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Abstract The Northeast Greenland Ice Stream (NEGIS) has experienced substantial dynamic thinning in
recent years. Here, we examine the evolving behavior of NEGIS, with focus on summer speedup at Zachariae
Isstrøm, one of the NEGIS outlet glaciers, which has exhibited rapid retreat and acceleration, indicative of its
vulnerability to changing climate conditions. Through a combination of Sentinel‐1 data, in‐situ GPS
observations, and numerical ice flow modeling from 2007, we investigate the mechanisms driving short‐term
changes. Our analysis reveals a summer speedup in ice flow both near the terminus and inland, with satellite data
detecting changes up to 60 km inland, while GPS data capture changes up to 190 km inland along the glacier
center line. We attribute this summer speedup to variations in subglacial hydrology, where surface meltwater
runoff influences basal friction over the melt season. Incorporating subglacial hydrology into numerical models
makes it possible to replicate observed ice velocity patterns.

Plain Language Summary The Northeast Greenland Ice Stream (NEGIS), a crucial part of the
Greenland Ice Sheet, has been experiencing significant dynamic thinning recently. This study focuses on the
summer speedup of Zachariae Isstrøm (ZI), one of NEGIS's outlet glaciers, which is rapidly retreating and
accelerating, highlighting its sensitivity to climate change. Utilizing Sentinel‐1 satellite data, in‐situ GPS
observations, and numerical ice flow modeling, we explore the mechanisms behind short‐term dynamic
changes. We find that satellite data reveals short‐term summer (June to August) fluctuations in ice flow speed
near the glacier terminus and up to 50–70 km inland. However, GPS data shows that this speedup extends
further inland, up to at least 190 km along the main flow line. Only GPS data can detect the smaller‐scale
summer speedups in these inland regions, providing critical observations for validating ice flow models. We
determine that the seasonal acceleration of ice velocity at Zachariae Isstrøm is due to variations in subglacial
hydrology, where surface meltwater runoff reduces basal friction by altering the subglacial hydrologic system
during the melt season. Additionally, our study highlights that these findings are applicable beyond NEGIS,
with similar speedup patterns observed in other Greenland glaciers.

1. Introduction
The Northeast Greenland Ice Stream (NEGIS), which extends more than 600 km into the interior of the ice sheet,
is undergoing sustained dynamic thinning after more than a quarter of a century of stability (Khan et al., 2014;
Mouginot et al., 2015). NEGIS drains about 12% of the Greenland Ice Sheet through its three main outlets,
Nioghalvfjerdsfjorden Glacier (NG), Zachariae Isstrøm (ZI), and Storstrømmen Glacier (SG) (Mouginot
et al., 2015). Recent studies have shown that Zachariæ Isstrøm has experienced rapid retreat and acceleration,
with its ice shelf area decreasing by 95% between 2002 and 2014 (Mouginot et al., 2015). This retreat, coupled
with increased flow rates and accelerated thinning, highlights the vulnerability of marine‐terminating glaciers in
this region to changing climate conditions. Factors such as warmer air and ocean temperatures, together with bed
topography, have been implicated in driving these dramatic changes (An et al., 2021; Aschwanden et al., 2019;
Beckmann &Winkelmann, 2023; Choi et al., 2021; Felikson et al., 2017; Mouginot et al., 2015; Ultee et al., 2022;
Wood et al., 2021).
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Observing and understanding short‐term fluctuations in ice flow speed in Greenland is essential to correctly
estimating long‐term trends that are used to reduce uncertainty in projections of future ice mass loss trends (Halas
et al., 2023; Hanna et al., 2024; Solgaard et al., 2022). Recent studies have used various observational techniques
to investigate these dynamic changes. For instance, Hvidberg et al. (2020) employed a GPS network to assess
surface velocity on NEGIS, revealing flow patterns and highlighting the importance of accurate velocity mea-
surements for understanding ice stream behavior (Grinsted et al., 2022).

