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Abstract Acceleration of Sermeq Kujalleq has been linked to the retreat of its calving front. However,
models consistently underestimate its ice-flow variability, indicating that important physical processes might
be ignored, which introduces uncertainties in projecting its future mass loss and sea-level rise contribution.
Using the Ice-sheet and Sea-level System Model, we simulate Sermeq Kujalleq from 2016 to 2022
constrained by sub-monthly ice front positions. Changes in front position explain >76% of the velocity
variations but with a spatially and seasonally varying misfit between modeled and observed velocities up to
30 km upstream. This misfit significantly correlates with variations in height above flotation within 10 km
of the terminus. Incorporating these variations into the model by scaling the basal shear stress reduces the
average misfit by over 90%. This indicates that seasonal variations in ice thickness-induced effective
pressure and basal conditions play a crucial role in controlling intra-annual and longer-term ice-flow
variations.

Plain Language Summary Modeling Sermeq Kujalleq (Jakobshavn Isbrae), the world's fastest
marine-terminating glacier, has been a challenge due to a lack of understanding of the key controls governing ice
flow. This uncertainty has led to underestimates of its future contribution to sea level rise. To identify driving
mechanisms and reduce this uncertainty, we used advanced ice flow model and sub-monthly observations,
finding that fluctuations in ice front position accounted for >76% of ice velocity variations up to 30 km
upstream. However, there was also a significant seasonal misfit between the modeled and observed speeds,
especially in recent years, with the model typically underestimating observed ice flow in late summer and
autumn when it is thinner and closer to floating. When variations in the degree of floatation are added to the
model the misfit is reduced by over 90%, indicating the crucial role of seasonal ice thickness variation in
determining long-term ice flow variations.

1. Introduction

The Greenland Ice Sheet (GrIS) discharges ice to the ocean through hundreds of marine-terminating glaciers
(Mouginot et al., 2019; Wood et al., 2021). Observations and numerical modeling indicate that the retreat and
acceleration of these glaciers have been primary drivers of GrIS mass loss, accounting for 66% =+ 8% of the total
loss and contributing a cumulative 9.1 mm sea level rise equivalent since the late 20th century (Choi et al., 2021;
King et al., 2020; Mouginot et al., 2019). Consequently, understanding the mechanisms governing marine-
terminating glacier behavior and parameterizing these mechanisms in ice flow models is critical for assessing
the present and future state of the GrIS (Enderlin et al., 2014; Straneo & Heimbach, 2013).

Sermeq Kujalleq (Jakobshavn Isbree) is the fastest flowing marine-terminating glacier and the largest single
source of sea-level-rise from the GrIS, losing approximately 250 Gt from 2011 to 2020 (Joughin et al., 2020; Khan
et al., 2022; Khazendar et al., 2019). Over the past 2 decades, it has generally exhibited multi-annual retreat,
frontal thinning, and widespread acceleration, with a brief phase of re-advance, slowing, and thickening from
2016 to 2019 (Cassotto et al., 2017; Joughin et al., 2020; Khazendar et al., 2019; Lemos et al., 2018). Numerical
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models suggest that 80%—90% of the upstream acceleration (~40 km upstream along its flowline (Figure 1)) of
Sermeq Kujalleq (SK) can be directly attributed to ice-front retreat, triggered by ocean warming and a reduction in
the extent and duration of the rigid ice mélange (Cassotto et al., 2019; Joughin et al., 2020; Rosenau et al., 2013;
Vieli & Nick, 2011). These changes alter the near-terminus stress regime, driving ice-front retreat and decreasing
ice viscosity at the shear margins through stress perturbations (Bondzio et al., 2016, 2017). Near the terminus, SK
exhibits high amplitude seasonal variations in ice velocity (Lemos et al., 2018), which are thought to influence the
long-term dynamics and overall stability of SK (Cassotto et al., 2019; Joughin et al., 2012; Podrasky et al., 2012).
Modeling studies of SK reveal seasonal velocity deviations of up to 40% near the terminus compared to obser-
vations, which cannot be fully captured by ice front forcing alone (Bondzio et al., 2017).

