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A B S T R A C T

Our understanding of the processes driving the sea-level contribution of fast-flowing marine-terminating
glaciers of the Greenland ice sheet is largely based on observations from the 20th century, with a large bias
towards retreating glaciers. The pre-industrial extent of the ice edge is preconditioned by the long and warm
Holocene period (from 9700 BCE), followed by a cooling culminating in the Little Ice Age (1250–1900 CE). To
improve our understanding of ice dynamics, the evolution of rapidly flowing outlet glaciers should be reviewed
in the context of centennial to millennial scale climate variability. Using proxy records and a numerical ice
sheet model, we reconstruct the advance of Sermeq Kujalleq (Jakobshavn Isbrae) during the Little Ice Age.
We find that the recorded extent of the advance requires an upstream source of soft and deformable ice,
combined with reduced calving at the front. We highlight that the Little Ice Age marks the maximum extent
of the glacier, following a longer, centennial, period of advance. The subsequent retreat of the glacier front
from the Little Ice Age overlaps with the current period of Anthropogenic climate warming, making it difficult
to disentangle the Anthropogenic contribution to the 20th century retreat.
1. Introduction

Dynamic changes in marine-terminating glaciers currently con-
tribute to approximately half of the present-day mass loss from the
Greenland ice sheet (Mouginot et al., 2019), and are thus impor-
tant contributors to global sea-level rise. The processes governing the
evolution of marine-terminating glaciers remain uncertain; however,
significant progress has been made by combining glacier modelling,
fjord circulation modelling, field data and satellite observations (Mur-
ray et al., 2015; Benn et al., 2017; Catania et al., 2020; Wood et al.,
2021). Our improved understanding of these physical processes has
been applied in dynamic glacier models (Nowicki et al., 2020), which
have been further tuned with observational data since the pre-industrial
(1850 CE). However, this is a period dominated by glacier retreat, and
as a consequence, there is a risk that the simulated response of the
glaciers to climate change is biased by processes operating at decadal
time scales and towards periods of glacier retreat.

Following the peak Holocene warmth, climate over Greenland has
cooled for the past 5000 years — the Neoglacial cooling — causing
widespread, but asynchronous and region-dependent advance of outlet
glaciers from their mid-Holocene minimum extent (Briner et al., 2016;
Kjær et al., 2022). The general cooling trend of the Neoglacial was
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broken by an intense warming period; the Roman Warm Period (0–
500 CE) (Andresen et al., 2011; Kjær et al., 2022), before the final, short
and cold advance period between 1250–1900 CE, commonly known as
the Little Ice Age (Kjær et al., 2022) (Fig. 1a). Thus, the pre-industrial
extent of the Greenland ice sheet, often used as the starting point for
glacier modelling, is a response to a climate cooling event, and does
not necessarily represent a stable configuration.

Arguably the best constrained Little Ice Age history of a Greenlandic
outlet glacier is that of Sermeq Kujalleq (also known as Jakobshavn
Isbrae, Fig. 1b). The retreat of Sermeq Kujalleq from its Little Ice
Age maximum extent in 1851 CE to the present-day configuration has
been well documented (Bauer, 1968; Weidick et al., 2004; Weidick and
Bennike, 2007; Csatho et al., 2008). The Holocene minimum extent of
the glacier has been estimated to be 5–10 km inland from the present-
day ice front (Weidick et al., 1990; Kajanto et al., 2020), indicating a
40 km advance from the Holocene minimum extent to the Little Ice
Age maximum extent. The observed evolution of Sermeq Kujalleq in
the recent decades is suggested to have been be triggered at the ice-
ocean interface (Bondzio et al., 2018; Khazendar et al., 2019; Joughin
et al., 2020), and linked to changes in the temperature of the subsurface
Atlantic water in Disko Bay (Gladish et al., 2015; Joughin et al., 2020).
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Table 1
Ice rheology and results from areal fit of the ice extent of the models to the reconstructed Little
Ice Age extent, with duration of the advance to the best fit of the total area, and coverage of the
model compared to reconstructed maximum coverage in each of the sectors at the time of best fit
(See Fig. 1).