Increasingly, subglacial hydrology has emerged as an important factor influencing ice flow dynamics (Andersen
et al., 2023). Subglacial drainage events along NEGIS have been observed to impact ice flow rates, with dif-
ferential satellite synthetic aperture radar interferometry (DInSAR) providing insights into the spatiotemporal
characteristics of these events (Andersen et al., 2023). Moreover, the role of seasonal changes in subglacial
hydrology in driving glacier acceleration has been demonstrated by several studies (Davison et al., 2020;
Ehrenfeucht et al., 2023; Felikson et al., 2022; Ing et al., 2024; Moon et al., 2014; Price et al., 2008). Additionally,
King et al. (2018) emphasized the importance of higher‐resolution records to capture the temporal response of
glaciers to climatic and mechanical drivers, highlighting the need for continuous monitoring to fully understand
ice discharge dynamics and its intra‐annual variability.

Understanding the variability in seasonal ice flow patterns across the Greenland ice sheet is critical. Vijay
et al. (2021) conducted a GrIS‐wide glacier classification based on seasonal velocity patterns, revealing distinct
behaviors influenced by subglacial hydrology and meltwater dynamics (Ahlstrom et al., 2013; Bartholomew
et al., 2011; Moon et al., 2015). Type‐1 glacier velocity variations are associated with changes in the ice front
position, while type‐2 and type‐3 seasonal behaviors are related to seasonal shifts in the drainage networks. Type‐
2 glaciers experience a significant acceleration for a few weeks following the onset of surface melting, after which
they slow down to nearly their pre‐melt velocities for the remainder of the melt season (Vijay et al., 2021). While
satellite‐based ice flow maps can detect short‐term (weekly) fluctuations in flow speed near the terminus and
about 50–70 km inland, changes farther inland are more challenging to detect due to the high signal‐to‐noise ratio
in slow moving regions. To overcome this problem, we use in‐situ GPS observations on NEGIS between 80 and
190 km upstream of ZI to detect seasonal changes in flow speed. GPS based flow speed has an accuracy 100 times
better than satellite‐based observations (Khan et al., 2022) and is therefore an excellent method for detecting
small‐scale fluctuations. Here, we use a combination of GPS observations and satellite‐based ice flow maps on
NEGIS to compare with numerical ice flow models and, in particular, study the importance of subglacial hy-
drology on ice flow speed and its impact on long‐term mass changes.

2. Data and Methods
2.1. Ice Speed From GPS and Sentinel‐1

We processed the GPS data using the GIPSY‐OASIS version 6.4 software Package with high‐precision kinematic
data processing methods (Christmann et al., 2021; Løkkegaard et al., 2024; Neckel et al., 2020) with ambiguity
resolution using Jet Propulsion Laboratory (JPL)'s orbit and clock products (Bertiger et al., 2020). We use JPL's
final orbit products, which include satellite orbits, satellite clock parameters, and Earth orientation parameters.
The orbit products take the satellite antenna phase center offsets into account. The atmospheric delay parameters
are modeled using the Vienna Mapping Function 1 (VMF1) with VMF1grid nominals (Boehm et al., 2006).
Corrections are applied to remove the solid Earth tide and ocean tidal loading. The amplitudes and phases of the
main ocean tidal loading terms are calculated using the Automatic Loading Provider (https://barre.oso.chalmers.
se/loading/l.php) applied to the FES2014b ocean tide model including correction for the center of mass motion of
the Earth due to the ocean tides. The site coordinates are computed in the IGS14 frame (Altamimi et al., 2016).

2.2. Surface Speed and Acceleration From Mosaics Based on ESA Sentinel‐1 SAR Offset Tracking

We derive ice speeds frommosaics based on ESA Sentinel‐1 SAR offset tracking obtained from https://dataverse.
geus.dk/dataverse/Ice_velocity. The ice velocity maps of the NEGIS are derived from the intensity tracking of the
ESA Sentinel‐1 data with a 12‐day repeat; and apply the operational IPP chain for the analysis (Solgaard
et al., 2021). We use all available ice speed mosaics (provided on a grid with a spatial resolution of 500 m) and
associated standard deviations of the underlying shift maps generated by the offset tracking to create a time series
of speed for each grid point.
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2.3. Numerical Ice Flow Model

