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a b s t r a c t

Marine terminating glaciers evolve on millenial timescales in response to changes in oceanic and at-
mospheric conditions. However, the relative role of oceanic and atmospheric drivers remains uncertain.
The evolution of marine terminating glaciers under the warmer than present Holocene Climate Optimum
climate can give important insights into the dynamics of ice streams as the climate evolves. The early
Holocene evolution of Jakobshavn Isbræ, from the Last Glacial Maximum extent up to 8.2 ka BP is well
constrained by geomorphological studies in the area. However, the Holocene minimum extent of the
glacier is unknown. Here, we use a high-resolution regional ice sheet model to study the retreat and
readvance of Jakobshavn Isbræ from the Mid-Holocene to the Little Ice Age. This model of Jakobshavn
Isbræ accurately tracks the terrestrial ice margin and agrees with available estimates of marine
grounding line evolution. We find that the Holocene minimum extent of both the terrestrial ice margin
and the grounding line, reached at 6e5 ka BP, is close to the present day extent of the glacier. We also
find that the glacier is currently located close to a tipping point, from beyond which readvance would
require a longer and more significant cooling than the Little Ice Age. We assess the importance of the
ocean forcing in explaining the Holocene evolution of Jakobshavn, and find that cooling within the fjord
during the Mid-Holocene is critical for the glacier to readvance. This finding emphasizes the role of ocean
forcing when trying to understand the millenial scale evolution of marine terminating glaciers.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Marine terminating outlet glaciers are the main route of ice
discharge in contemporary ice sheets and are sensitive to changes
in external forcing (Schoof, 2007; Vieli and Nick, 2011; Nick et al.,
2013; Enderlin et al., 2014; Aschwanden et al., 2016; Morlighem
et al., 2016; Bondzio et al., 2017). Unfortunately, the physical pro-
cesses controlling the behaviour of marine terminating glaciers are
not implemented in large scale models used to study the long term
evolution of ice sheets, such as Greenland, (e.g. Tarasov and Peltier,
2002; Fleming and Lambeck, 2004; Simpson et al., 2009; Lecavalier
et al., 2014; Tabone et al., 2019; Cuzzone et al., 2019). There is also a
large discrepancy between models of the deglaciation of the
Greenland Ice Sheet (GIS) and the geomorphological evidence of
the ice margin retreat in the vicinity of marine ice streams since the
last glacial maximum (Lecavalier et al., 2014; Nielsen et al., 2018;
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Cuzzone et al., 2019). In order to correctly explain the recorded ice
front evolution, the dynamics of marine terminating ice streams
must be accurately incorporated in models. In large scale models,
dynamical processes are often neglected due to coarse resolution
and incomplete description of physical processes, both limited by
computational power. For smaller catchments, however, dynamical
modelling is tractable over millenial time scales.

Jakobshavn Isbræ (JI) is the fastest flowing ice stream in
Greenland (Rignot and Mouginot, 2012), and also the largest
contributor to dynamic discharge of the GIS in recent years
(Enderlin et al., 2014). It has been studied extensively due to its high
flow rate and dramatic thinning, acceleration, and retreat in the
2000’s (Weidick and Bennike, 2007; Joughin et al., 2008; Csatho
et al., 2008; Briner et al., 2010; Van Der Veen et al., 2011; Joughin
et al., 2012; Nick et al., 2013; Young and Briner, 2015). JI has been
modelled in several studies, but none of the regional models of the
JI catchment extend prior to the Little Ice Age (LIA) maximum
(Muresan et al., 2016; Bondzio et al., 2017; Steiger et al., 2018). The
bed geometry of JI is distinctive and important in controlling the
dynamics of the glacier. The mouth of Jakobshavn fjord has a
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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shallow sill that is 255 m below the present-day sea level at the
deepest point (Fig. 1a). Upstream of the sill, the fjord deepens
quickly to at least 500 m, although the exact depth is unknown.
Approximately 60 km inland from the sill, where the present day
glacier terminus is located, the fjord bed has a small elevated bump.
Upstream of the bump, the fjord deepens further and is charac-
terised by a deep and narrow trough that continues over 100 km
inland. A large portion of the JI catchment is below sea level
(An et al., 2017; Morlighem et al., 2017).

Recent observations of water temperature and terminus posi-
tion of JI indicate sensitivity of the glacier to ocean temperature,
and that ocean-induced melt plays a signifcant role in controlling
the glacier evolution even in the absence of a floating ice tongue
(Khazendar et al., 2019). Lloyd et al. (2011) find that over the last
century, the inflow of warm oceanwater correlates with the retreat
episodes of JI. This significance of ocean forcing to JI is also shown
by modelling studies: Vieli and Nick (2011), Nick et al. (2013),
Muresan et al. (2016), Bondzio et al. (2017), and Steiger et al. (2018)
all found that the dynamic changes of JI in recent decades are
largely driven by the ocean parameterization, and controlled by the
fjord geometry. Thus, there is evidence that ocean forcing is crucial
to a system such as JI, but the relative importance of the ocean
forcing is poorly understood on longer than centennial time scales.

Despite the accumulated evidence that ocean forcing is impor-
tant for marine terminating glaciers (e.g. Straneo et al., 2013), most
Greenland deglaciation models have excluded fast-flowing ice
streams and ocean forcing and focused on relative sea level and
atmospheric forcing, often due to practical issues such as model
resolution and computational time (Tarasov and Peltier, 2002;
Simpson et al., 2009; Lecavalier et al., 2014). Tabone et al. (2019),
studied the effect of millenial scale ocean variability on the GIS over
the last glacial cycle, showing that the GIS is sensitive to changes in
the ocean throughout the glaciation, even though the coarse res-
olution of the model prevents the inclusion of fast flowing ice
streams. Thus, there is a need to study fast-flowing marine termi-
nating ice streams on millenial timescales with sufficient model
resolution.