Previous studies on other tidewater glaciers in Greenland indicate that the choice of friction law can have a
significant impact on the modeled ice velocity (Akesson et al., 2021; Brondex et al., 2017; Helanow et al., 2021;
Zoet & Iverson, 2020). For example, Akesson et al. (2021) found that simulated ice velocities near the grounding
line of Petermann Glacier differed from observations by —7% to 14%, depending on the friction law employed. In
contrast, Cheng et al. (2022) and Lippert et al. (2024) revealed that the dynamics of Helheim and Kangerlussuaq
Glacier are primarily ice front-driven, independent of the friction law applied. However, it remains unclear which
friction law is most appropriate for SK and whether this selection is related to observed velocity deviations.
Additionally, seasonal dynamic thinning of SK could lower basal effective pressure by reducing the ice over-
burden, cause the terminus to approach flotation, reduce basal coupling and enhance ice flow (Cassotto
et al., 2019). The rapid supply of meltwater to the ice-bed interface can increase subglacial water pressure,
temporarily enhancing basal sliding (Cavanagh et al., 2017). Whether such physical processes contribute to SK's
velocity deviations, however, remains unclear.

This study aims to improve understanding of the mechanisms driving seasonal ice dynamic variations at SK and
their parameterizations to enhance ice modeling. We follow the approach of prior studies (Bondzio et al., 2017,
Cheng et al., 2022; Lippert et al., 2024), using the Ice-sheet and Sea-level System Model (ISSM) (Larour
et al., 2012) to simulate the dynamics of SK from 2016 to 2022, driven by sub-monthly observed ice front po-
sitions. This approach allows us to isolate the dynamics controlled by the moving ice front, and evaluate the
remaining processes to determine the importance and contribution of other drivers.

2. Data and Methods
2.1. Climate Model Data

We used daily surface mass balance (SMB) and runoff outputs from the RACMO2.3p2 regional climate model at
5.5 km resolution from 2016 to 2022, statistically downscaled to 1 km spatial resolution (Noél et al., 2019). SMB
data served as realistic climate forcing for the ice flow model. Time series data representing the daily cumulative
catchment-integrated runoff from the 1 km resolution drainage basin of SK, as delineated by Mankoff
et al. (2020), were utilized for comparison against the ice flow model outputs.

2.2. Observed Ice Front Positions and Surface Ice Velocity

We digitised variable-resolution front positions from Landsat-7/8, Sentinel-1 and Sentinel-2 satellite imagery
using the Google Earth Engine Digitization Tool (GEEDIT; Lea, 2018), generating 191 fronts (Figure 1b) from
2016 to 2022. All fronts were converted into a signed distance function, facilitating their integration into transient
model simulations at defined time steps (Cheng et al., 2022).

The velocity data from 2016 to 2022 were extracted from the Program for Monitoring of the Greenland Ice Sheet
(PROMICE) and the Greenland Climate Network (GC-Net). This data set comprises a 200-m resolution ice-
sheet-wide velocity product obtained through Synthetic Aperture Radar (SAR) offset tracking between succes-
sive passes captured by the Sentinel-1 satellite (Solgaard et al., 2021).

2.3. Ice Sheet Model Setup and Experiments

We used the Shelfy-Stream Approximation (SSA) implemented in the ISSM to model the dynamics of SK from
2016 to 2022. Although this approach disregards vertical shear, it provides an effective simulation of the ice
dynamics at the fast-flowing SK glacier, where basal sliding is the predominant ice flow mechanism (Bondzio
et al., 2017; Joughin et al., 2012). The model domain (Figure 1a) encompasses the ice-covered region within the
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Figure 1. Overview of Sermeq Kujalleq. (a) Bed topography of the model domain (Morlighem et al., 2017, 2022). Background image is from Esri satellite imagery
©Esri. The white box denotes the region of (b). (b) Error-weighted average ice velocity from 2016 to 2022 PROMICE velocity with 200 m resolution (Solgaard

et al., 2021) used for inferring the initial basal friction coefficients. The white line denotes the central flow line. Insets show a zoomed-in view of the glacier fronts
indicated by colored lines with the color scale in 2019 is expanded compared to others for displaying the denser ice fronts and avoiding shading.

SK catchment flowing faster than 100 m/a. Its northern and southern boundaries align with the catchment outlined
by Mankoff et al. (2020).