To investigate whether seasonal changes in subglacial hydrology can explain the observed summer speedups on
NEGIS, we employ asynchronous coupling between a numerical ice flow model and a subglacial hydrology
model to simulate the evolution of effective pressure at the bed during the summer season. In our coupling
configuration, evolving effective pressure, the difference between ice overburden pressure and basal water
pressure, is used to calculate ice dynamics in a transient simulation, but the evolving ice dynamics do not feed
back into calculations of effective pressure. We use the finite element Ice‐sheet and Sea‐level System Model
(ISSM) (Larour et al., 2012) to model the NEGIS and its coupled ice flow‐hydrology capability. The horizontal
mesh resolution ranges from 200 m near the ice front to 25 km inland, and we apply the Shelfy‐Stream
Approximation (MacAyeal, 1989) of the stress balance equations for ice flow. We use the surface and bed ge-
ometry from BedMachine Greenland v4 (Morlighem et al., 2017) and determine ice viscosity parameters for
floating ice and basal friction under grounded ice through inversions.

To establish initial basal conditions, we use the Glacier Drainage System model (GlaDS) to simulate steady‐state,
winter conditions forced by grounded ice basal melt rates modeled using the same setup as the ISSM contribution
to ISMIP6 (Goelzer et al., 2020). GlaDS, a two‐dimensional subglacial hydrology model implemented within
ISSM, integrates equations for R‐channel development and the distribution of meltwater within a sheet‐like
drainage system, formulated using the empirical Darcy‐Weisbach law (Werder et al., 2013). It calculates
effective pressure at the glacier base and hydraulic potential across the domain based on meltwater input to a
predetermined ice‐bedrock geometry. The steady‐state conditions of the basal environment are computed without
any input from the surface, such that basal melt rates are the only model forcing.

To initialize the ice dynamics model, we apply a regularized Coulomb friction law (Gagliardini, 2007;
Schoof, 2005) and invert for the friction coefficient using surface velocities from 2007 to 2008 (Joughin
et al., 2017) and steady‐state effective pressure results from GlaDS. Transient ice dynamics are highly sensitive to
the choice of friction law (Brondex et al., 2017; Choi et al., 2023). Regularized Coulomb friction laws have been
shown to reproduce observations well for other Greenland glaciers (Åkesson et al., 2021) as well as for NEGIS
specifically (Khan et al., 2022). We choose to use the Schoof friction law (Gagliardini, 2007; Schoof, 2005)
specifically because it has been successfully used in previous GlaDS‐ISSM coupled model studies (Ehrenfeucht
et al., 2023; Pelle et al., 2024).

We allow the ice dynamics modules a 20‐year relaxation period before turning on coupling between subglacial
hydrology and ice dynamics to decrease the computational intensity of model spinup. During this time, steady‐
state effective pressure is used to calculate ice flow under constant atmospheric and oceanic forcing. We then run
an additional 5‐year model relaxation with synchronous coupling between ISSM and GlaDS, where outputs from
both models are able to influence the other. The final output of the coupled relaxation period is used as initial
conditions for our experimental model simulations.

We model the subglacial hydrologic system and ice flow dynamics of NEGIS over a 10 year period, from 2008 to
2018, using asynchronous coupling between transient simulations. We first run GlaDS without updating ice
geometry or velocity over NEGIS from 2008 to 2018 using the final state from the synchronously coupled
relaxation simulation to initialize the transient subglacial hydrology model. We use an adaptive timestep satis-
fying the CFL condition and ranging from 10 min to 1 day depending on the maximum water velocity through the
subglacial environment. In addition to steady‐state basal melt, GlaDS is forced using daily surface melt water
runoff from the Modèle Atmosphérique Régional (MARv3.10; Fettweis et al., 2017; Tedesco & Fettweis, 2020).
Limited information is available about the number and locations of moulins in this region. Given the lack of
readily accessible data, we insert meltwater runoff directly to the bed without making additional assumptions
about water routing through a supraglacial hydrologic system or being funneled to the bed at discrete locations.