Model parameters Best fit to the reconstruction

Ice rheology Margins in the fjord Time (yr) Fjord (%) North (%) South (%)

Cold No 731 57 164 159
Warm No 518 82 112 140
Cold Yes 372 88 112 119
Warm Yes 407 92 103 119
Reconstructions of the Atlantic water temperature variability based on
foraminiferal assemblage changes in sediment cores (Andresen et al.,
2010; Moros et al., 2016; Wangner et al., 2018) indicate that the
subsurface water in Disko Bay was warm during the Roman Warm
Period, comparable to the present-day and the mid-Holocene (Fig. 1a,
Fig. S1). The ice rafted debris record in front of the fjord suggests
that Sermeq Kujalleq was calving periodically from the Roman Warm
Period until 1100 CE, close to the start of the Little Ice Age (Wangner
et al., 2018) (Fig. 1a). Both the reconstructed ocean conditions and the
record of ice rafted debris support the notion of a retreated extent of
Sermeq Kujalleq during the Roman Warm Period, which implies that
the advance to the Little Ice Age extent was relatively short in duration.
This raises the question: how could the glacier front have advanced so
much so fast?

We model the Little Ice Age advance of Sermeq Kujalleq with the
Ice-sheet and Sea-level System Model (ISSM) (Larour et al., 2012) under
cool climate conditions, representing mean conditions since the Roman
Warm Period. We assume as a conservative estimate that the ice front
retreated to its Holocene minimum extent during the Roman Warm
Period due to warm ocean conditions in Disko Bay. This is a stable
configuration of the ice front in the model that can sustain a high
calving flux, as indicated by the ice rafted debris record (Fig. 1a).
We examine the impact of changes in glacier calving and in the ice
flow properties, rheology, on the advance, and determine the best ice
heology by evaluating the fit of the modelled advanced ice extent to
he reconstructed Little Ice Age extent. We show that the advance was
riggered from the ice-ocean interface by a decrease in calving, leading
o the formation of a floating ice shelf in the fjord. Furthermore, our
esults show that soft and deformable ice, combined with significant
hear margin softening, is essential in order to create the extent and
hape of the Little Ice Age ice front of Sermeq Kujalleq.

. Model setup and methods

.1. Ice-flow model

We use the Ice-sheet and Sea-level System Model (ISSM) (Larour
t al., 2012), in a two-dimensional setup described in Kajanto et al.
2020), with the Shelfy Stream Approximation (Morland, 1987;
acAyeal, 1989). Migration of the calving front is tracked with the

evel-set method (Bondzio et al., 2016), and the grounding line evolves
ccording to the sub-element hydrostatic scheme (Seroussi et al., 2014).
he mesh is a non-uniform triangular mesh with a resolution varying
rom 10 km inland down to 200 m in the fjord and the deep trough.
liding follows the sliding law from Budd et al. (1979) with two
alues for basal friction: a low value of 20 (s/m)1∕2 for deep areas
n the fjord and trough, and a higher value of 50 (s/m)1∕2 for the
est of the domain. The values correspond to the average values for
he respective regions obtained from inverting the present-day surface
elocity (Larour et al., 2012; Seroussi et al., 2013). Thus, we assume
hat the basal properties are not significantly different from present-day
alues during the studied time period, and that topography dominates
he basal properties as softer sediments are accumulated to the deep
roughs. This is a simplification that is made primarily due to the lack
2

f data, and we consider it a reasonable assumption during most of
the studied time period. During the coldest period of the Little Ice Age,
however, there was likely less subglacial discharge, and thus potentially
less deformation and sliding at the bed, leading to slower advance. This
is in line with other assumptions in our model, as we provide a lower
limit to the advance duration. We also exclude the impact of sediment
accumulation at the base due to uncertainty, although we presume that
the sediment flux in a colder climate than the present-day sediment
flux of 0,084 Gt yr−1 of the Sermeq Kujalleq catchment (Andresen
et al., 2024). This indicates relatively low deposition volumes compared
to the depth of the grounding line and the error within the bedrock
topography (Morlighem et al., 2017).