We used a two-dimensional unstructured triangular mesh, spanning from 100 m resolution in the fast-flowing
region to 1,500 m in the interior of the domain. The bed topography and ice mask were sourced from Bed-
Machine Greenland v5 (Morlighem et al., 2017, 2022), which has a grid resolution of 150 m. The initial ice
surface elevation was from the ArcticDEM 32 m mosaic (Porter et al., 2023) extracted using pDEMtools
(Chudley & Howat, 2024). We used depth-averaged temperature data provided by the ISSM contribution within
the ISMIP6 project (Goelzer et al., 2018) to derive a spatially varying rheology parameter for Glen's flow law
(Glen, 1958) with a power-law exponent of n = 3. The temperature-dependent relationship was derived from
Cuffey and Paterson (2010, p. 75). For observed surface velocity used in calibrating the friction coefficients, we
employed error-weighted average ice velocity derived from 200 m PROMICE velocity data from 2016 to 2022
(Figures S1-S3 in Supporting Information S1). Following Cheng et al. (2022), we inferred the basal friction
coefficient (C) by solving the inverse problem (Morlighem et al., 2010), which minimizes a cost function
quantifying the misfit between modeled and observed ice velocities (Text S1 in Supporting Information S1).

We considered three widely recognized friction laws—from an explicit dependence on basal effective pressure (V)
over the whole domain for Budd's Law (Equation 1) (Budd et al., 1979) to limited dependence on N for Schoof &
Gagliardini's Law (Equation 2) (Schoof, 2005), and no explicit dependence on N for Weertman's Law (Equa-
tion 3) (Weertman, 1957):

1, = —C,Nv,[" v, (1
—C. m—1
o= ol 0 )
(l + |"b|(c,$; )"')
7, = =C,v,|" v, 3)

where 7, is the basal shear stress, v, is the basal velocity and C,, Cy, and C,, are the corresponding spatially
variable friction coefficients. C,,, represents an upper limit of the ratio % , called Iken's bound (Iken, A. 1981),
and was prescribed a value of 0.8 for our experiments. m are positive constants and take different values (Table S1
in Supporting Information S1). For each friction law, we conducted an inversion to determine the basal friction
coefficient and the parameters used for each law are shown in Table S1 of Supporting Information S1. The friction
coefficient is fixed through time in all the simulations.
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We constrained the model using several-day to monthly observed ice front positions to conduct the transient
simulation from 2016 to 2022 at a time step of 1.825 days. Additionally, we conducted a control run for all three
friction laws where the ice front position remained fixed at its initial location.

2.4. Height Above Flotation

Height above floatation (H,) can be a proxy for the grounded state of the ice and the effective pressure N based on
the assumption that subglacial water has an easy connection to the ocean (Stearns & van der Veen, 2018; Wild
et al., 2022). Drawing on this idea, to analyze differences in the spatial and temporal difference between observed
velocity and model output, we calculated an approximate Hafm"del using modeled ice surface elevation (s™°%!) and
Haf"bs using monthly CryoSat-2 data (Helm et al., 2014) of ice surface elevation (s°*) from January 2016 to
December 2022 along the central flowline shown in Figure 1 as:

where Ay is theoretical floatation height (Wood et al., 2021).This approximate Haf(‘) allows for negative values,
which occur if &, exceeds 5O hy was estimated using bed elevation data from BedMachine v5 (Figure S4a in
Supporting Information S1) (Morlighem et al., 2017, 2022) as:

Pw-Pi

where b is the bed elevation, and p,, and p;, are the densities of ice and ocean water (assigned 910 and
1,028 kg m™), respectively.

3. Results
3.1. Consistent Transient Behavior From Different Friction Laws

Modeled ice velocities from the three different friction laws closely reproduce observations (Figures 2a-2d),
including both interannual and seasonal variations. During the melt season, as SK retreats, all three models exhibit
accelerations that propagate upstream. This is followed by deceleration during advance of the ice front in autumn
and winter. Since 2020, the seasonal acceleration of ice flow has increased compared to the previous 4 years.
Modeled ice flow velocity in the control experiments exhibits no multi-annual or seasonal variation but can
reproduce observed ice velocity upstream of 30 km for each friction law considered (Figures 2e, 2i2k, Figures S5
and S6 in Supporting Information S1).