In order to assess the impact of changes in effective pressure during the melt season on ice flow dynamics, we use
the resulting time‐series of evolving effective pressure as a transient forcing in the ice flow model spanning the
same time period of 2008–2018. The ice flow model is additionally forced with observed weekly ice front po-
sitions from LandSat‐8 (https://www.usgs.gov/landsat‐missions/landsat‐8) (Wood et al., 2021), and with daily
surface mass balance from MAR (Tedesco & Fettweis, 2020). We use the same basal melt parameterization from
(Choi et al., 2021) to represent ocean‐driven melting under floating ice (see in Supporting Information S1 for
additional details).
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3. Results
The velocity time series of ice flow at points P1 to P3 (Figure 1a) is estimated utilizing data from ESA's Sentinel‐1
satellite, which offers a 12‐day revisit interval (Figure 2a). Conversely, for points P4 to P6, we rely on GPS data to
derive the ice flow velocity time series. The GPS‐derived ice speed at points P4 to P6 exhibits an uncertainty of
approximately 0.03 m/yr, while the satellite‐derived ice speed carries an uncertainty of about 3 m/yr. Our
modeled winter ice flow velocity time series with and without subglacial hydrology (Figures 2b and 2c) align with
observations. Both the observed and modeled winter velocity profiles indicate a gradual decrease in speed inland
along the main flow line. Notably, Figure 2b presents the modeled velocity incorporating subglacial hydrology,
whereas Figure 2c excludes this factor. It is noteworthy that the modeled velocity without subglacial hydrology
fails to replicate the summer speedup observed by ESA's Sentinel‐1 satellite and GPS data.

To focus on the magnitude of the summer speedup, we compare relative ice speed (Figure 3) rather than absolute
ice speed (Figure 2). For each time series, we subtract the minimum speed during 2017 to obtain the magnitude of
the summer speedup. Ice speeds from Sentinel‐1 suggest an increase in speed of 630.8 ± 15.1 m/yr at P1,
360.2 ± 10.0 m/yr at P2, and 107.5 ± 10.9 m/yr at P3; however, no significant speedup is observed at P4
(19.1 ± 20.8). Hence, ice speed from satellite data suggests the summer speedup propagated up to approximately
60 km inland from the terminus and along the main flowline.

Figure 1. (a) Satellite‐derived surface speed from 2007. A Landsat‐8 image from 2017 is used as the background. The
locations of GNSS stations, P4, P5, P6 are marked by gray boxes. P1, P2, P3 are selected points (yellow boxes) where we
estimate ice flow time series using ESA Sentinel‐1 data. (b) Photo of the P6 station setup, which consists of an antenna, a
receiver, and a solar panel (source and permission: Shfaqat Abbas Khan). All stations are situated on a platform about 1.7 m
above the ice surface.
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The points P4 to P6 are located between 80 and 190 km inland. Here, we estimate relative ice speed using GPS
data. Figure 3d shows summer speedup detected by GPS at P4 to P6. The magnitude of the summer speedup
declines from 7.16 ± 0.03 m/yr at P4 to 3.88 ± 0.03 m/yr at P5 and to 2.24 ± 0.03 m/yr at P6. Figures 3b and 3e
show modeled relative speedup including subglacial hydrology, while Figures 3c and 3f show modeled results
without subglacial hydrology. The large amplitude of summer speedups observed near the terminus using satellite
data and deep inland using GPS data can only be reproduced by an ice flow model that has subglacial hydrology
incorporated.

4. Discussion
Flow velocity maps derived from Sentinel‐1 SAR offset tracking have proven effective in capturing short‐term
speedups near glacier termini and up to approximately 60 km inland. However, the precision of this method
limits its capability to detect smaller changes further inland. Notably, long‐term changes (>3 years) can be
discerned using Sentinel‐1 data (Khan et al., 2022). Our modeled background winter speeds, both with and
without consideration of subglacial hydrology, generally aligns well with observed speeds from GPS and
Sentinel‐1. While studies focusing on long‐term changes often compare modeled velocity with mean annual
velocity or winter velocities, thereby potentially overlooking short‐term summer fluctuations, these short‐term
variations may play a crucial role in enhancing our understanding of long‐term changes in glacier speed, mass
change, and dynamic thinning.

The long‐term trend in ice velocity at ZI is controlled by the migration of the ice front (Khan et al., 2022), but the
migration of the ice front cannot explain the short‐term seasonal changes in ice speed. In this study, we investigate
another physical process, hydrology, to explain these short‐term changes. Additionally, detecting short‐term
inland speedups beyond 80 km has been challenging without in‐situ GPS measurements, making it difficult to
monitor inland summer speedups of the ZI until now.With the availability of new, accurate GPS data, we reassess
the role of subglacial hydrology in glacier flow speed. Our modeling study indicates that subglacial hydrology is
the main mechanism responsible for the small but detectable speedups observed by GPS between 90 and 190 km

Figure 2. (a) Time series of observed flow speed at P1 to P3 using ESA's Sentinel‐1 satellite data with observed uncertainties, and observed flow speed using GPS data at
P4 to P6. (b) Modeled ice speed using numerical flow models that include a subglacial hydrology model. (c) Modeled ice speed using numerical flow models without
coupling to subglacial hydrology.
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inland. Furthermore, our modeling suggests that subglacial hydrology could potentially be the primary cause of
the seasonal speedup at the glacier front.