The model is initialized from the inner limit of the Holocene min-
imum extent of Sermeq Kujalleq (yellow line in Fig. 2), determined
in Kajanto et al. (2020), where the front and the grounding line of the
main trunk are stable at a location approximately 5 km inland from
the estimated 2012 extent (Time slice 7500 BP of experiment SE_SM
in Kajanto et al. (2020)). Bedrock topography is updated to BedMachine
v5 (Morlighem et al., 2017) and relative sea level considerations are
excluded, since they are expected to be less than 10 m during the
time of interest of this study (Long et al., 2006). We keep the same
approach to construct surface mass balance as in Kajanto et al. (2020),
by imposing variations in the equilibrium line altitude (ELA) (Helsen
et al., 2012). The vertical SMB gradients are calculated from a reference
SMB: a pre-industrial global NorESM boundary climate with regionality
adapted from MAR, as in Plach et al. (2018). The spinup is ran with a
present-day equivalent ELA of 1200 m. The cold atmospheric forcing of
the experiments uses ELA of 1000 m (also used in Kajanto et al., 2020
for Little Ice Age climate). Initial testing with a colder ELA of 800 m
resulted in significantly worse areal fit due to excessive advance of the
terrestrial margins.

During the warm climate conditions of the spinup, we assume a
present-day like, piecewise linear vertical melt rate profile along the
glacier front, where the upper water layer extends down to 100 m
depth, while the deepwater layer is below 400 m depth (Kajanto
et al., 2023). The upperwater melt rate is kept constant at a low value
of 10 m/yr, while the deepwater melt rate is 50 m/yr. During the
cold climate conditions of the experiments the submarine melt rate
is constant at 10 m/yr along the front, with negligible impact to the
results.

We spin the ISSM model up by running the initial configuration for
1000 years with constant warm climate conditions and net mass loss,
using either the cold or warm ice rheology (Fig. S3). We then run the
model forward, changing linearly from the warm climate conditions to
the cold conditions within the first 100 years of the experiment, and run
the model until the ice extent reaches the best fit with the reconstructed
Little Ice Age margin, or up to 1000 years (blue shading in Fig. 3).
We do this for both cold and warm ice, testing the fit with a range of
calving thresholds and shear margin softenings (Table S1), and present
results for the best experiment (Figs. 2, 3) and the comparison with
other rheology alternatives (Table 1). Best fit is determined by when
the total surface area covered by the modelled ice mask in the three
test sectors equals to the surface area covered by the reconstruction
within the sectors (mesh elements within the reconstruction). We then
examine the coverage of modelled ice within each of the three test
sectors to the reconstructed coverage, in order to separate the advance
of the fjord sector and the terrestrial margins (blue outlines in Fig. 1b).
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Fig. 1. (a) Proxy compilations indicating the relative evolution of atmospheric temperature over Greenland (brown line, Vinther et al., 2009; Kobashi et al., 2011, see Fig. S1
for details) and subsurface water temperature in the Disko Bay area (green line, Moros et al., 2016; Wangner et al., 2018 see Fig. S1 for details) during the last 4000 years of
the Neoglacial. Black horizontal lines and shading indicate the timing of the Roman Warm Period (RWP, light orange) and the Little Ice Age (LIA, light blue) (Kjær et al., 2022).
The ice rafted debris (IRD) flux from core ACDC2014-003 (purple line, Wangner et al., 2018), showing the shift from the RWP high-IRD-flux climate to the LIA climate with
low IRD. (b) Bathymetry and topography of the Ilulissat Icefjord and Sermeq Kujalleq frontal region (green-to-brown, only indicative inside the present-day ice mask, BedMachine
v5 Morlighem et al., 2017), naming of the different sectors and the present-day ice mask (white shading, BedMachine v5 (Morlighem et al., 2017)). We outline in black the
maximum extent of the Little Ice Age advance drawing from our own fieldwork and from previously published maps (Weidick and Bennike, 2007; Csatho et al., 2008; Briner
et al., 2010). The blue boxes indicate the areas used for areal fitting of the modelled ice front in Table 1. Purple star indicates the core location for IRD data.
2.2. Calving

