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Abstract Radio‐echo sounding (RES) shows large‐scale englacial stratigraphic folds are ubiquitous in
Greenland's ice sheet. However, there is no consensus yet on how these folds form. Here, we use the full‐Stokes
code Underworld2 to simulate ice movements in three‐dimensional convergent flow, mainly considering ice
anisotropy due to a crystallographic preferred orientation, vertical viscosity and density gradients in ice layers,
and bedrock topography. Our simulated folds show complex patterns and are classified into: large‐scale folds
(>100 m amplitude), small‐scale folds (<<100 m) and basal‐shear folds. The amplitudes of large‐scale folds
tend to be at their maximum in the middle of the ice column or just below, in accordance with observations in
RES data. We conclude that ice anisotropy amplifies the perturbations in ice layers (mainly due to bedrock
topography) into large‐scale folds during flow. Density differences between the warm deep ice and cold ice
above may enhance fold amplification.

Plain Language Summary Polar ice sheets are composed of compacted former snow layers
deposited at the ice surface. If not distorted or deformed, these layers are flat or adapt to the underlying bedrock
topography. However, vertical radar scans of Greenland's ice sheet show large‐scale folds of up to hundreds of
meters in height. To investigate how these large‐scale folds form, we set up a three‐dimensional numerical ice‐
sheet model and simulate fold growth. Our modeling emphasizes the distinctive physical properties of ice
required for fold formation, notably its anisotropy (the direction dependency of the flow strength) and power‐
law rheology (when ice becomes softer with increasing strain rate). These findings help to better explain ice
flow dynamics.

1. Introduction
Airborne radio‐echo sounding (RES) data reveal internal layering and large‐scale folding (up to >100 m,
sometimes even 1 km fold amplitude) on the bumpy bedrock in several regions of Greenland's ice sheet (GrIS,
Figure 1) (Bell et al., 2014; Bons et al., 2016; Franke, Bons, et al., 2022, Franke, Jansen, et al., 2022; Jansen
et al., 2024; Leysinger Vieli et al., 2018; MacGregor et al., 2015; NEEM community members, 2013; Panton &
Karlsson, 2015; Wolovick et al., 2014). Large‐scale folds appear both within ice streams and in regions of slow‐
moving ice. Fold amplitudes usually reach their maximum in the middle of the ice column or just below, gradually
decrease toward the upper layers and flatten at the ice surface. Studies of past and present ice dynamics (Franke,
Bons, et al., 2022) and of basal conditions (Leysinger Vieli et al., 2018; Wolovick et al., 2014) need to include
mechanisms to generate folds to be robust. Fold geometry can be used to date the establishment of shear margins
of ice streams (Jansen et al., 2024) and is needed to unravel ice stratigraphy in ice cores that penetrate folded ice
(NEEM community members, 2013).

Several mechanisms and models have been proposed to explain the formation of folds in ice sheets. Bell
et al. (2014) and Leysinger Vieli et al. (2018) suggest that refreezing meltwater adds material to the ice base and
elevates the overlying stratigraphy and influences basal ice deformation. Alternatively, Wolovick et al. (2014)
suggest that variable slip rates due to “traveling slippery patches” can create large‐scale folds. Furthermore,
Krabbendam (2016) proposes the basal temperate (melting) ice layer may be locally thickened by internal
deformation of folding or thrusting over a bedrock high. These models mainly focus on basal ice and bed con-
ditions, which may apply to individual fold cases but seem inadequate to explain the presence of folds throughout
the GrIS, especially in the NE of the ice sheet. Additionally, these models are purely 2D along‐flowmodels and no
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predictions have been published for their 3D geometry. However, especially when considering the margins of ice
streams, the three‐dimensional geometries of folds show that fold axes are sub‐parallel or at a small angle to the
flow direction (Bons et al., 2016; Franke, Bons, et al., 2022, 2023).

