), Apuseerajik (Fenris) which increased in speed from 1750.6 £+ 94 m yr'to 3711.2 £ 75.1 m yr* (+112.0 +
12 %) (Fig. 2g) and Sortebrae which is a surge type glacier with a 167 = 45 % increase from 179.9 =28 m yr* to 480.8 = 32
m yr !, The largest slowdown during this period occurred on Nigertiip Apusiia (Midgard) and Dendrit Glaciers (—15.6 + 4 %
and —11.8 £ 7 %, respectively) which were the only two glaciers to decrease in speed by more than 10 %. Overall, accelerating
glaciers increased their speed by 43.1 % on average, while those that decelerated slowed by an average of 9 %, and in total six
glaciers more than doubled their speed during this period (Sortebrae, Apuliliip Apusiia (Polaric) S, K.J.V Steenstrup,
Kattilersorpia (Glacier de France), Apuseerajik (Fenris), and Sleipner) (Fig. 3).

Within this broader acceleration phase, there was variability in the timing and evolution of speedup (Fig. 2, Fig. S1, Fig. S2a).
Three dominant patterns emerge across the region. First, some glaciers accelerated continuously from early 2016, peaking
around early 2020. Second, some glaciers accelerated in early 2016, then slowed or plateaued, particularly in 2017, before
renewed acceleration in 2018, with speeds peaking in 2020. Third, some glaciers did not accelerate until around 2018, showing
ice speed-up only in that later period. Examples of glaciers that exhibited continuous acceleration from 2016 to 2020 include
Borgraven (Fig. 2a), Apuliliip Apusiia (Polaric) S (Fig. 2¢), Apuseerajik (Fenris) (Fig. 2g) and Sleipner (Fig. 2i). Glaciers that
showed early acceleration in 2016 followed by renewed acceleration in 2018 include Unaritit, Anorituup Kangerlua CN and
CS (Fig. 2d,m,n). Glaciers where the onset of acceleration was delayed to 2018 include Kattilersorpia (Glacier de France) (Fig.
2f) and Avaqqat Kangerluat (Fig. 20). K.J.V Steenstrup exhibits a combination of these behaviours, with initial acceleration

in 2016 followed by a steeper increase after 2018.
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Despite this variability, the region-wide pattern is coherent and represents some of the most rapid increases in ice speed ever
observed, in just a few years. Overall, the observed speedup from 2016 to 2020 was much larger than anything on the record
for most glaciers in the SE and CE Greenland region and marks a clear change in state from the muted change and in some

cases slight deceleration observed in 2015 and the historical period prior to that (Fig. 2).
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Figure 2 | Time series of ice-speed and calving-front change on 15 highlight glaciers in the SE and CE
study region. The locations of these 15 glaciers are shown in Fig. 1, with glacier names and IDs shown
above each plot. (a-0) Each time series shows the filtered monthly ice-speed observations derived from
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Sentinel-1 intensity feature tracking (October 2014-August 2025) (light grey dots), the Kalman-smoothed
ice velocity time series further smoothed with a 12-month rolling mean (solid black line), and historical
annual ITSLIVE ice velocities (Gardner et al., 2025) plotted in June for each year from 2000 to 2014
(black dots). On the second y-axis we show calving front location change relative to the January 2015
front position (red dots), which combines Joughin and Black et al. (2022) (Black and Joughin, 2022)
measurements (January 2015-December 2021) with our own manually delineated fronts (January 2022-
September 2024). We show monthly calving front location change values for all glaciers except Helheim
and Kangerlussuaq, which have weekly measurements for 2015-2021. The calving front change time
series are interpolated to daily resolution and smoothed with a 12-month rolling mean (solid red line).