We use the von Mises calving criterion (Morlighem et al., 2016),
where the calving front is advected at a velocity:

𝑣f ront = 𝐯 −
(

𝑐 + 𝑀̇
)

𝐧, (1)

where 𝐯 is the horizontal velocity of the ice, 𝑐 the calving rate and 𝑀̇
the rate of undercutting at the calving front, and 𝐧 is a unit normal
vector that points outward from the ice domain. The calving rate is
further defined as:

𝑐 =
𝜎VM
𝜎max

‖𝐯‖, (2)

where 𝑐 is the calving rate, 𝜎VM the von Mises tensile stress of the ice,
𝜎max is the maximum allowed ‘‘strain rate’’ in the ice — the calving
threshold — and ‖𝐯‖ the magnitude of the horizontal ice velocity. This
parameterization is controlled by the calving threshold 𝜎max, which is
specific for each glacier and has been found to be within the range
of 300–1200 kPa for present-day glaciers in West Greenland (Bondzio
et al., 2018; Choi et al., 2018; Morlighem et al., 2019). 𝜎 is set
3

max
separately for grounded and floating ice, but since advance in our
model is insensitive to the value for grounded ice, we keep it at a
constant value of 1000 kPa, calibrated in Kajanto et al. (2020), and
only change the 𝜎max value for floating ice in the experiments. In
addition, we impose a constant minimum thickness condition of 80 m,
and an undercutting rate of 10 m/yr, both of which are kept constant
throughout the runs and have little impact on the results.

The calving threshold for floating ice in Sermeq Kujalleq has been
calibrated to have a present-day summer-to-winter range of 50–400 kPa
(Bondzio et al., 2018), and an annual mean value of 300 kPa for the
Mid-Holocene (Kajanto et al., 2020). We trigger advance by increasing
the threshold sufficiently to permit ice shelf formation, as Kajanto et al.
(2020) showed that surface mass balance and melt rate changes are
not able to create advance, as long as the front is allowed to calve. We
increased 𝜎max at 100 kPa intervals, and found the minimum value to
permit advance to range between 800–1000 kPa (Table S1). The best
fit is obtained with calving threshold 1100 kPa, which we use in the
experiments. The calving threshold is somewhat related to ice rheology,
as the best fit between ice rheologies varies between 1000–1200 kPa.
Due to the very large reconstructed Little Ice Age extent within the
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Fig. 2. Modelled evolution of Sermeq Kujalleq during a 400-year advance to the best-fit Little Ice Age extent with warm ice rheology and soft shear margins (See Table 1), plotted
at 50-year-intervals (coloured lines, time scale in coloured dots). (a) Ice front position through time and the reconstructed Little Ice Age extent of the glacier (black, Fig. 1). (b)
the glacier outline along a flowline along the centerline of the fjord (black dotted line in panel a). The dashed vertical lines in panel (b) indicate the estimated grounding line
locations along the flowline at the LIA maximum, at 2000 CE, before the rapid contemporary retreat, and at 2012 CE. The distance along the flowline is computed from the initial
grounding line position (presumed Holocene minimum extent). Background is the present-day bathymetry and topography as in Fig. 1 (BedMachine v5 (Morlighem et al., 2017)).
fjord (Fig. 1b), increasing the calving threshold will further improve
the fit, since a larger shelf is able to form. However, we require that
the southern terrestrial margin must advance before the fjord, as is
indicated by the respective advance ages (Briner et al., 2010), which
constrains the calving threshold from above (Table S1).