Even though JI and the surrounding area have been extensively
studied, and the evolution of the glacier starting from the LIA has
been modelled in several studies, the Holocene retreat, the Holo-
cene minimum extent, and the drivers controlling this retreat are
not yet completely understood. Here, we use a high-resolution
regional ice sheet model to study the retreat and readvance of JI
from the Mid-Holocene to the LIA. We constrain the Holocene
minimum extent of the glacier for both the terrestrial ice margin
and the grounding line below sea level. To our knowledge this is the
first regional model of JI that can track the grounding line over
millenial timescales. In addition, we assess the importance of the
ocean forcing in explaining the Holocene evolution of JI.

2. Deglaciation history of the Disko Bay region

This section summarizes published records of the Holocene
evolution of JI and the Disko Bay region. We discuss the timing of
events relevant for our study. For an account of the uncertainties
related to these ages, we refer to the original papers.

2.1. Early Holocene retreat of the ice margin

The main features of the deglaciation of the Disko Bay area are
summarized in Fig. 1. The large scale evolution of the ice margin is
driven by the atmospheric forcing (Fig. 1b). During the Last Glacial
Maximum (LGM) the Greenland Ice Sheet extended all the way to
the continental shelf edge (O Cofaigh et al., 2013; Hogan et al.,
2016). Deglaciation from the LGM extent of the paleo-predecessor
of JI was underway by 14.9 ka BP, and the retreat was interrupted
by a short readvance during the Younger Dryas period around 12.2
ka BP (O Cofaigh et al., 2013). After the Younger Dryas cooling, the
ice margin retreated rapidly, reaching the western side of Disko Bay
at approximately 11 ka BP, and the present day shoreline by 10 ka
BP (Lloyd et al., 2005; O Cofaigh et al., 2013; Young and Briner,
2015; Streuff et al., 2017). The retreat rate decreased as the ice
retreated eastwards, from hundreds of meters per year in Ege-
desminde Dyp down to tens of meters per year on the eastern side
of Disko Bay, as shown in Fig. 1A (Streuff et al., 2017). Streuff et al.
(2017) also present geomorphological and lithological evidence
suggesting that the ice margin might have been grounded during
the retreat, and a floating tongue only existed locally. Between 10
and 8 ka BP the ice edge retreated and stabilized on present day
land areas, forming the terrestrial ice margin of the JI catchment
(Young and Briner, 2015) (red lines in Fig. 1a).

During this period of relative stability, the marine part of JI
remained grounded below sea level on the sill at the mouth of
Jakobshavn’s fjord, providing extensive sedimentation to Disko Bay
(Lloyd et al., 2005; Hogan et al., 2012; Streuff et al., 2017). This
period of standstill coincides with the Holocene thermal maximum
around 10e8 ka BP (Fig. 1b) (Vinther et al., 2009), and it is plausible
that despite the terrestrial ice margin being stable, the ice sheet
was still experiencing thinning during this time. The terrestrial ice
margin retreat in south-western Greenland, south of Disko Bay, did
not experience a similar millenial-scale standstill period in the
Mid-Holocene, but retreated continuously eastwards, reaching the
LIA extent approximately at 6 ka BP (Lesnek and Briner, 2018).

2.2. Mid-Holocene retreat of JI and the Neoglacial readvance

The evolution of both the grounding line of JI and the terrestrial
ice margin are poorly known between 8 ka BP and the LIA. Some
time after 8 ka BP, JI ungrouded from the sill, and retreated into the
fjord (Lloyd et al., 2005; Young and Briner, 2015; Streuff et al., 2017).
Estimates on the exact timing of the retreat vary between 8.2 and
7.1 ka BP (black stars in Fig. 1a, (Lloyd et al., 2005; Streuff et al.,
2017)). There is no evidence of the grounding line retreat rate
within the fjord, but the deep retrograde topography indicates the
possibility of rapid retreat induced by marine ice sheet instability
(Schoof, 2007; Durand et al., 2009; Gudmundsson et al., 2012;
Jamieson et al., 2012). Evidence of the retreat of the terrestrial ice
margin surrounding the fjord suggests that the retreat was indeed
rapid, and that the terrestrial ice margin had retreated inland of the
LIA extent by 7 ka BP (Young and Briner, 2015). The Holocene
minimum extent of the terrestrial ice margin is poorly constrained,
and estimates vary between 15 and 100 km inland from the LIA
position; the largest retreats are based on ice-sheet wide models,
and the smaller retreats are based on evidence, such as moraines,
lake sediments, and archaeological findings (Weidick et al., 1990;
Tarasov and Peltier, 2002; Briner et al., 2010; Funder et al., 2011;
Nielsen et al., 2018). However, there is no direct geomorphological
evidence on the minimum extent of the grounding line in the fjord,
nor is the retreat of the grounding line resolved well in models.
Thus, there is no direct information on the position of the
grounding line during the Mid-Holocene. Also, there is no direct
evidence indicating if a floating tongue existed at some point
during the retreat.