Hudleston (2015) proposes that irregularities in primary ice stratification can be kinematically amplified in
convergent flow by horizontal shortening and without the requirement of rheological contrast in the ice. Thor-
steinsson andWaddington (2002) invoke anisotropy as a cause of fold initiation near ice‐sheet centers considering
the initial layer disturbance relative to the extensile flow regime, and anisotropy is also well‐studied in the
development of small‐scale folds in ice cores (Alley et al., 1997; Jansen et al., 2016) and anisotropic materials
(Kocher et al., 2008; Ran et al., 2019). Bons et al. (2016) and Jansen et al. (2024) suggest that mechanical
anisotropy and convergent flow cause large‐scale folding. This hypothesis has so far not been tested with nu-
merical simulations.

Three properties of ice or ice sheets are significant for the modeling of flow in ice sheets: (a) The viscoplastic
deformation of ice Ih (hexagonal ice) results essentially from dislocation glide parallel to the crystallographic
basal plane (Gillet‐Chaulet et al., 2006). The crystallographic preferred orientation (CPO) in ice sheets is typically
a vertical alignment of the crystals' c‐axes, which are perpendicular to the easy‐glide basal planes. As a result, the
ice becomes significantly anisotropic in its flow properties (Duval et al., 1983). (b) Ice temperature increases with

Figure 1. Overview of the northern Greenland ice sheet and radio‐echo sounding (RES) profiles: (a) bedrock topography (Morlighem et al., 2017) and location of RES
profiles; (b) ice surface flow velocity (Joughin et al., 2018) and the average flow direction relative to the profiles (white arrows) (c–f) RES images (Franke, Bons,
et al., 2022, Franke, Jansen, et al., 2022) showing englacial folds (c) in the central North‐East Greenland Ice Stream (NEGIS), (d) at the Petermann ice stream,
(e) upstream of the 79° North Glacier (Nioghalvfjerdsbrae), and (f) in the upstream region of the NEGIS. Note the strong vertical exaggeration (8.7×) in the RES‐
profiles.
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depth: upper “cold ice” has a high viscosity and density, while the lower “warm ice” has a lower viscosity and also
has a lower density due to thermal expansion (Robin, 1955; Rogozhina et al., 2011). Hughes (2009) proposes the
thermal convection hypothesis and the possibility of fold formation. (c) Ice layers are initially not necessarily
perfect sheets with constant thickness. The irregularities may come from the ice divides (Thorsteinsson &
Waddington, 2002), variable basal processes (Leysinger Vieli et al., 2018; Wolovick et al., 2014), and more
generally the underlying bedrock topography (Figure 1c; Hudleston, 2015). In addition, not all layering is
necessarily strained original stratigraphy. Layers could be created by the deformation process, especially when
strain is high (Jennings & Hambrey, 2021). Taking these considerations into account, we here use the full‐Stokes
software “Underworld2” (Beucher et al., 2022; Sachau et al., 2022) to investigate the development of folds in 3D
convergent flow. We investigate particularly the factors rheological anisotropy of ice, vertical gradients of vis-
cosity and density, and bedrock topography.

2. Method
The basic model design is shown in Figure 2a (detailed parameters in Text S1, Table S1 and Figures S1–S2 in
Supporting Information S1). The model comprises four main material layers: air (500 m), cold ice (1,667 m;
− 30°C), warm ice (833 m; − 30 to − 3°C), and bedrock, and 10 internal marker horizons to track the deformation.
Internal horizons are progressively shortened by lateral inflows (x‐axis) of 5 m/yr. To reduce computing time, our
model (Figure 2b) thus consists of one half of a convergent zone (Figure 2a), as, for example, envisaged by Bons

Figure 2. Model design and snapshots of results from Models 1–3 after 3,000 years: (a) 3D view of initial model (example from flat bedrock model) and (b) the adapted
model to enable a higher model resolution (see location in Figure 2a) (c–h) profile snapshots of the layer geometry and the second invariant of strain‐rate magnitude
parallel to x‐z coordinate plane (at y = 250 m, same in Figures 3 and 4) for (c–d) Model 1, (e–f) Model 2 and (g–h) Model 3.
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et al. (2016) for the inlet area of the Petermann Glacier. Outflow in the y‐directon, compensates the inflow to
maintain a constant ice volume. As the main interest is in the ice‐layer geometry in the vertical x‐z‐plane, and to
maximize the resolution of the model, its width in the y‐direction (500 m) is much smaller than in the x‐direction
(25 km). A 25 × 25 km model is shown in Figures S7–S8 in Supporting Information S1 for comparison.