Åkesson et al. (2022) also find that an increase in 𝜎max is necessary
to permit shelf formation in Petermann Glacier. However, Sermeq
Kujalleq required an order of magnitude larger change in the calving
threshold in order to advance, compared to the increase from 300 kPa
to 400 kPa for Petermann (Åkesson et al., 2022). The ice shelf in
Sermeq Kujalleq needs to be stiff in order to both advance over a
relatively wide and deep bathymetry, and to sustain a large degree of
shearing from the fjord walls as the velocity within the narrow shelf is
high (Fig. 3).

2.3. Ice rheology

We use two different ice temperatures to reconstruct two alternative
ice rheologies, called ‘‘cold’’ and ‘‘warm’’ to represent stiff and soft ice.
We attribute ice viscosity directly to temperature, since the dependency
of the flow parameter 𝐴 of Glen’s flow law to temperature is best estab-
lished (Cuffey and Paterson, 2010). Other factors can also impact ice
viscosity, such as the crystal orientation fabric anisotropy (Gerber et al.,
2023), which is not included in the model although likely contributes
to the required shear margin softening, as well as impurities within the
ice, whose impact on ice deformation remains ambiguous (Stoll et al.,
2021), and is thus ignored.

The cold ice rheology is initialized from an ice temperature from
Lecavalier et al. (2014) time slice at 9500 yrs BP, interpolated to our
model mesh. The warm ice rheology is present-day observed surface
temperature lowered by 5 K, as used for present-day Sermeq Kujalleq
in Bondzio et al. (2018). The difference of the two temperature fields
varies spatially between 6–10 K, the difference being largest close to
the front (Fig. S2).

The model setup of Sermeq Kujalleq requires shear margin softening
to account for damage in areas with a steep bedrock slope in order
to create the rapid flow of the main trunk. The damage factor due to
softening has previously been calibrated to 0.5 for present day (Bondzio
et al., 2018) and 0.3 for Mid-Holocene (Kajanto et al., 2020). We
calibrate the softening value at 0.05 increments based on the areal fit
of the advanced ice margin separately for both ice rheologies, resulting
to 0.35 for the warm ice rheology and 0.30 for the cold ice rheology
4

(Table S1). For ice outside of the initial ice mask we use a constant
viscosity of the ice margin, with or without shear margin softening.

In addition, we impose softening equal to the shear margin softening
to the area where the northern tributary merges with the main trunk.
Directly before merging, the two branches flow with a significantly
different velocity, creating a high strain rate in the zone between the
two. Thus, the von Mises tensile stress exceeds the calving threshold
(Eq. (2)), and ice between the branches will be calved off and removed
from the ice mask. However, we would not expect all ice to be directly
removed from between the two shelves, but would expect an area of
highly damaged ice to form between the branches. The procedure is
similar to Seroussi et al. (2017) model of Thwaites in Antarctica, to
handle different flow regimes within a single floating tongue.

2.4. Stratification

The Greenland Ice Sheet stratification is simulated with the coupled
ELSA-Yelmo model setup, where ELSA (Englacial Layer Simulation
Architecture, (Rieckh et al., 2023; Born and Robinson, 2021)) simulates
the englacial stratigraphy and Yelmo is a thermomechanical ice sheet
model (Robinson et al., 2020).