Estimates of the timing of the Neoglacial readvance of JI are also
variable. Relative sea level data indicate that landscape submer-
gence was already initiated by around 3 ka BP (Long et al., 2006),
suggesting glacial advance, while radiocarbon ages of marine fauna
in the LIA moraine give a minimum constraint of 2.3 ka BP to the
Neoglacial readvance (Weidick and Bennike, 2007). Radiocarbon
ages from proglacial lakes in front of the terrestrial margins of JI



Fig. 1. Summary of the geomorphological evidence of the retreat of JI from Mid- to Late-Holocene, and proxy data showing the evolution of the different forcings: a) Ice front
reconstructions are marked with colored lines (Young and Briner, 2015), retreat rates and estimates of the timing of grounding line retreat west of the sill are from Streuff et al.
(2017) and Lloyd et al. (2005) (black stars). The location of the core MSM343300 is marked with a blue star, and the location of the RSL study area of Long et al. (2006) is marked
with a green rectangle. The greyscale background is the present day bedrock topography and bathymetry fromMorlighem et al. (2017). b) Grounding line position in reference to the
sill is marked with red dots (colors as in the front reconstructions in panel a), the average Holocene temperature anomaly over Greenland is from Vinther et al. (2009) (yellow line).
The Arctic (dark blue) and Atlantic (light blue) water indicators in the West Greenland Current entering Disko Bay from core MSM343300 (Moros et al., 2016), and the initiation of
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indicate an asynchronous readvance: the Neoglacial maximum
limit was reached already at 2.3 ka BP south of Jakobshavn fjord, but
only at 400 a BP north of the fjord (Briner et al., 2010). Results based
on a moss chronology from Sikuiui Lake on the Nuussuaq penin-
sula, approximately 200 km northwest of JI, indicate small ad-
vances in local ice caps at 6 ka BP, and distinct advances since 4 ka
BP (Schweinsberg et al., 2017). There is little data on the evolution
of the marine terminus of JI before 1850 AD, but Wangner et al.
(2018) present IRD fluxes from marine sediment cores in front of
the sill, indicating that the terminus was grounded 2-0.5 ka BP, and
evolved into a floating terminus after 500 a BP.
2.3. Oceanic conditions in Disko Bay

The oceanic conditions in Disko Bay are determined by a com-
bination of glacial meltwaters and the West Greenland Current
(WGC). The WGC consists of two main ambient ocean water types:
warm and salty Atlantic water, and cool and fresh Arctic water. The
present-day water column in the Jakobshavn fjord is stratified into
two main water bodies (Beaird et al., 2017). A 150-m-thick cold
water layer sits on top, thickening down to 200m towards the front
of JI. This layer is close to the in-situ freezing point and unable to
provide heat for substantial melting. The layer below is several
degrees warmer, consisting of glacially-modified WGC water. The
deep, warmwater layer is the water body causing most of the melt,
and its inflow into the fjord is regulated by the available space
between the cold water layer and the sill bathymetry at the mouth
of the fjord (Beaird et al., 2017).

The summer Sea-Surface Temperature (SST) reconstruction
from core MSM343300 of waters entering Disko Bay shows three
different periods for surface ocean conditions: a relatively warm
period at the Early Holocene with July SST’s between 5 and 8 +C,
followed by a cooler period at the Mid-Holocene (8e3 ka BP), with
July SST’s of 4e5 +C, and finally the Late-Holocene or Neoglaciation
warming, when the July SST’s rose to 4e6 +C (purple line in Fig. 1b).
Krawczyk et al. (2017) attribute the Mid-Holocene period of cold
surface waters to a large amount of glacial meltwater during the
summer season. The timing of the onset of this cold periodmatches
with the period of the retreat of JI inland from the sill, supporting
large glacial meltwater fluxes as a reason for the surface water
cooling.

The deep, warm WGC waters entering Disko Bay were domi-
nated by cold Arctic waters around 8 ka BP, with only sporadic
intrusions of warm Atlantic waters, as indicated by the abundancy
distribution of benthic foram species (dark and light blue lines in
Fig. 1b, (Moros et al., 2016)). After approximately 7.6 ka BP the
proportion of Arctic water drops drastically, while the proportion of
Atlantic water increases, which causes significant warming of the
deep waters. Atlantic water indicators oscillated in highly variable
numbers until 2 ka BP, when the proportion of Arctic water started
to increase, suggesting the onset of Neoglacial cooling also in deep
waters (Perner et al., 2013; Moros et al., 2016). In addition to
changes in the WGC composition, at 6 ka BP the Vaigat Strait north
of Disko Bay opened, causing the strength of the WGC to decrease
steadily throughout the Holocene (Perner et al., 2013) (arrow in
Fig. 1b).

From these records we get a rough idea of some of the main
changes in the oceanographic setting of Disko Bay during the Ho-
locene. Around 8 ka BP there was a shift to warmer deep water and
cooler surface water conditions, and this shift lasted until the
Neoglaciation. Moros et al. (2016) do not present a conversion from
decreasing West Greenland Current strength in Disko Bay from Perner et al. (2013). SST re
interpretation of the references to color in this figure legend, the reader is referred to the
the benthic foram abundancy to temperature, but Lloyd et al. (2011)
propose a translation for Disko Bay for the past century. They find
that at 300 m depth an increase from 5 to 15% of the warm water
indicators, and a simultaneous decrease of cold water indicators
from 45 to 20% corresponds to a 1� increase in temperature. If a
similar estimate were to hold for the data in Fig. 1b, it would
indicate a temperature increase of roughly 2� at 8 ka BP. However,
the transfer function established for the last century should be used
with caution. The applicability to data that is several millenia old is
uncertain. For example, it is unknown what role the changing
currents and the declining strenght of the WGC play.