The non‐linear viscous ice rheology used is the dislocation creep component of the Goldsby and Kohlstedt (2001)
composite flow law. The flow law has two parameterizations, one for high and one for low temperature, and the
parameters used are those modified by Kuiper et al. (2020) to ensure no discontinuity at the transition temperature
(− 11°C). The power‐law viscosity of ice (isotropic viscosity η1, Pa · s) is derived from temperature (T, °C) and
strain rate (ε̇ij, yr− 1). Underworld2 is a particle‐in‐cell model and the local c‐axis orientations are stored for each
particle. Initial c‐axis orientations of ice particles are perpendicular to the local layer orientation with a Gaussian
random distribution with a standard deviation of ±5°. As the simulation progresses, the c‐axes rotate in the flow
field (Sharples et al., 2016). The anisotropy of the ice crystal is modeled as transverse isotropic (Martín
et al., 2009; Sharples et al., 2016) by two viscosity values: a maximum value η1 (Pa · s) for shortening or stretching
parallel to the c‐axis maximum, and a minimum viscosity η2 (Pa · s) for shearing along the plane perpendicular to
the c‐axis maximum. We define the intensity of anisotropy with the anisotropy parameter k = η1/η2.

Seven models are discussed here to explore the effect of the ice anisotropy, viscosity and density, and bed
conditions on large‐scale folding. Three different bed conditions are tested: (a) a free‐slip bottom boundary
without a bedrock (Figures 2c–2f), (b) a 1,000 m thick bedrock layer with a flat surface to which the ice is frozen
(Figures 2g and 2h), and (c) the same as (b), but with an undulating bedrock surface with bumps of variable
wavelengths and amplitudes (Figure 3). Internal horizons are parallel to bedrock bumps at the base of the ice.
Amplitudes of bedrock‐related undulations in the ice horizons decrease to zero at the ice surface (Figure 3a). In
these models (see detailed comparisons in Table S2 in Supporting Information S1), we varied the following
parameters: (a) bed condition (i) for Models 1–2, bed condition (ii) for Model 3, and bed condition (iii) (variable
amplitude bumps up to 400 m) for Models 4–7; (b) isotropic ice for Model 1, Model 5 and Model 7, and
anisotropic ice for all other models; (c) softness in ice viscosities (adapted A0 value) for Models 6–7.

Figure 3. Snapshots of comparison of anisotropic Model 4 and isotropic Model 5 with identical bedrock topography with 400 m tall bumps in both models shown in (a):
(b–c) Layer geometry snapshots of Model 4 after (b) 2,000 years and (c) 3,000 years. (d) The second invariant of strain‐rate magnitude in Model 4 at 3,000 years. (e–f)
Layer geometry snapshots of Model 5 after 2,000 and 3,000 years. (g) The second invariant of strain‐rate magnitude for Model 5 after 3,000 years. Note that the x‐axis
and z‐axis scales between the images of individual time steps. (h) Amplitude differences between Models 4 and 5 of Layers 3–10 on Fold A, Fold B and Fold C after
3,000 years.
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3. Results
3.1. Anisotropy Versus Vertical Viscosity and Density Gradients

In the simulations of isotropic ice on a free‐slip bottom boundary (Model 1), ice layers stay nearly flat for at least
3,000 years, even with vertical viscosity and density gradients (Figures 2c and 2d). Nevertheless, when anisotropy
is included in the models, a large number of small folds form (Model 2; Figures 2e and 2f), due to the Gaussian
variability of the c‐axis orientation of particles. Compared to the very homogeneous strain rates resulting from the
isotropic Model 1 (Figure 2d), the strain‐rate map of Model two is much more heterogeneous with zones of
elevated strain rates (Figure 2f). In the scenario where the bedrock is added as a horizontal flat layer underneath
the anisotropic ice (Model 3; Figures 2g and 2h) bedrock‐parallel shearing occurs in the basal ice layers as the ice
is frozen to the bedrock. Due to strain‐rate softening, this enhances the vertical viscosity contrasts between the ice
layers (Figure S6 in Supporting Information S1). However, no large‐scale folds form, but instead abundant small
folds similar to Model 2.