The simulation ran from 162000 BP to present day on a regular
8 km Cartesian grid over the entire Greenland ice sheet. Bedrock and
ice topography are from Morlighem et al. (2017), the geothermal heat
flux field is based on Martos et al. (2018) over land and Shapiro
and Ritzwoller (2004) over the ocean. Climate forcing is calculated
using a snapshot method using a high-resolution simulation of present-
day climate (Fettweis et al., 2017) and global simulations for the
last glacial maximum (Abe-Ouchi et al., 2015). Surface mass balance
is computed using the positive-degree-day scheme with a snow melt
factor of 3 mm 𝐾−1 𝑑−1 water equivalent and ice melt factor of
8 mm 𝐾−1 𝑑−1 water equivalent.

ELSA simulates the englacial stratigraphy of the Greenland ice
sheet by modelling individual layers of accumulation explicitly driven
by surface mass balance provided by Yelmo. The added layers are
isochronal with a resolution of 100 a. Over the course of the simu-
lations and as new layers are added, older layers flow towards the
margins and become thinner. Advection occurs exclusively within lay-
ers. The parameters of the simulation in Fig. 5 were constrained by
direct comparison of a 700-member ensemble with Bedmachine v3
data (Morlighem et al., 2017) and dated radiostratigraphy data (Mac-
Gregor et al., 2016) over the entire Greenland domain, at a lower
resolution of 16 km.
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Fig. 3. Evolution of the ice shelf of Sermeq Kujalleq during the advance: (a) Distance of the grounding line (brown) and ice front (black) from the initial grounding line location
show the advance and growth of the shelf along the flowline (Fig. 2a). (b) total area of the floating shelf in the catchment demonstrates the growth and narrowing of the shelf.
(c) the maximum velocity of the glacier, typically at the calving front, adjusts to changes in the shelf shape. Light orange background colour indicates warm, mass-loss climate of
the spinup, light blue background indicates the cold, mass-gain climate of the experiment. Forcing changes linearly within the first 100 years of the experiment, see Methods for
details. Coloured circles indicate outline locations plotted in Fig. 2.
3. Results and discussion

3.1. The little ice age advance of Sermeq Kujalleq

We initialize our model experiment from a retreated ice front con-
figuration of Sermeq Kujalleq, approximately 5 km inland from the
present-day extent, as suggested in Kajanto et al. (2020) (yellow outline
in Fig. 2). Within the first 100 years of the experiment, atmospheric
forcing, melt rate and calving change linearly from warm to cold values
(see Methods for details). In our model setup, calving is represented
by a single parameter — the calving threshold — which controls how
easily ice breaks under stress (von Mises calving, see Methods for
details). Initially, the calving threshold is at a warm-climate value for
Sermeq Kujalleq (Bondzio et al., 2017; Kajanto et al., 2020), creating a
high calving flux that maintains a high velocity at the front (Fig. 3c).

As the climate cools, the changing calving condition permits ice
shelf formation, which is directly followed by a slowdown of ice flow
(Fig. 3b,c). The slowdown causes ice buildup at the grounding line,
rapidly leading to thickening and grounding line advance (Fig. 3a).
After 50 years, the northern tributary and the main trunk merge,
5

causing a rapid increase in the ice shelf size and further slowdown of
ice flow down to 4 km per year due to increased friction with the fjord
walls from the larger shelf (Fig. 3b,c). During the first 100 years, the
grounding line in the main trunk gradually advances 10 km up to a
shallower bed, as a response to the slowdown and thickening of the
glacier (Figs. 2b, 3a).

Between 100–150 years the shelf continues to grow in size and flows
slowly, while the grounding line advances along the narrow main trunk
(Fig. 3a,b), until the grounding line has reached a position close to
the observed grounding line of year 2000 (Fig. 2b). From this position,
the shelf advances further into the fjord (Fig. 2). Due to the steep and
narrow bathymetry, the advancing shelf starts grounding to the sides
of the fjord walls, leading to a rapid decrease of the ice shelf area, and
grounding line advance along the flowline (Fig. 3). The shelf adjusts to
a narrow configuration and ice velocity slowly increases, as the ice shelf
continues to slowly thicken and eventually increase in size (Fig. 3).