What is even more significant for the ocean influence on JI, is
how much of the warm water in Disko Bay can actually access the
grounding line, once it has retreated into the fjord. It is uncertain
how well the composition of the water column entering Disko Bay
describes the water column in the fjord, particularly during periods
of rapid retreat and significant ice discharge. Data indicate that in
the present day configuration, temperature changes at intermedi-
ate depth in Disko Bay correlate with JI melt rate changes
(Khazendar et al., 2019). However, since the depth of the cold
surface water layer regulates the deep warm water influx into the
fjord, a large flux of glacial meltwater might have caused the sur-
face layer to deepen, as is currently observed in front of the present
day JI (Beaird et al., 2017). If the cooling of Disko Bay surface waters
after 8 ka BP was due to increased glacial meltwater as JI retreated,
it is possible that the cold upper water layer of the fjord may have
deepened enough to block the inflow of the warm deep water into
the fjord. In this case the fjord would be filled with very cold water,
while there would still be significantly warmer deep water in Disko
Bay.
3. Model setup

3.1. Ice-flow model

We use the Ice Sheet System Model (ISSM; Larour et al. (2012)),
with the two-dimensional Shelfy Stream Approximation (SSA;
Morland (1987); MacAyeal (1989)). This stress balance approxi-
mation is well-suited to model fast ice streams and regions expe-
riencing significant sliding at the bed. Ice flow follows a nonlinear,
isotropic flow law with a stress exponent of 3 (Glen, 1955; Nye,
1957). The model mesh is a non-uniform triangular mesh with a
resolution varying from 10 km in the slow-flowing central ice sheet
down to 200 m in the fjord and deep trough, where the grounding
line is expected to migrate. The grounding line evolves according to
the sub-element hydrostatic scheme (Seroussi et al., 2014), and
calving front position is tracked with a level set method (Bondzio
et al., 2016). We use a sliding law from Budd et al. (1979), with
two values for basal friction: a low value of 20 ðs=mÞ1=2 for deep
areas in the fjord and trough, and a higher value of 50 ðs=mÞ1=2, for
the rest of the domain. The values correspond to the average values
for respective regions obtained from inverting the present day
surface velocity (Larour et al., 2012; Seroussi et al., 2013).

The model domain in the inland area corresponds to the
present-day drainage area, (Rignot and Mouginot, 2012). However,
the domain is extended downstream to include the Holocene
extent of the glacier. The ice divide and lateral boundaries are fixed.
The bedrock topography is the present day topography from Bed-
Machine v3 (Morlighem et al., 2017); we modified the bed by
elevating the sill by 55 m. This change in sill depth is motivated by
the results of the spinup calibration, as explained in Section 4.1. The
construction from core MSM343300 (purple line) is from Krawczyk et al. (2017). (For
Web version of this article.)
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change in sill depth can be explained by the effect of iceberg keel
scouring during the Holocene, as has been observed in other fast-
flowing marine-terminating glaciers (Wise et al., 2017; Jakobsson
et al., 2018). The ice thickness and vertically averaged tempera-
ture are initialized from a time-slice at 9.5 ka BP from the GIS
deglaciation model by Lecavalier et al. (2014). For simplicity, the ice
temperature is kept constant troughout the simulations. We
introduce shear margins along areas of steep topographic and ve-
locity gradients, and soften these areas with a damage factor of 0.3,
which remains constant in time. The damage factor reduces linearly
the ice viscosity, allowing the decoupling of the fast-flowing ice
stream from the rest of the domain. This procedure is standard for JI
(for example (Van Der Veen et al., 2011; Nick et al., 2013; Bondzio
et al., 2017)), and the damage value is a result of the spinup cali-
bration, as detailed in Section 4.1.
3.2. Calving

Ice front migration is implemented using the level set method
(Bondzio et al., 2016). In this method the ice front is advected at the
front velocity:

vfront ¼ v �
�
cþmfront

�
n; (1)

where v is the horizontal ice velocity vector, c the calving rate,
mfront the melting rate at the vertical calving front, and n the unit
normal vector pointing horizontally outward. The calving rate is
based on the VonMises calving criterion (Morlighem et al., 2016):

c¼ sVM
smax

jjvjj; (2)

where sVM is the von Mises tensile stress, smax the maximum
allowed stress in the ice, and kvk the magnitude of the horizontal
ice velocity. In this formulation, calving is always present, but the
ratio of sVM over the threshold smax determines whether the ice
front advances along the ice flow direction or retreats in the
opposite direction. In other words, when the stress state in the ice is
high enough, the ice front retreats. The model enables the devel-
opment and maintenance of a floating tongue, since the ice front
and grounding line evolve independently from each other, and smax

has a different value depending on if the front is floating or
grounded. Present-day values of the threshold for JI were calibrated
in Bondzio et al. (2017) to oscillate between summer and winter
values of 60e600 kPa for floating ice, and approximately 100 kPa to
4 MPa for grounded ice. For our model setup, we calibrate the
values for the calving parameters within these ranges during the
spinup (see Section 4.1), and find that suitable constant values for
the Holocene are 300 kPa for floating ice and 1 MPa for grounded
ice.
3.3. Forcings

3.3.1. Surface mass balance
Since the Mid-Holocene climate of coastal areas in Greenland is

largely unknown, changes in surface mass balance (SMB) are rep-
resented by imposing variations in the equilibrium line altitude
(ELA) (Helsen et al., 2012). The strength of this method is that the
ELA implicitly accounts for changes in all processes contributing to
the SMB, which might not be possible to include in a SMB-model
applicable on long time scales. The SMB computed for every
point is:
SMBðx; tÞ¼ bðxÞðSðx; tÞ� ELAðtÞÞ; (3)

where bðxÞ is the vertical SMB gradient for each point, assumed to
be time independent, Sðx; tÞ is the ice surface elevation at time t,
and ELAðtÞ is the equilibrium line altitude at time t. The vertical SMB
gradients bðxÞ are calculated from a reference SMB. As the reference
SMB, we use a regional MAR climate generated from a pre-
industrial global NorESM boundary climate, as in Plach et al.
(2018). To avoid unrealistic values, the computed SMB is capped
between at 0.9 m ice eq./a and �4 m ice eq./a.