3.2. Anisotropic Versus Isotropic Ice on the Bumpy Bedrock

For the scenario with a bumpy bedrock topography (anisotropic Model 4), the initial ice layers on bedrock bumps
start to evolve into large‐scale folds (up to 300 m amplitude in 2,000–3,000 years) with additional small folds in
between (Figures 3a–3d). Here we compare three large‐scale fold sets A, B, and C in the anisotropic Model 4 and
isotropic Model 5 (Figure 3), in terms of the fold amplitudes as a function of layer height. Amplitude is here
defined as the difference in elevation of a marker horizon at a fold crest and adjacent trough (Jansen et al., 2024).
We consider 10 stratigraphic layers labeled 1–10 from bottom to top (Figure 3a). The amplitude‐layer values of
Layers 3–10 are shown in Figure S5 in Supporting Information S1 (note that Layers 1–2 are too close to the
bedrock and therefore strongly sheared). In Model 4, the amplitude of the initial layer depth variation is largest in
the near‐base layers and zero at the ice surface. The largest fold amplitudes are in middle layers (Layers 4–6) and
mostly exceed the initial depth variation. In the isotropic Model 5 we observe large‐scale folds that are inherited
from the initial depth variation. They are smaller and without small folds in between (Figures 3e–3g). Folds with
the largest amplitudes are found in the deepest layers, and amplitudes of most folds are smaller than the initial
depth variation. Strain rates in Model 5 are high close to the ice base, decrease toward the ice surface in the upper
layers and are distributed in a regular pattern associated with bedrock bumps (Figure 3g).

Considering ice flowing over variable bedrock bumps, folds do not always show monotonic growth over time in
Model 4. The only difference in the settings between Models 4 and 5 is the anisotropy in the ice, thus we analyze
the anisotropy contribution to fold growth by subtracting the fold amplitude (fold sets A, B and C) of the isotropy
model (Model 5) from that of the anisotropy model (Model 4). After 3,000 years (Figure 3h), the amplitude
differences between Models 4 and 5 of most folded layers are larger than 0 m, indicating that anisotropy does
amplify folds after this period. The maximum amplification of over 100 m is in the middle layers (Layers 5–7).

3.3. Anisotropy and Buoyancy Effects Along the Outflow Direction

The outflow velocity in the stretching (y) direction in the semi‐2D (Figure 2b) models is only 0.1 m/yr, which is
comparable to flow velocities near the divide of the ice sheet. Further away from the divide horizontal flow
velocities are much higher and bedrock‐parallel shear rates are thus also higher. This effectively softens due to the
strain‐rate softening of the power‐law viscous material. The effect can be seen in the 3D model (Figure 2a) in
Figures S7–S8 in Supporting Information S1, where the outflow velocity is 5 m/yr. The strain‐rate softening
results in a decrease in effective viscosity and an increase in fold amplitudes in the outflow direction. This effect is
simulated withModels 6 and 7 that has the same settings as Model 4 (Figure 3a), but we reduced the value of A0 to
reduce the effective viscosity by a factor of 30 to model the ice further downstream from the divide (See Table S1
Note in Supporting Information S1). Model six is for anisotropic ice and Model 7 for isotropic ice. Folds in the
anisotropic Model 6 can reach over 500 m (to 987 m) in amplitude in only 1,000 years (Figure 4a), much larger
(by up to 665 m) compared to the isotropic Model 7 (Figure 4b). Folds in both models grow faster compared to
Models 4–5, and the most intensely folded layer of the fold sets is at the warm‐cold ice interface (Layer 4),
indicating the buoyancy effect of the lowermost warmer and strain‐rate softened ice.
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4. Discussion
The folds observed in our modeling can be classified into three types: large‐scale folds (fold amplitudes >100 m),
small‐scale folds (fold amplitudes <<100 m, wavelength << km) and recumbent basal‐shear folds. The large‐
scale folds have wavelengths in the order of one km or more. Their axial planes have a listric shape, with
steep dips near the ice surface that become shallower toward the bedrock. Our simulated large‐scale folds (in
particular those in Models 4 and 6) show strong similarity to those observed in the GrIS by for example, Wolovick
et al. (2014), MacGregor et al. (2015), Bons et al. (2016), Franke, Bons, et al. (2022) and Jansen et al. (2024)
(Figure 1).