Our modelled evolution is compatible with the reconstructed history
of the terrestrial margins of the glacier (Briner et al., 2010) and
provides further insight into the details of the advance, as we can
account for the difference in the timing of the advance of the northern
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Fig. 4. Glacier outline at the time of respective best areal fit to the reconstructed Little Ice Age extent (dark red outline, see Fig. 1), for the four different ice rheologies presented
in Table 1. The times of best fit are listed in Table 1.
and southern terrestrial margins of Sermeq Kujalleq (Fig. 1b). The
southern terrestrial margin resides on a topographically high area,
where the area inland of the southern margin is also on high ter-
rain Morlighem et al. (2017). For this reason, the southern margin is
relatively disconnected from the main trunk of Sermeq Kujalleq, and
thus the evidence for a relatively early advance age of 350 BCE of the
southern margin Briner et al. (2010) likely reflects a response to the
overall cooling trend of the Neoglacial (Fig. 2a).

In contrast to the southern margin, the area directly inland of the
northern terrestrial margin is below sea level (Fig. 1b), and we find
its advance to the Little Ice Age extent to be directly connected to
the advance of the grounding line of Sermeq Kujalleq (Fig. 2). The
Little Ice Age advance age of the northern terrestrial margin is 1550–
1750 CE (Briner et al., 2010, 2011), indicating that the advance was
relatively recent. The last significant peak of the ice rafted debris
before the Little Ice Age, indicating significant calving, took place at
approximately 1100 CE. If this is taken as the starting point of the
advance and the advance age of the northern terrestrial margin as the
end point of the advance, the simulated 400-year-advance matches well
with the data.

Due to the simplified forcing of our model (See methods), it provides
a lower limit to the duration of the advance, demonstrating that the
entire evolution from the Holocene minimum to the Little Ice Age
maximum extent may have been achieved within 400 years. Thus,
our model and the proxy calving data together indicate that the fjord
sector of Sermeq Kujalleq remained at a retracted extent — close to
the present-day extent — until a rapid advance during the Little Ice
Age that was driven by changes at the ice-ocean interface.

3.2. The impact of ice rheology on glacier advance

A significant reduction in calving, in combination with a cool cli-
mate, causes mass gain and eventually an advance of Sermeq Kujalleq.
However, the fit of the shape of the advanced front to the reconstructed
Little Ice Age extent varies significantly depending on the ice rheology
(Table 1, Fig. 4). We test two different ice rheologies, representative
of warm ice and cold ice (Table 1, see Methods for details). Previous
6

models of Sermeq Kujalleq showed that soft shear margins bordering
rapidly flowing areas are essential to match the flow pattern (Bondzio
et al., 2018; Kajanto et al., 2020); however, it is uncertain how rapidly
shear margins will develop during an advance. Due to this uncertainty,
we test two alternatives for the advanced ice rheology: with and
without soft shear margins.

In order to test the fit of the modelled ice extent to the recon-
struction, we compare the simulated ice-covered area to the field-based
reconstruction of the Little Ice Age extent in pre-defined test sectors
(areas outlined in blue in Fig. 1b). Cold ice with no shear margins leads
to excessive advance of the terrestrial margins and limited advance
in the fjord, since the stiff ice does not flow into the fjord (Table 1,
Fig. 4). However, warm ice rheology enables a more rapid transport of
inland ice towards the front, thus replacing ice lost due to calving at the
glacier front and thickening ice at the grounding line. Combining shear
margin softening with the cold ice rheology significantly speeds up and
improves the fit to the reconstruction, demonstrating the significance of
the shear margins (Table 1, Fig. 4). Including soft shear margins in the
warm ice rheology gives the best fit to the Little Ice Age reconstruction
(Table 1, Fig. 2a). Thus, the extensive advance of the glacier in the fjord
compared to the terrestrial margins is achieved by flow of soft ice.