The retreat of the glacier terminus induces only minor fluctuations far from the terminus (see Figure 3c). Although
our numerical flow model that includes the effect of subglacial hydrology better fits observed speed fluctuations
near the terminus and inland, it deviates from observations by a factor of 2–3 (see Table 1). Specifically, the
model underestimates the summer speedup by a factor of 2–3 at P1 and P2 and overestimates the speedup by
approximately 2 at P3 to P5. P6 exhibits the best agreement between model and observation. The region
encompassing P1 and P2 is characterized by a rapid drop in ice surface and bed elevation compared to P3‐P5
(Figures 4a and 4b). This complex glacier geometry poses a challenge for the subglacial hydrology model, as
it is difficult to precisely model the entry points of summer meltwater runoff into the subglacial hydrological
system through cracks and moulins at the ice surface. It is likely that summer meltwater runoff in the region of P3‐
P5 travels through extensive surface meltwater channels and enters the bed closer to the region of P1‐P2, likely

near the drop in ice surface elevation (indicated as a dashed red line in
Figure 4b). The magnitude of speedup in response to seasonal meltwater
runoff is also likely skewed in our model results due to the offline coupling
between subglacial hydrology and ice dynamics in our transient simulations.
An increase in velocity will increase the cavity opening rate in the basal
environment, leading to faster transport of meltwater through the subglacial
hydraulic system which moderates how large water pressure is able to grow
(Hoffman & Price, 2014). In our transient simulations, the cavity opening rate
remains constant throughout the melt season, likely leading to an over-
estimate of water pressures. Coupling between subglacial hydrology and ice
flow models is a somewhat new advance in modeling capabilities. The
relative impact of coupling between different parameters remains unknown,

Figure 3. (a) Relative flow speed using ESA's Sentinel‐1 satellite data at P1 to P4. (b) Modeled relative ice speed at P1 to P3 using numerical flow models that include a
subglacial hydrology model. (c) Modeled relative ice speed at P1 to P3 using numerical flow models excluding subglacial hydrology. (d) Relative flow speed using GPS
data at P4 to P6. (e) same as (b) for P4 to P6. (f) Same as (c) for P4 to P6.

Table 1
Observed and Modeled Magnitude of the 2017 Summer Speedup

Site Observed speed (m/yr) Model with hydrology (m/yr)

P1 630.8 ± 15.1 (Sentinel‐1) 217.1

P2 360.2 ± 10.0 (Sentinel‐1) 205.7

P3 107.5 ± 10.9 (Sentinel‐1) 203.8

P4 7.16 ± 0.03 (GPS) 17.9

P5 3.88 ± 0.03 (GPS) 6.6

P6 2.11 ± 0.03 (GPS) 1.8
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but is of interest for future work. The response of the model is also strongly controlled by the choice of friction
law, which remains an area of active research (Choi et al., 2023).

The total modeled mass loss of the NEGIS during 2017 is 16.1 Gt for a flow model that does not include sub-
glacial hydrology. The summer speedup of 630 m/yr at P1 increases ice discharge and the associated ice loss by an
additional 1.5 Gt/yr (due to increased ice discharge through a flux gate at the grounding line). This 10% increase
in ice loss due to subglacial hydrology is critical and must be incorporated into flow models, as future warming is
expected to lead to enhanced melting during summer periods (Beckmann & Winkelmann, 2023). Additionally,
summers are predicted to last longer with more extreme melt events on the ice sheet (Beckmann & Winkel-
mann, 2023), resulting in longer periods with increased surface meltwater runoff into the subglacial hydrological
system. Over the past decade, the Greenland Ice Sheet experienced record‐high mass loss in 2012 (Bevis
et al., 2019), followed by an even larger mass loss in 2019 (Sasgen et al., 2020; Velicogna et al., 2020). Figure 4d
illustrates the summer speedup at P1 in 2017 and during the exceptionally high record mass loss year of 2019. The
2019 speedup was more intense, started earlier, and ended later compared to the 2017 summer speedup. In a
warmer climate, longer periods of increased melt may result in an increase in ice loss at the NEGIS. However,
seasonal fluctuations in ocean, atmosphere and terminus position have a complex effect on long term mass loss,
for example, Felikson et al. (2022) showed that leaving out seasonal signal can cause either an overestimate or