Air temperature gives an indication of ELA, but since the ELA
also depends on accumulation, the exact ELAvalues for JI during the
Holocene are unknown. Weidick and Bennike (2007) measured the
ELA of the JI catchment over three years in the 1980’s, and find that
values range from 1000 to 1200 m. The ELA of our reference SMB is
1300 m. From this we infer that the Holocene Climate Optimum
(HCO) maximum value, ELAHCO, was likely above, and the LIA
minimum ELA, ELALIA, below the observed values. We calibrate
ELAHCO during the spinup (for details see Section 4.1, and Fig. 3), and
test a range of values for the ELALIA in the forward runs, as described
in Section 4.2. Humlum (1987) estimate the ELALIA minimum to be
200 m below present day on the nearby Disko Island. We choose a
range of 600e1000 m, to capture the uncertainty.

3.3.2. Submarine melt
The ocean forcing in our model is prescribed through two

different melt-rates at the ice front below sea level. First is the
submarine melt rate, msub, applied at the base of the floating ice,
that is, howmuch ice melts in the vertical direction. The other melt
rate is the frontal melt rate, mfront, included in the front velocity
formulation (Eq. (1)), which causes melting perpendicular to the
vertical ice front and in the opposite direction to the ice flow. This
frontal melt rate is different from the submarine melt rate, since it
is a parameter which combines effects not included in the calving
rate, such as undercutting and seasonal frontal melt caused by
meltwater plumes. For simplicity, the frontal melt and submarine
melt are assumed equal throughout the study.

The benthic foram data from Disko Bay indicates that there was
a shift to warmer conditions around 8 ka BP, which corresponds to
the start of our transient runs. Therefore, we calibrate a low melt
rate value for the spinup, and a high HCO melt rate starting from 8
ka BP in the transient runs (Fig. S6). We test a range of simplified
ocean forcings in the transient runs, as described in Section 4.2. We
test a range of low melt rate values for the LIA, down to 10 m/a,
which corresponds to values found today in marine terminating
glaciers in cold oceanic settings in Northern Greenland, such as
Peterman Glacier, or 79 North Glacier (Wilson et al., 2017).
Bondzio et al. (2017) used submarinemelt rates ranging from 270 to
540 m/a for their model of JI in the recent decades, and our cali-
bration indicates that 600 m/a gives unrealistically high retreat
rates, thus limiting the higher end of tested melt rate values.

3.3.3. Relative sea level
The relative sea level changes up to 50 m in our model domain

during the studied time period from 8 ka BP to the LIA (Long et al.,
2006; Lecavalier et al., 2014). The largest changes take place at the
edges of the GIS, where the overall impact is a decrease in the
relative sea level, while in the interior of the ice sheet the relative
sea level increases (Long et al., 2006; Lecavalier et al., 2014). We
assume that the geometry of JI is dominated by sufficiently steep
features, such as the trough and the fjord, that small changes in the
bed slope due to postglacial uplift are negligible. However, changes
in relative sea level are significant at the sill, where floatation af-
fects the initiation of the glacier’s retreat.
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Since we use a regional model, computing relative sea level
changes is not feasible because we lack the impact of ice mass
changes outside of our domain. Thus, we keep the bed elevation in
our model constant, and force the sea level with the relative sea
level from the Greenland deglaciation model by Lecavalier et al.
(2014). This modelled relative sea level matches relatively well
with a relative sea level reconstruction from sediment cores from
lakes adjacent to Jakobshavn fjord (Long et al., 2006). The modelled
relative sea level for all grid points in the fjord are shown in light
grey, and reconstructed relative sea level in blue in Fig. 2. The
relative sea level forcing is a field that is updated at 500 year in-
tervals in the forward runs. During the spinup, however, all forcings
are kept constant at their initialization value, which causes a
discontinuity in the relative sea level when shifting from the spinup
run to the forward runs (see dark grey in Fig. 3.3.3). The spinup is
discussed further in Sections 4.1 and 6.

4. Experimental setup

The purpose of this study is to investigate the unknown Mid-
Holocene retreat and minimum extent of JI. First, a model of the
glacier is constructed and run as a spinup with constant forcings
until the ice front is stable. The end of the spinup is considered to
correspond to the ice configuration at 8 ka BP, and the model is run
forward to the LIA with different transient forcings.

4.1. Spinup

We initialize themodel using ice surface, extent, and relative sea
level at 9.5 ka BP from Lecavalier et al. (2014). To create a spinup for
the Mid-Holocene, we assume that the ice front was stable, the ice
stream was grounded on the sill, and the volume did not fluctuate
much. The spinup is run until the model reaches a stable front
position, corresponding to the locations of the dated moraines at
10e8 ka BP (Fig. 1), (Young and Briner, 2015), and the grounding
line remains grounded on the sill. The spinup is run with constant
forcings, even though we know that there were some minor ice
front fluctuations, likely ice volume fluctuations, and the relative
sea level was changing during this time (Lecavalier et al., 2014;
Young and Briner, 2015). However, none of these changes appear to
have caused the grounding line to fluctuate significantly from the
Fig. 2. Relative sea level at all grid points around the fjord during the forward runs
(grey), adapted from Lecavalier et al. (2014). Relative sea level at all points around the
fjord during spinup are represented as grey on light grey background. Observed
relative sea level next to the fjord (blue markers) (Long et al., 2006). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
sill, so for the purpose of our model, these effects are considered
negligible. Theremight have been a general trend of either thinning
or thickening of ice volume, but we assume that the trend was
slightly towards decreasing due to the warm HCO.