The main controlling factors for large‐scale folds in our simulations are ice anisotropy and the initial geometry
dictated by the underlying bedrock topography. Folds in isotropic ice (k = 1) (Figures 3e–3g) are essentially
palimpsests of the underlying bedrock topography that are passively transported away from the underlying
bumps. They do not amplify by themselves, but passively change their shape as they travel over bedrock bumps
and valleys. In the anisotropic model with k= 3 (Figures 3b–3d), we observed additional fold‐shape modification
and amplification with ice c‐axis rotation (Figure S4 in Supporting Information S1). When k is set to 6, this effect
is even stronger (Figures S10 and S12 in Supporting Information S1). This is a clear indication that the anisotropy
plays a primary role in fold amplification. This anisotropy effect could be more pronounced in real ice sheets,
considering the higher anisotropy values proposed by Duval et al. (1983). Buoyancy becomes a significant factor
to further enhance fold amplification if overall deformation of the ice sheet is fast enough to cause a general strain
rate softening of the ice.

According to classical fold theory (Biot, 1957; Schmalholz &Mancktelow, 2016) folds form by the amplification
of small perturbations in the folding layer. In case of folding of a strong layer in a softer matrix, a dominant
wavelength will develop as a function of layer thickness (the characteristic length scale of the system) and the
viscosity ratio of the layer and matrix. The dominant wavelength is the wavelength with the highest amplification
rate. In case of a single, but anisotropic medium, a characteristic length scale is absent. As a consequence there is
no dominant wavelength that amplifies the most, and folds of all wavelengths may form simultaneously,
including small‐scale folds (Figure 2e). Bedrock topography or variations in bed sliding and/or freezing/thawing
(Leysinger Vieli et al., 2018; Wolovick et al., 2014) at the base of the ice sheet create seed folds that may
subsequently amplify. With these, the system can “skip” the initial fold nucleation stage for folds with these
wavelengths. These folds amplify depending on the intensity of the anisotropy (k) and overall strain rate and
concomitant strain‐rate weakening to enable buoyancy effects. However, in case of anisotropy small‐scale folds
will also nucleate due to small‐scale perturbations (here the random noise in c‐axis orientations).

Figure 4. Layer geometry snapshots after 1,000 years of (a) anisotropic Model 6 with adapted A0 value for softness in ice viscosities (near‐downstream) and (b) isotropic
Model 7 for comparison.
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In our models, the lowermost ice is warmer, which creates a system with a cold and strong layer at the top and a
warmer and softer layer at the bottom. Shortening of individual layers with small‐scale viscosity contrasts could
potentially lead to buckle folding, as has been suggested by NEEM‐community (2013). Initial wavelengths for
low viscosity contrasts would be at least five to 10 times the layer thickness (Llorens et al., 2013; Schmalholz &
Mancktelow, 2016), which in our case would be at least 5–10 km. However, the viscosity contrast between the
warm and cold ice is relatively low and lacks a sharp boundary. Although the resulting wavelengths are in the
same order as those of folds observed in the ice sheets, the amplification rate is very small (Llorens et al., 2013)
and no visible folds are expected to form. These theoretical considerations, modeling by Bons et al. (2016), as
well as the results of Models 1–3 (no bedrock bumps) and isotropic Model 15 (Figure S12 in Supporting In-
formation S1), indicate that Biot‐type buckle folding due to viscosity contrasts between cold and warm ice cannot
lead to significant folding on the multi‐km scale.

Deformation in the deepest, softest ice is approximately in simple shear. In case of bedrock bumps, the basal shear
zone may localize above the bedrock‐ice interface, especially across valleys or downstream of bumps in the
bedrock (Figure 3g; Liu et al., 2024). This effect is more pronounced in case of anisotropy (Sachau et al., 2022).
Passive shearing of layers in heterogeneous simple shear leads to tight recumbent folds (Figures 3c and 3f) that are
also observed in ice sheets (Figure 1e; Bons et al., 2016). Recumbent folds may be enhanced by anisotropy, but
are largely controlled by the deep bed‐parallel shearing and bedrock topography, not by anisotropy. Connection of
the deep recumbent folds with a shallowly dipping axial plane with more upright folds higher up in the ice leads to
the listric shape of the axial planes (Franke, Bons, et al., 2022). Variable bed conditions, for example, enabling
bed sliding, are expected to further enhance folding in the ice basal layers (Leysinger Vieli et al., 2018; Wolovick
& Creyts, 2016).