3.2. Spatial and Temporal Patterns of Misfit Between Simulated and Observed Ice Velocity

The introduction of ice-front forcing reduces the mean differences between the control run and observations by
~T72.5% (45%—-100%) within 0-10 km, and by ~70% (40%-100%) within 10-20 km of the terminus in April
(Figure S6 in Supporting Information S1). In September, the differences were reduced by ~56% (13%—-100%)
within 010 km and ~70.5% (41%—-100%) within 10-20 km after incorporating ice fronts. Since 2019, modeled
velocities forced by ice fronts were 25%-32% slower than observations in late summer within 0-10 km of the
terminus (Figure S6 in Supporting Information S1). Upstream of 30 km, the control run can accurately reproduce
up to 100% of the observed velocities before and after the melt season (April and September) (Figure S6 in
Supporting Information S1).

We extracted average velocities along the central flow line at 0—10 km, 10-20 km, and 3040 km from the
terminus (Figures 2i—2k). Within 10 km of the terminus, modeled ice velocities follow winter and spring ob-
servations but are consistently lower in the late- and post-melt season (August to December) of each year
(Figure 2i). In 2016, the modeled velocity was ~14% below the observed velocity in the post-melt season (Figure
S7 in Supporting Information S1). In 2017, the misfit appeared after August 26, peaking on November 5 at about
1,439 m/a, with the model being ~14% slower than observations. Compared to previous years, there was a notable
reduction in the difference between modeled and observed velocities in 2018. In 2019, the misfit started on
August 25, reaching its peak at about 1,946 m/a on October 26, with the model being ~18% slower than
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Figure 2. Ice velocity extracted along the central flow line from 2016 to 2022. (a—c) Schoof, Budd and Weertman friction law
experiments. (d) Observation. (e) Control run using a fixed ice front position and Budd's law. The control experiments for
other laws are shown in Figure S5 of Supporting Information S1. (f—~h) Comparison between model output (Schoof, Budd and
Weertman, respectively) and observation. (i—k) Spatially averaged ice velocity in the segments: 0—10, 10-20, and 3040 km,
from the ice front. Blue dots in penal (i) show observed ice front positions relative to the latest front.
observations. The misfit in 2020 initiated on August 13, with its peak of ~2186 m/a (model ~17% slower than
observations) on August 21. Since 2021, the end-of-melt-season misfit increased sharply, starting on June 17 and
peaking on August 28 with an average misfit of ~3,278 m/a within 0-10 km. During this period, modeled ice
velocity was 26% slower than observations, with differences exceeding 5,000 m/a within 1 km from the ice front.
Between 10 and 20 km from the terminus, modeled ice velocity is typically 10%—20% faster than observations,
with some larger spikes in 2017, 2018 and 2020 of up to 22% (Figure 2j, Figure S7 in Supporting Information S1),
typically during the early melt season. The misfit persists throughout 2017-2021 until model velocities match
observations in the melt season of 2021. Upstream of 30 km, observed and modeled ice velocities match well,
with misfits typically <8% (Figure 2k, Figure S7 in Supporting Information S1).
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4. Discussion

Over 76% of the spatiotemporal variation of SK's velocity can be attributed to fluctuations in ice front position.
This is consistent with an earlier modeling study of SK between 1985 and 2016 (Bondzio et al., 2017) demon-
strating that recession of the ice front induces widespread inland acceleration and thinning by reducing lateral
drag and transmitting stress perturbations inland along deep troughs with low basal drag (Nick et al., 2009). In the
control experiments with a fixed ice front, the modeled velocity diverges from observations close to the terminus
but matches from ~30 km upstream (Figure S6 in Supporting Information S1). This 30 km limit coincides with a
steep bed knickpoint (Figure S4b in Supporting Information S1), which might have limited the continued up-
stream propagation of direct and diffusive terminus-controlled effects (Felikson et al., 2021).

Although ice-front positions can explain over 76% of the velocity variations, a distinct seasonally varying misfit
persists across both data sets used for inversion and ice-front position, and across all friction inversions. This
misfit is largest close to the terminus in 2021, indicating that other processes may also influence seasonal velocity
variations (Joughin et al., 2012). Here, we seek to explain the remaining misfit, by evaluating the choice of friction
law, variations in H,s and meltwater delivery to the ice bed.

4.1. Choice of Friction Law

The friction coefficient C implicitly accounts for bed properties, such as roughness and substrate (Joughin
et al., 2019). In our transient simulations, the functional dependence of basal stress 7, on bed conditions is
represented through C (Gillet-Chaulet et al., 2016), which is calculated using a “snapshot” inversion approach for
different friction laws. Thus, the model neglects the dependence between 7, and evolving bed conditions
(Bondzio et al., 2017; Khan et al., 2022; McArthur et al., 2023).