During the spinup, we find a range of acceptable values for each
of the unconstrained parameters: ELAHCO, sill depth, shear margin
softening, basal friction, calving parameters, and the submarine
melt rate. The main constraint of the spinup is that both the
terrestrial ice margin and the grounding line should remain stable
for at least two millenia. Parameters are deemed reasonable, if they
fulfill the no-retreat condition of the spinup. Some parameters,
such as the sill depth and ELAHCO value are connected, and we find
several stable combinations. The submarine melt rate is kept low
during the spinup to allow the ice surface to reach equilibrium,
which is consistent with the high concentration of Arctic water in
the WGC before 8 ka BP (Fig. 1, (Moros et al., 2016)).

4.2. Transient runs

The forward runs with transient forcings start from the end of
the spinup run, assuming it represents the ice configuration at 8 ka
BP. Parameters remain the same as in the spinups, except the ocean
melt rate, which is assumed to increase to a calibrated high melt
rate value, and the calving parameter, which is also recalibrated.
The different transient atmospheric and oceanic forcings are tested
both separately and combined. First, we run single forcing sensi-
tivity experiments, where we keep either atmospheric or ocean
forcing constant at the HCO level, while the other forcing is tran-
sient, in order to study the response of the model to different
forcings. We then use combinations of cool forcings to constrain the
Holocene minimum extent of the glacier, by testing what is the
farthest inland position that the grounding line can reach, while
still being able to grow back to its LIA extent within the expected
timing. All model runs with respective acronyms and forcings are
described in Table 1.

We test three different types of atmospheric forcings. Since the
general trend of Holocene climate cooling in Greenland after 8 ka
BP (Fig. 1) is close to linear (Vinther et al., 2009), the default at-
mospheric forcing is a linear ELA decrease (LE). The extreme at-
mospheric forcing that is meant to test the limits of the model is an
early stepwise decrease of the ELA directly to the LIA value (SE).
Finally, the variable ELA forcing directly follows the variations of
the Holocene temperature anomaly curve (VE) (yellow line in
Fig. 1). In runs testing the model sensitivity to ocean forcing, the
ELA remains constant at the HCO level (CE).

Ocean forcing is created by varying the ocean melt rate in time.
At the start of each forward run, the melt rate is increased to a high
HCO value to initiate retreat from the sill. This melt rate values are
calibrated for our model setup, representing the shift in ocean
conditions indicated by the benthic foram data at 8 ka BP (blue lines
in Fig. 1). The ocean forcing is either constant, at the high HCO value
(CM), or a stepwise decrease in the melt rate to simulate ocean
cooling after the high HCO conditions (SM). We apply this stepwise
change at different times and investigate the effect on the retreat
history of JI.

5. Results

5.1. Spinup run

First, we run a spinupmodel from the initial setupwith constant
forcings. During the spinup, the terrestrial ice margin retreats from
the initial ice extent close to the location of the reconstructed ice
margins for 10e8 ka BP (Fig. 3a). The grounding line of the ice
stream retreats from the initial extent to the sill, which is a pinning



Fig. 3. Result of the spinup: (a) surface velocity and ice configuration at the end of the spinup (color scale), in relation to the reconstructed terrestrial margins (red lines) and the sill
(grey line); (b) Ice volume evolution in spinup runs with different ELAHCO values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 1
Names and forcings used in model simulations.

Model name ELA forcing type ELALIA Marine forcing type Melt rate

LE_CM Linear 600 m, 800 m Constant 500 m/a
SE_CM Step at 7700 BP 600 m, 800 m, 1000 m Constant 500 m/a
CE_SM Constant 1500 m Step at 7700 BP 100 m/a, 150 m/a
LE_SM Linear 1000 m Step at 7600 BP 100 m/a
SE_SM Step at 7500 BP 800 m Step at 7500 BP 10 m/a
VE_SM Variable 1000 m Step at 7600 BP 50 m/a
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point in the bathymetry. However, the grounding line is prone to
retreat further inland from the sill, and is sensitive to changes in
model parameters. In order to enable the ice stream to extend to
the sill, further out than the rest of the glacier, the shear margins
need to be softened. Including shear margin softening allows the
ice stream grounding line to stabilize on the sill, while the terres-
trial ice margin retreats to the topographic high, 20 km inland from
the sill. Without softening, the modelled marine terminating front
is prone to retreat in line with the terrestrial margin due to internal
stresses that do not allow the decoupling of the terrestrial and
marine margins (Bondzio et al., 2017). This would cause the
grounding line of the ice stream to retreat inland from the sill on to
the deep retrograde bed, from where the marine ice sheet insta-
bility will keep the ice stream retreating even further inland.

In addition to shear margin softening, the tendency for rapid
retreat creates sensitivity to other unconstrained parameters. The
values used for the ELAHCO, sill depth, ice temperature, basal fric-
tion, ocean melt rate during spinup, and calving parameters are
constrained by the criteria that the ice margin and grounding line
must be located close to the reconstructed margin. ELAHCO is the
most significant of these unknown parameters affecting stability of
the glacier. Once the ice edge has retreated to the expected extent,
the ice volume still changes, either decreasing or increasing,
depending on the ELAHCO value (Fig. 3b). The difference is charac-
terized by a sharp transition at a certain threshold ELA value.