3.2.2 Ice speed peak

A consistent feature of the ice speed time series is that the speed peaked, rather than continuing to accelerate through to the
end of our study period. On most glaciers we observe peak ice speeds clustering around late 2019 to early 2020 (Fig. S2b),
although some glaciers including Mogens Heinsen N and C and Avaqqat Kangerluat (Fig. 2k, 1, o) reached their peak ice speed
slightly later (Fig. 2). The largest number of glaciers (six) reached their maximum speed in January 2020 (Fig. S2b), with
twelve glaciers (18 % of those studied) reaching peak speeds within three months from November 2019 to January 2020, and
one third of all glaciers reaching their peak speed in the 12-month window from June 2019 to June 2020. This clustering shows
that late 2019 to early 2020 marked a turning point for glacier dynamics across the CE and SE coast of Greenland, with glaciers

transitioning from the widespread acceleration phase to a new phase of widespread deceleration post-2020.

3.2.3 Deceleration phase (2020-2024)

Following the 2016 to 2020 ice speed acceleration phase, the SE and CE Greenland region entered a new widespread episode
of glacier deceleration from January 2020 to January 2024 (Fig. 3b). During this period 45 out of the 66 glaciers in the region
(68 %) showed a reduction in ice speed (Fig. 3b), with those that slowed doing so by an average of 15.5 %. Between 2020 and
2024, we observed the strongest percentage slowdown on Sortebrae (-84.9 + 6 %), followed by Ikertivaq NN (-52.5 £ 4 %)
and Danell Fjord (-47.3 + 3 %). Only six glaciers increased in speed during this period with an average speed increase of 12.5
%, substantially less than the magnitude of the speed change observed in the earlier acceleration phase. The largest ice speed
increases occurred on Avaqqat Kangerluat (23.8 + 4 %) and Mogens Heinsen C (20.1 + 5 %), while the other increases were
more modest. Of the 43 glaciers that accelerated in the 2016-2020 period, 31 subsequently decelerated, eight showed no further

significant change and only four continued to speed up (Fig. 3b).

3.2.4 Net change (2016-2024)
Although most glaciers slowed after 2020, the earlier accelerations were larger in magnitude, leading to a net increase in ice
velocity across much of the CE and SE Greenland study region over the full 2016-2024 period (Fig. 1, Fig. 3c). When

considering the complete record spanning both the acceleration and deceleration phases, 29 glaciers showed a net acceleration
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with a 42.9 % increase in speed on average (Fig. 3¢), and 8 glaciers increased their speed by over 50 %. In contrast, 17 glaciers
experienced a net slowdown of 20.9 % on average, and 20 glaciers showed no overall change. Some slower-flowing glaciers
showed particularly large relative speed increases, such as Kattilersorpia (Glacier de France) (105 %), however, given the
slower absolute ice velocity these ice streams likely remain a small contributor to total ice discharge from the region. While
we do observe seasonal ice speed variability on many glaciers on top of the multi-year acceleration and deceleration, this can
appear much less pronounced or not visible at all in the time series due to the relatively smaller magnitude. Similarly, on most
glaciers, the multi-year speedup signal is sustained throughout the winter months, often with no noticeable winter slowdown,

indicating that the driver of this change is not only present during the summer months.
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Figure 3 | Relative change in glacier speed from 20162020, 2020-2024, and 20162024, for all 66 glaciers
in the study region. Percent change in glacier speed is shown for all 66 glaciers in the study region,
ordered from north to south (ID 1-66), with positive (red bars) and negative (blue bars) speed change
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both indicated. Percent change is computed from the mean monthly velocity values for each glacier
between the two comparison months, and error bars (black bars) computed by propagating uncertainties
in the monthly mean velocities. Panels show a) percent change between January 2016 and January 2020,
b) percent change between January 2020 and January 2024, c) percent change between January 2016
and January 2024.