Block and Bell (2011) demonstrate that soft sediments exist in the main trough of SK up to 40 km from the
terminus, with a thickness of 500-1,000 m within 0—10 km along the centerline in Figure 1a. These low shear
strength sediments fill topographic lows, effectively smoothing basal irregularities, providing limited resistance
to ice flow (Maier et al., 2021). Habermann et al. (2013) demonstrated the decrease in effective pressure N caused
a temporal weakening of basal yield stress of till near the terminus area of SK based on several inversions
(Tulaczyk et al., 2000). In other words, seasonal dynamic thinning, driven by the significant retreat of the ice front
and increased surface melt, could induce SK to accelerate by weakening the bed. This process reduces inter-
particle contact forces and friction, alters the basal conditions, and ultimately accelerates glacier sliding (Shapero
et al., 2016; Stearns & van der Veen, 2018; Walter et al., 2014). Thus, the velocity misfit observed could
potentially stem from using a time-fixed basal friction based on a snapshot inversion, leading the models to
underestimate ice flow velocity in the late melt season and show the net ice displacement over longer periods.

In addition, the effective pressure N varies temporally in Budd's and Schoof's laws but is not explicitly accounted
for in Weertman's law. However, our three friction-law model outputs consistently simulated similar ice velocity
fields and velocity misfit. This suggests the temporal variation of N considered by Schoof's and Budd's friction
laws are not able to fully capture the dynamics driven by this variability. To confirm if the variation of N is well

model compared to the initial state Hafo

reproduced by the model, we calculated the relative variation of H,
(Figure 3a), as a proxy for N (Stearns & van der Veen, 2018; Wild et al., 2022), and compared this with the

relative variation of Haf°bs (Figure 3b, Figure S8a in Supporting Information S1).

Figure 3b shows a significant seasonal difference in H,s between the model and observations within 0-10 km of
the terminus. For example, the model captured approaching flotation during the melt season in 2020 (—32.2 m
from observation vs. —55.1 m from the model), but the grounding state before and after the melt season differs
significantly from observations (127.7 m vs. —15.4 m, —2.5 m vs. —57.3 m) within 0-10 km of the terminus. A
similar pattern was observed in 2021. This inability of the models to capture the grounding state variation in-
dicates a deficiency in representing seasonal dynamic thinning, and restabilization as the thick ice advects toward
the terminus within the model (Cassotto et al., 2019). Joughin et al. (2012) demonstrated that thinning-induced
changes in N primarily influence SK 8-10 km upstream from the grounding line. We propose that inaccu-
rately reproducing seasonal ice thickness variations in the model could contribute a component of the seasonal
near-terminus velocity deviation.
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Figure 3. (a) Comparison of H, variation and ice velocity, with modeled (orange line) and observed (points) velocities within
0-10 km. (b) Velocity misfit (blue line) and Haf‘“"dCl (orange line) and Haf°bS (turquoise points). (c) Correlation of velocity
misfit with Ha/(') variation: = 0.26 (p < 0.0001) for Ha/"b‘“ (blue points) and * = 0.37 (p < 0.0001) for Ha_/'“"del (orange
points). (d). Comparison of observed and modeled ice velocities before and after introducing Haf“mdel variation. (e) Misfit
distribution between modeled and observed velocities before (violet) and after (red) adjusting basal shear stress. (f—g) Runoff
variation and melt season (light-blue bars). Residual velocity misfit after incorporating Haf"“’dd variation and removing trends
within 10-20 km.
4.2. Increased Near-Terminus Misfit When the Glacier Is Less Grounded
We found a synchronisation and significant linear correlation between Haf(‘) variation and the near-terminus
velocity misfit using both observations and modeled outputs within 0-10 km of the terminus (observation:
r=0.42; model: r = 0.61, P < 0.0001) (Figures 3a—3c). Figure 3a shows the similar observed seasonal patterns of
increased flotation and increased observed-minus-modeled velocity misfit near the terminus.
For further validation and to reduce the velocity misfit, we incorporated variations in the basal condition to
enhance its seasonality and adjusted basal shear stress using Haf"bs and Haf"‘"del (Figure 3d, Figure S10 in
Supporting Information S1). Basal shear stress was scaled by the ratio of Haf(') to its initial state Hafo only within
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0-10 km (Text S3 in Supporting Information S1). An example set of modeled velocity maps from August 2021 is
provided in Figure S9 of Supporting Information S1. Taking Budd's law as an example, this scaling produced an
over 90% reduction in observed-modeled ice velocity misfit within 0—~10 km of the terminus (Figures 3d and 3e),
supporting ice thickness-induced seasonal changes in basal shear stress as the causes of velocity misfit in the late
melt season, and indicating that up to 22% of SK's acceleration in the late melt season can be explained by
seasonal fluctuations in basal conditions. One possible explanation is that during ice front retreat and dynamic
thinning, the effective pressure decreases and the near-terminus region approaches flotation, which weakens basal
coupling, makes the sediment more prone to deformation, changes the basal friction and accelerates ice flow
(Cassotto et al., 2019; Habermann et al., 2013). The variation of H, as a proxy for N and bed conditions changes
can be used as a simple approach to better parameterize ice-flow close to the terminus of a marine-terminating
glacier, like a pseudoplastic friction power law (z&kesson et al., 2021). Nevertheless, it is important to note
that within the current modeling framework, we are unable to fully disentangle the variations between effective
pressure and friction coefficients.