Our simulations with anisotropic ice properties appear to successfully explain large‐scale folding in convergent
flow especially near ice streams. The mechanism of fold amplification due to anisotropy and buoyancy is not
competing with other proposed mechanisms for the formation of large, often recumbent, folds (e.g., Leysinger
Vieli et al., 2018; Wolovick et al., 2014), but, instead, would act together with these to create even taller folds.
Precipitation on the ice‐sheet surface would, on the other hand, suppress fold amplification (Waddington
et al., 2001), although our simulations show that significant fold amplitudes can still be attained within
3,000 years with a moderate surface accumulation (Figure S11 in Supporting Information S1).

Fold amplification due to anisotropy or basal processes is to a large extent independent of the effective ice
viscosity, but depends more on the kinematics of flow (e.g., convergent flow) or the rates of basal processes (e.g.,
basal freeze‐on; Leysinger Vieli et al., 2018). Effective viscosity is, however, critical for the effect of buoyancy of
the deepest and warmest ice (Hughes, 2009). Our simulations (Model 6; Figure 4a) indicate that fold amplification
can be significantly enhanced to form tall “plume‐like” folds, when the overall flow velocity is sufficiently high to
reduce the effective viscosity enough to allow the rise of warm, buoyant ice in anticlinal cores. Our first results on
the effect on buoyancy indicate that much more work is needed, as well as the need to constrain the effective
viscosity of flowing ice.

5. Conclusions
Motivated by observations of folds in radargrams of the GrIS, our modeling results show that: (a) Large‐scale
folds can form in convergent ice flow, mainly controlled by its rheological anisotropy. This anisotropy is due
to the CPO. Anisotropy amplifies existing undulations in the ice stratigraphy due to bedrock topography or
processes at the ice‐bed interface. (b) Rheological variations within the ice sheet, such as vertical viscosity
gradients that result from temperature gradients in ice layers, appear to not play a significant role. (c) Buoyancey
of the deepest and warmest ice in anticlinal cores can significantly enhance fold amplifications where ice is
effectively weakened by strain‐rate softening due to the power‐law rheology of ice. (d) As observed in ice sheets,
large‐scale fold amplitudes are highest in the middle of the ice column or just below. Meanwhile, near‐base fold
patterns are more complex and often result in recumbent folds due to the bedrock constraint. (e) Small‐scale folds
on initially flat internal horizons may form as well due to the anisotropy of ice. Finally, using particle tracking and
strain analysis, our modeling helps to better explain ice‐flow dynamics of ice sheets. In particular, an improved
implementation of ice anisotropy and basal shearing can result in high‐strain‐rate areas where the power‐law ice
would be softened, even when frozen to the bed. This indicates that ice sheets could be more unstable when
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suddenly triggered to flow by external forcings, such as climate change, ice‐sheet geometry changes or tectonic
events.

Data Availability Statement
Underworld is fully open‐source and the version (v2.14.1b) used for this paper is available through Beucher
et al. (2022). Our code files for all the models are available through Zhang (2024). The radio‐echo sounding data
shown in Figure 1c (profile IDs: 20180509_01_[011, 012]) and in Figure 1f (profile ID: 20180512_02_009) from
AWI's EGRIP‐NOR‐2018 survey are available under https://doi.org/10.1594/PANGAEA.928569 (Franke, Jan-
sen, et al., 2022), the data shown in Figure 1d (profile ID: 20110507_01_032) is available via the CReSIS Data
Products (https://data.cresis.ku.edu/) and the data shown in Figure 1e (profile ID: 20180415_06_007) is available
under https://doi.org/10.1594/PANGAEA.949391 (Franke, Bons, et al., 2022). Bed elevation data from Mor-
lighem et al. (2017) and ice flow velocity data from Joughin et al. (2018) are available at the National Snow and
Ice Data Center: https://nsidc.org/data/idbmg4 and https://nsidc.org/data/nsidc‐0670/, respectively.
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