4 Discussion

4.1 Calving front change

In order to investigate the overall dynamic response of glaciers in the CE and SE Greenland study region we produced a time
series of calving front location change on the 15 highlight glaciers over the full study period from 2015 to 2024 (Fig. 2). Our
results show that overall, the calving front locations have changed on all 15 highlight glaciers in synchrony with the observed
ice speed change episodes. During the main acceleration phase from 2016 to 2020 we observe a strong statistical correlation
between the timing and magnitude of ice speedup and calving front retreat with an average Pearsons’s coefficient of 0.907.
Our observations show that all the highlight glaciers retreat between 2016 and 2020, but they then tend to undergo a change
in behaviour in 2020, around the same time as the ice speed change peak occurred. On some glaciers like Apuliliip Apusiia
(Polaric) S and Storebjorn the calving front readvances, on other glaciers the retreat plateaus or continues at a slower rate. The
statistical correlation between the calving front change and ice velocity in the deceleration phase is much weaker after 2020
(Pearsons’s coefficient of 0.154) due to this different behaviour. Calving front locations can only readvance at the rate at which
glacier ice flows, so this may in part explain the poorer correlation and shows that the rate of ice flow acts as a control on the
recovery period required for glacier readvance post dynamic activation, as observed in CE and SE Greenland. Over the full
study period all glaciers underwent net retreat, with all but Helheim retreating more than 1 km and 10 glaciers retreating by
over 2 km. The largest overall calving front retreat occurred on K.J.V Steenstrup (>6 km), followed by Apuseerajik (Fenris)

which experienced just under 5 km of calving front retreat.

4.2 Environmental drivers of change

We considered what external drivers may have triggered the widespread episodes of ice dynamic variability observed across
the SE and CE region of Greenland. The influence of ocean temperature on ice dynamics can be felt through its modulation of
frontal ablation via submarine melt, calving and its influence on mélange rigidity (Wood et al., 2021). To investigate the
potential role of ocean forcing we extracted average monthly ocean potential temperature from the Copernicus Marine
Environment Monitoring Service (CMEMS) Arctic Ocean Physics Reanalysis (Arctic Ocean Physics Reanalysis, 2025) to
assess how ocean conditions may have varied during the decade long study period (Fig. 4a). The results show that across all
depths (0-300 m), ocean temperature anomalies transitioned from mostly negative before 2003 to predominantly positive
afterward, indicating a long-term warming trend in the region. The data shows that a particularly strong positive ocean

temperature anomaly appeared in the upper ocean (0 to ~50 m depth) in mid-2016, persisting until the end of that year, and
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peaking at almost +3 °C relative to the baseline at 6 m depth (Fig. 4b). This is over 1°C higher than any previous ocean
temperature anomaly at that depth. In deeper water, the 2016 ocean temperature anomaly is present but weaker, reaching just
under +0.5 °C at 200 m depth (Fig. 4c) which is comparable to other warm periods since 2003. The strongest warming at this
depth occurred in 2018, when ocean temperature anomalies exceeded +1 °C, the largest anomaly recorded at that depth on the

record.

The timing of these warm ocean temperature anomalies aligns closely with the onset of glacier speedup and calving front
retreat (Fig. 4). The exceptionally warm surface waters in 2016 correspond to the initial, widespread glacier retreat and speed-
up, while the deeper warm water anomaly in 2018 coincides with the second phase of ice speed acceleration seen on some
glaciers. Ocean temperature anomalies notably decline in 2020 at both the surface and at depth, with surface waters remaining
near zero or slightly negative and deeper waters showing modest warming that is within the normal range of variability since
the early 2000’s. This ocean temperature cooling in 2020 coincides with the widespread slowdown of glaciers in CE and SE
Greenland, marking the end of the acceleration period. Overall, this result strongly suggests that ocean forcing played a driving

role in triggering the observed ice dynamic change on the marine-terminating glaciers in SE and CE Greenland.

To assess climatic conditions in the region at the time of the observed ice dynamic variability, we extracted 2 m air temperature
from the ERAS reanalysis model (Hersbach et al., 2020; ERAS monthly averaged data on single levels from 1940 to present,
2026) and calculated its associated anomaly (Fig. 4d). The results show that in correspondence with the long-term ocean
temperature trends, the air temperature anomaly shifts from mostly negative to mostly positive air temperatures in the early
2000’s. While there is a lot of very short-term air temperature variability that is likely caused by weather events, the 12-month
rolling mean shows that 2016 stands out as a consistently warmer year (Fig. 4d), possibly causing the warm ocean surface
temperature anomaly observed at this time (Fig. 4a). While air temperatures in 2016 are not substantially higher than earlier
warm periods in 2010 or 2003, it does represent a sustained period of positive air temperature anomalies that could have
influenced glaciological change in the region. Warmer air temperatures are known to influence glacier dynamics by increasing
surface melt which lubricates the flow of ice, and this is likely the primary control on the seasonal ice speed variability we
observe (Sundal et al., 2011). However, cold, freshwater runoff into the fjords can also impact ice-ocean interactions by
affecting fjord overturning circulation, which enables warm ocean waters to reach the glacier front more effectively (Slater

and Straneo, 2022; Straneo and Heimbach, 2013).