Figure 4. (a) Bed topography and (b) surface topography from BedMachine Greenland v4 ((Morlighem et al., 2017). The red squares in (b) denote locations of P1 to P4.
The red dashed line denotes an area with sharp decline in elevation. (c) Landsat image conducted on 20 July 2017 showing meltwater lakes (dark spots) on ZI. (d) Time
series of surface speed at point P1 in 2017 and 2019.
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underestimate of long term mass loss, depending on the slope of the bed and the amount of seasonal terminus
movement.

Several glacier systems in Greenland with large drainage basins (e.g., Petermann Glacier in northeast Greenland
and Jakobshavn Isbræ in central west Greenland) exhibit speedup patterns similar to those observed at ZI
(Løkkegaard et al., 2024; Millan et al., 2022; Moon et al., 2014). The peak velocity of these type‐2 glaciers occurs
during the melt season, in contrast to type‐3 glaciers, where the peak velocity occurs prior to the melt season
(Vijay et al., 2021). Out of 221 glaciers, 48 exhibit type‐2 behavior and could potentially experience enhanced ice
loss in the future, as the melt season lengthens.

In recent decades, the ablation area in north Greenland expanded to higher elevations and increased by 46%,
which is twice as much as in the south (+25%) (Noël et al., 2019). To accurately model the small accelerations at
higher elevations (often in order of few m/yr2 (Khan et al., 2022)), high‐precision in‐situ GPS data as used here or
an improved processing strategy for satellite‐based velocity maps is required (Andersen et al., 2023).

5. Conclusions
We presented new insights concerning seasonal dynamic changes occurring within the Northeast Greenland Ice
Stream and underscore the vulnerability of marine‐terminating glaciers in this region to evolving climate con-
ditions. Through a combination of observational techniques and numerical modeling, we elucidate the complex
interplay of factors driving ice flow dynamics, particularly focusing on the role of subglacial hydrology. By
accurately measuring the observed ice velocity from satellite data, we detect short‐term summer (June to August)
fluctuations in flow speed near the terminus and up to about 50–70 km inland. Furthermore, our in‐situ GPS data
suggest the short‐term speedup migrates further inland, to at least 190 km along the main flow line. In this inland
region of NEGIS, only GPS data can detect the small‐scale amplitude of summer speedup and thereby provide
crucial observations for ice flow model validation. We ascertain that the short‐term seasonal acceleration of ice
velocity on Zachariæ Isstrøm can be attributed to variations in subglacial hydrology based on results form
asynchronous coupling between subglacial hydrology and ice flow models, wherein surface meltwater runoff
mitigates basal friction through the evolution of the subglacial hydrologic system over the melt season. Moreover,
our study underscores the broader relevance of these findings beyond NEGIS, with similar speedup patterns
observed in other glacier systems across Greenland. As climate warming continues to exert pressure on the
Greenland Ice Sheet, understanding and accurately modeling these dynamic processes are essential for accurately
predicting future ice loss and its implications for global sea‐level rise.

Data Availability Statement
BedMachine Greenland is available from the National Snow and Ice Data Center (NSIDC) (Morlighem
et al., 2022). MAR SMB and runoff information can be found accessed at http://ftp.climato.be/fettweis/MARv3.
10/Greenland/ERA5_1950‐2021‐6km/ (Tedesco & Fettweis, 2020). The ice fronts time series is available at
Wood et al. (2020). Ocean thermal forcing data are available at Wood et al. (2020). The ice speed obtained from
mosaics based on ESA Sentinel‐1 SAR offset tracking are available at A. Solgaard & Kusk (2024). GPS time
series of ice speed is available at Khan (2024). The ISSM is open source and is available at http://issm.jpl.nasa.
gov (Version 4.24, released on 26 May 2024).
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