The parameter selection of the spinup is further illustrated in
Fig. 4. The figure shows the range of sill depths and ELAHCO values
tested. Runs are limited by three conditions: the grounding line
must remain stable on the sill for at least 2000 years; total ice
volume must decrease; and the ice cannot thin so much that it
starts floating in the deep trough inland. We see that the range of
acceptable sill depths is relatively large, while the acceptable
ELAHCO range is constrained around 1500 m. A similar testing
procedure is applied to all unconstrained parameters. All parameter
values used in both the spinup and the transient runs are listed in
Table S1.



Fig. 4. Visualisation of the spinup calibrationwith respect to sill depth and ELAHCO. Spinup is ranwith each combination, and pass/fail of three conditions, presented in Section 5.1, is
indicated with blue/red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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5.2. Transient runs, 8 ka BP to the LIA

Transient runs start from the ice configuration of the spinup
(Fig. 3a). The retreat during the transient run is initiated by a sharp
increase in themelt rate to cause ungrounding from the sill, and run
forward 8000 years (calibration of the melt rate increase is pre-
sented in Figures S5 and S6). The calving parameter smax is re-
calibrated to prevent unrealistically rapid retreat of the ice front.
During the forward runs either ELA, melt rate, or both evolve
through time, in addition to the relative sea level (see Fig. 5b and c).
Results are presented as grounded area extent in reference to the
Fig. 5. Grounded area evolution (a) of JI forced with different ELA or ocean melt rates, and th
for a range of different end values: linear ELA decrease (pale green), stepwise ELA decrease
overlap in (c). (For interpretation of the references to color in this figure legend, the reade
grounded area at the end of the spinup run. Since the inland extent
of the domain is kept constant, a change in the grounded area is the
sum of changes in the terrestrial ice margin and the grounding line.
The terrestrial margin and grounding line do not always evolve
synchronously, inwhich case we study their evolution separately in
plan view and along a flowline.
5.2.1. ELA and ocean melt sensitivity tests
In our first set of forward runs we test the sensitivity of the

model to changes in one forcing at a time. We test linear and
stepwise decrease of the ELA, and a stepwise decrease in ocean
e respective atmospheric (b) and ocean (c) forcings through time. Each forcing is tested
(dark green), and stepwise ocean melt decrease (pale blue). Dark and light green lines
r is referred to the Web version of this article.)
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melt from their respective high values at the start of the transient,
each with a range of end values. Runs with linearly decreasing ELA
(LE_CM, light green range Fig. 5), show a drastic decrease in the
grounded area, indicating that both the terrestrial ice margin and
grounding line retreat rapidly, far inland from the LIA and the
present day extents of the glacier. Runs with a stepwise decrease in
ELA (SE_CM, dark green range on Fig. 5), retreat similarly to LE_CM
for the first 1000 years, showing only slightly slower retreat
following the step in the ELA at 7.7 ka BP. After 7 ka BP, the retreat
slows down and the grounded area stabilizes with the lowest ELALIA
values. However, the stable ice configuration is much smaller than
the LIA or the present day ice extent. With the higher ELALIA values,
the grounded area does not stabilize, but keeps on retreating.

With all models, the 10-year-average retreat rate of the
grounding line reaches up to 1000 m/a in the rapidly deepening
sections of the topography inland of the sill and at the start of the
trough. On the terrestrial margins close to the fjord, retreat rates
can reach up to 500 m/a, following the rapid retreat of the marine
terminus.

Runs with a stepwise decrease in ocean melt rate at 7.7 ka BP
show an instant slowdown in the grounded area retreat after the
step decrease in melt rate takes place (CE_SM, pale blue range in
Fig. 5). However, this slowdown lasts for approximately 1000 years,
until the retreat continues due to continuing volume decrease
(Fig. S1). This result shows that the grounded area reacts to changes
in melt rate immediately, even if eventually the volume decrease
due to thinning forces retreat. All the single forcing runs show
retreat while either ELA or oceanmelt have the high HCO value, and
only the most drastic cooling of the climate can eventually stop this
retreat. Furthermore, none of the runs show grounded area in-
crease during the 8000 years of the model run, which means there
is no readvance of either the grounding line or the terrestrial
margins, when only either atmospheric or oceanic changes are
applied.

5.2.2. The Holocene minimum extent
In the second set of forward runs we test combinations of

transient ELA and melt rate forcings in order to create a model that
will readvance to reach the LIA extent. Fig. 6 presents grounded
area evolution and forcings of two different runs (LE_SM and
SE_SM) that show grounded area increase. LE_SM (purple lines in
Fig. 6) is forced by a linear ELA decrease and a stepwise decrease in
ocean melt rate. SE_SM (pink lines in Fig. 6) has a stepwise cooling
in both the atmospheric and ocean forcing, and the final values for
both are cooler than the ones reached at the end of LE_SM.We note
that these steps in forcings take place later in SE_SM, at 7.5 ka BP,
whereas in LE_SM they take place at 7.6 ka BP. In Fig. 6 the initial
rapid grounded area retreat of both models is similar, until the step
change in melt rate in LE_SM is applied. After the step change,
grounded area in LE_SM rebounds slightly, before decreasing
slowly to the Holocene minimum extent at 6e5 ka BP. Since SE_SM
has step changes 100 years later in both forcings, the grounded area
continues to retreat rapidly at the same rate for the extra 100 years
before the steps take place. Since SE_SM has a step cooling in both
forcings, the initial quick rebound of the grounded area after the
step is larger than for LE_SM. The grounded area increase of SE_SM
continues throughout the model run due to the cool forcings, but
this readvance slows down in time, and does not reach the present
day extent by the end of the simulation.