Both atmospheric and ocean forcing affect the formation and persistence of mélange and sea-ice in fjords and the surrounding
region, both of which can exert a stabilising influence on glacier termini dampening the frequency of iceberg calving events
(Howat et al., 2010; Walter et al., 2012). We extracted sea-ice concentration data along the continental shelf and calculated
the associated anomaly (Fig. 4e), and while this dataset does not provide coverage in the small fjords that characterise this part

of Greenland’s coastline, it provides the best available data for assessing sea ice conditions during this period. The results
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show a sustained negative sea ice concentration anomaly between 2016 and 2021, coinciding with the period of glacier
acceleration and calving front retreat. Mélange can provide a consolidating effect on the glacier terminus, with reductions in
coverage allowing more frequent calving and therefore retreat (Amundson et al., 2010, 2020) as previously observed at
Kangerlussuaq (Bevan et al., 2019). Once retreat is initiated the bed geometry of the glacier will strongly influence how the
glacier responds once forcing conditions change (Enderlin et al., 2013; Schoof, 2007), in part explaining the heterogeneity in
response between neighbouring glaciers. Overall, the atmospheric and ocean conditions suggest that warm ocean waters and

their influence on mélange and sea-ice conditions, were likely a key driver of the observed changes.

Local fjord geometry and bed topography impact how ocean temperature anomalies influence ice melt on individual glaciers,
with features such as fjord depth, ridges, and sills controlling the properties of water reaching the glacier front (Batchelor et
al., 2019; Wallis et al., 2023a). Southeast Greenland contains many deep fjords which allow warm Atlantic Water to access
the glacier front and potentially trigger retreat (Millan et al., 2018; Palmer et al., 2025). Observations at K.J.V Steenstrup
showed that access to deep, warm water likely contributed to its exceptional retreat and acceleration (Chudley et al., 2023).
While similar processes may contribute to the speed up of other marine terminating glaciers along the coast, bathymetry
remains very poorly resolved in many fjords in CE and SE Greenland (An et al., 2019), limiting our ability to quantify its role.
Future studies should improve fjord and bed geometry mapping to better understand ocean circulation patterns within narrow
fjord systems and to understand how routing of warm deep water reaches the ice sheet margin driving ice dynamic responses

in this region.
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Figure 4 | Ocean, atmosphere temperature and sea-ice concentration anomalies in SE and CE Greenland. Average
ocean temperature (Arctic Ocean Physics Reanalysis, 2025) and sea-ice concentration (Arctic Ocean Sea Ice
Reanalysis, 2025) anomalies are extracted from the ocean portion of the dashed region in Fig. 1a while average
ERAS 2 m air-temperature (ERAS monthly averaged data on single levels from 1940 to present, 2026) anomalies
are extracted over the full region outlined by the dashed line in Fig. 1a. a) Hovmoller plot of monthly ocean potential
temperature anomalies from 0-300 m depth (1991-2024) relative to the long-term monthly climatology. b) Time
series of 6 m ocean potential temperature anomalies (upper ocean). ¢) Time series of 200 m ocean potential
temperature anomalies (Atlantic Water layer). d) Monthly 2 m air-temperature anomalies from ERAS. Grey line
shows monthly values; black line shows 12-month rolling mean. e¢) Sea-ice concentration anomalies. Grey line shows
monthly values; black line shows 12-month rolling mean. Vertical grey lines mark January 2016 and January 2020,
corresponding to the onset and end of the widespread acceleration period (Fig’s. 2-3).