3.3. The evolution of ice rheology in Sermeq Kujalleq

Our model shows that flow of soft ice from inland to the grounding
line was a contributing factor to the fast and extensive advance of
Sermeq Kujalleq during the Little ice Age climate cooling. The flow
properties of the ice are predominantly controlled by the temperature
of the ice, making cold ice harder and warm ice softer (Cuffey and
Paterson, 2010). The temperature of the ice is determined by the
atmospheric forcing at the surface, by the geothermal heating from
below and by frictional heating due to internal deformation and basal
sliding. During the Holocene, the accumulation and advection of warm
Holocene ice into Sermeq Kujalleq has to a large degree replaced the
cold glacial ice of the interior, particularly close to the front (Fig. 5).
Thus, the long and warm Holocene period preconditions the ice within
Sermeq Kujalleq for the rapid advance of the Little Ice Age. This
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Fig. 5. Accumulation and advection of Holocene ice (light grey shading) and heat (coloured dots) into Sermeq Kujalleq from Mid to Late Holocene, cross-section along 69.1246◦N
using the ice-sheet model Yelmo (see Methods and Fig. S4 for details). During the Mid-Holocene (left panel), the majority of the ice within the glacier was glacial ice still cold
from the preceding ice age. By 1000 yrs BP (right panel), ice accumulated during the Holocene takes up most of the ice volume, and the remaining glacial ice has been heated by
up to 6 ◦C due to geothermal and frictional heating (coloured dots). Note that ISSM and Yelmo are run with different model parameters and boundary conditions (see Methods
for details) and are not designed to specifically reproduce each other’s results.
demonstrates that a comprehensive understanding of glacier and ice
front evolution requires an understanding of their past evolution.

In order to create the advance, we impose a calving condition
that causes the ice in the floating shelf to resist calving. We presume
that the change in the calving condition encompasses climatic changes
influencing the ice-ocean interface, such as decreased runoff from the
glacier leading to less hydrofracturing, cooling of the incoming Atlantic
Water and potentially changes in the fjord stratification or subglacial
discharge. Additionally, the crystal orientation within the ice also has
a significant control of the ice rheology (Fan et al., 2020; Gerber
et al., 2023). Thus, the anisotropy of the crystal orientation of the ice
within Sermeq Kujalleq potentially also contributed to the Little Ice
Age advance, with ice being soft for shearing but stiff for along-flow
deformation (Gerber et al., 2023).

4. Conclusions

Our study shows that the Little Ice Age extent of Sermeq Kujalleq
was facilitated by soft and mobile ice buildup at the grounding line
during a relatively short episode of reduced calving. From this perspec-
tive, the Little Ice Age extent of the glacier is not representative of a
long-term stable extent of the Holocene, but rather the peak extent of
a centennial-scale advance episode. Thus, the observed 20th century
retreat of Sermeq Kujalleq (Kjeldsen et al., 2015) consists of two
components: the recovery from the Little Ice Age climate anomaly and
the response to the Anthropogenic warming. It is unclear what are the
relative contributions of each component. However, if all retreat since
the Little Ice Age maximum is interpreted as Anthropogenic retreat,
and glacier models used to assess future sea-level contribution are
tuned based on this assumption, there is a risk that the Anthropogenic
contribution to the observed 20th century retreat is overestimated. At
the same time, the future long-term retreat of Sermeq Kujalleq could
be underestimated, as the long-term inherited climate history of the
glacier and the upstream ice sheet, as well as processes taking place
on centennial to millennial timescales are ignored. From our results
follow that the Anthropogenic warming of surface temperature over
the Greenland ice sheet will cause further advection of warm ice to
Sermeq Kujalleq, promoting faster ice flow and a potential increase in
the contribution to global sea-level rise.

Based on our results it is clear that the long-term history of glacier
frontal variability and ice rheology must be considered when sim-
ulating the future response of glaciers such as Sermeq Kujalleq to
Anthropogenic climate change.
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