4.3. Seasonal Response to Meltwater Inputs

Large, transient increases in basal water delivery can increase subglacial water pressure and decrease N, leading
to rapid, short-lived glacier dynamics (Andersen et al., 2017; Davison et al., 2020; Podrasky et al., 2012;
Schoof, 2010). However, the velocity misfit lasted significantly longer than the melt season, and runoff
magnitude does not correspond to velocity misfit on a multi-year scale, suggesting meltwater inputs are not the
main cause (Habermann et al., 2013; Joughin et al., 2004, 2008). For example, despite the lower runoff peak in
2018 (2.2 X 10° m3/d) compared to 2019 (3.4 x 10° m?d) (Figures 3f and 3g), the velocity misfits are similar. In
contrast, while runoff peaks in 2019 and 2021 (3.4 X 10° and 3.5 X 10°® m?d) are nearly identical, the velocity
misfit is greater in 2021.

After accounting for N and basal friction variations induced by dynamic thinning (variation in qum°del) within 0—
10 km of the terminus and removing long-term trends from the modeled velocity within 10-20 km, we identified
low excursions in the residual misfit during periods of high runoff (Figures 3f and 3g). For example, in 2018—
2019, during the initial runoff increase, the residual misfit briefly rises within the 0-10 km and 10-20 km
domain, where surface crevasses, as indicated by observations, allow runoff to reach the ice bed (Lampkin
et al., 2013). This could result from lower N due to increased subglacial water pressure. The residual misfit then
decreases rapidly before rising again (toward zero) after the runoff peak. This change may indicate the devel-
opment of hydraulically efficient subglacial channels, which increase N (Davison et al., 2020; Schoof, 2010).
Overall, the impact of runoff on SK's velocity is limited to less than 10%, and on a seasonal time scale, quickly
recovering after surface melt ceases.

5. Conclusions

This study provides a comprehensive modeling analysis of the seasonal and inter-annual ice flow variability of
Sermeq Kujalleq (Jakobshavn Isbree) from 2016 to 2022. The model reproduces approximately 76% of the
observed velocity variability when forced with observed sub-monthly ice front positions. We identify a misfit
between modeled and observed ice velocity within 0—10 km from the terminus, which is significantly correlated
with the variations in the “height above flotation”, H,. As a proxy for fluctuations in effective pressure and the
main driver of reduced basal yield stress, we incorporated H,, variations into the model, explaining over 90% of
the misfit within 0—10 km of the terminus. Variations in surface runoff coincide with troughs in the residual misfit
after considering transient basal friction variation and ice thickness-induced effective pressure, indicating a short-
term and less than 10% influence of surface melt-driven variations on ice velocity. We conclude that while ice
front position is the primary driver of Sermeq Kujalleq's velocity variability, seasonal variations in effective
pressure and basal conditions driven by dynamic thinning and subglacial hydrology significantly affect its
interannual and seasonal acceleration, which responsible for the observed-modeled velocity misfit. As Sermeq
Kujalleq continues to retreat into a deeper basin, it will likely remain sensitive to seasonal variations in effective
pressure. These findings underscore the importance of incorporating seasonal fluctuations in effective pressure
and variable basal conditions into ice dynamic simulations. Accurately parameterizing these factors is crucial for
improving projections of both the timing and magnitude of glacier retreat.
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