4.3 Long term ice dynamic change

Our results show a clear, regionally coherent pattern of ice dynamic change across CE and SE Greenland from 2014 to 2025.
335 Although previous studies have documented calving front retreat on a subset of these glaciers (Bevan et al., 2019; Brough et

al., 2019, 2023) our results show that the signal was far more spatially extensive, affecting the majority of marine-terminating

glaciers along the CE and SE Greenland coast. This behaviour initially resembles the ice speedup events characteristic of the
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early 2000’s (Moon et al., 2012) (Fig. 2), yet in many cases the change observed between 2016-2020 is much larger with
several glaciers reaching their highest recorded speeds. Extension of the ice speed record on each glacier with historical data
(Gardner et al., 2025) shows that on almost all 66 glaciers in our study region the 2020 ice speed peak is the fastest velocity
measurement observed since at least 2000, often exceeding the early 2000’s acceleration which was substantial in its own right
(Fig. 2). Thirteen of the 15 highlight glaciers reach speeds which are often substantially higher than those seen before 2014,
with Kangerlussuaq and Helheim (Fig. 2b, h) the only exceptions. The fact that a second, stronger, episode of widespread ice
dynamic variability has now occurred in CE and SE Greenland suggests that glaciers in this region may be particularly

susceptible to rapid, synchronous ice dynamic change (Christoffersen et al., 2011).

Although ocean driven changes appear central to the acceleration of CE and SE glaciers, the source of the ocean anomalies is
less clear. This section of Greenland’s coastline is influenced by both the East Greenland Current and the Irminger Current,
which transport both cold polar waters and warm Atlantic-origin waters along the shelf (Sutherland et al., 2013). Moorings in
the Fram Strait and upstream along the East Greenland Current, recorded warming and reduced sea ice since 2003, with a
regime shift around 2015 (de Steur et al., 2023). These changes could have propagated along the coast and contributed to the
extreme surface warming and reduced sea ice observed in our study region in 2016. Large scale atmospheric patterns such as
the North Atlantic oscillation (NAO) and the state of the subpolar gyre can also influence the transport of warm water along
the coast (Straneo and Heimbach, 2013; Wood et al., 2021). Future studies should investigate whether the dynamic variability

we observe during this period in CE and SE Greenland expands even more widely to other parts of Greenland.

Despite the slowdown after 2020 most glaciers remain significantly faster than pre-2016 levels, indicating that the sea level
contribution from this region of Greenland will have been elevated for approximately half a decade. In the long-term it remains
uncertain whether glacier speeds will return to their original state following this change episode, or whether this represents a
more permanent step change in regional ice dynamics. Either way, given projections of more extreme and less predictable
atmospheric and ocean variability in Greenland in the coming decades (Fox-Kemper et al., 2023), it is essential to monitor and

model this region of Greenland to monitor its ongoing and future response to environmental change.

5 Conclusion

We used over a decade of Sentinel-1 data to measure change in ice speed on 66 glaciers in central and southeast Greenland
from 2014 and 2024 and observed a widespread pattern of synchronous ice dynamic change. Our results show widespread
acceleration beginning in 2016 with speeds peaking in 2020, followed by lower-magnitude deceleration. This ice dynamic
event was spatially extensive affecting nearly all the marine terminating glaciers in the region, and in many cases exceeding
the magnitude of the historical speedup events of the early 2000’s. Most glaciers in the SE and CE Greenland study region
remain faster flowing than pre-2016 levels and will have experienced elevated ice discharge and sea level contribution for at

least half a decade. Our results show that a significant ocean temperature anomaly occurred at the same time as the period of
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acceleration and calving front retreat, which was the likely driver of the acceleration and subsequent slowdown. Overall, our
findings highlight the sensitivity of this sector of Greenland, and its ability to respond rapidly to change. Future studies should
monitor and model its evolution to better understand how future ocean and atmospheric variability may influence regional ice

discharge and ice sheet mass balance.

Code and data availability

The original Copernicus Sentinel-1A/B data supporting this study can be freely downloaded from the Copernicus Data Space

Ecosystem (https://dataspace.copernicus.eu/). Data generated in this study will be made freely and openly available on Zenodo

on publication of this paper or on request by reviewers. Published datasets will include the ice speed and ice speed change map
for the study region, ice speed timeseries for all 66 glaciers as shown in the supplementary material and calving front position

shapefiles for the highlight glaciers.
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