Fig. 7 presents the frontal evolution at 100-year-intervals of both
LE_SM and SE_SM in plan view and along a flowline, giving more
insight on the spatial evolution of the margins and on the
grounding line position separately. Fig. 7c shows that in LE_SM the
grounding line retreat stops as the step change in melt rate at 7.6 ka
BP is applied, before a bump in the bathymetry 60 km from the sill.
The grounding line then readvances immediately, explaining the
small rebound of grounded area in Fig. 6, before settling close to the
LIA location. Fig. 7a shows that the minimum extent at 6e5 ka BP is
due to the sustained retreat of the terrestrial margins, which shifts
to readvance only when the atmospheric focing is cold enough to
build up ice volume again (Fig. S2).

In SE_SM the grounding line retreats beyond this bump at
60 km, and remains in the deep trough for the rest of the run,
despite the very cool forcings of both atmosphere and ocean
(Fig. 7d). The grounded area evolution of SE_SM in Fig. 6 shows
increase immediately after the step change at 7.5 ka BP, but Fig. 7b
and d shows that this increase is, in this case, caused by the
terrestrial margins, not by the grounding line advance. The advance
of the terrestrial margins eventually stops since they cannot
advance further before the marine part also advances, and the fjord
becomes ice filled again.

Fig. 8 presents a case with a realistic atmospheric forcing and
stepwise ocean cooling, VE_SM, where the ELA varies following the
variations of the Greenland temperature anomaly (yellow line in
Fig. 1b). The general shape of the evolution of the grounded area is
similar to the evolution of LE_SM (pink line in Fig. 6): the initial
retreat is rapid, following a slowdown after the step decrease in the
melt rate, and the Holocene minimum extent is slightly below the
present day extent and reached at 5 ka BP. However, there are some
differences due to the higher ELA oscillations directly after 8 ka BP
and through the Mid-Holocene. Due to the higher ELA values,
VE_SM needs a lower melt rate pulse to initiate retreat from the sill,
which causes the initial retreat to be slower than with the higher
melt rate of LE_SM. The higher ELA oscillations also mean that
VE_SM requires a lower step than LE_SM in the melt rate to enable
readvance. Although the minimum extent in grounded area is
reached at 5 ka BP, the grounded area remains low until 3 ka BP,
when the readvance starts to pick up, while the atmospheric
forcing cools. The variability of the atmospheric forcing translates
to variability in the evolution of the terrestrial margins and thus to
the total grounded area. However, the grounding line is not
impacted by these short time scale variations of atmospheric
forcing (Fig. S4).

All the runs show that even with cold forcings, the readvance
rate is slow, and grounding line readvance is particularly slow,
except for stepwise changes in the ocean forcing. All the runs
indicate that the position of the grounding line at the time when
the stepwise decrease in ocean melt is applied is crucial to the
future evolution of the glacier, as is seen when comparing Fig. 7a
and c to 7b and 7d. From the slow readvance follows that the
grounding line could not have retreated into the trough beyond the
bump at 60 km during the Holocene, since it would not have had
the time to readvance to the LIA extent (Fig. 6).

6. Discussion

In this study we use a high-resolution 2D ice flow model to
simulate the evolution of JI from the Mid-Holocene to the LIA. This
is the first time a high resolution regional model is used to study
the grounding line migration of JI over the past millenia. Guided by
proxy records of Holocene climate change on Greenland, several
forcing scenarios are tested in order to find a combination recre-
ating the observed pattern of glacier retreat and readvance. By
requiring a readvance to the observed LIA extent, our simulations
constrain the Holocene minimum extent of JI close to the present
position of the glacier.

We find that, during the Holocene, the grounding line of JI could
not have retreated beyond the bedrock bump close to the present
day calving front. There is no geomorphological evidence for the
retreat of the grounding line during the Mid-Holocene, and the



Fig. 6. Grounded area evolution (a) of JI in different combined forcing runs: LE_SM (purple) and SE_SM (pink), and the respective atmospheric (b) and ocean (c) forcings through
time. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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previous modelling studies show either a retreat as far as 100 km
inland from the present day extent (Tarasov and Peltier, 2002;
Nielsen et al., 2018), or no retreat from the sill at all (Simpson et al.,
2009; Lecavalier et al., 2014; Cuzzone et al., 2019). For the terrestrial
margins we find that the retreat was on average less than 10 km
inland from the present day margin. Our result is close to the result
of Weidick et al. (1990), who estimated a 15 km retreat of the
terrestrial margins of JI from the present day extent, based on dated
archaeological finds transported by the ice. Our simulated mini-
mum extent took place between 6 and 4 ka BP. This is in line with
Briner et al. (2010) who studied proglacial lakes in front of the
present day terrestrial margin of JI, and concluded that the mini-
mum extent took place between 6 and 5 ka BP. Nielsen et al. (2018);
Tarasov and Peltier (2002) model a readvance close to the JI
catchment, but the timing of the minimum extent is at the HCO
around 8 ka BP, too early compared to the dated ice margin re-
constructions (Young and Briner, 2015). The differences between
our model results and previous modelling studies highlight the
importance of high model resolution capturing the ice streams,
detailed topography, and grounding line evolution (Greve and
Herzfeld, 2013; Cuzzone et al., 2019; Seroussi et al., 2014).

By calibrating the model using the reconstructed and observed
frontal positions, we are able to find the combination of atmo-
spheric andmarine forcing required to create the retreat-readvance
pattern of JI during the Holocene. Ocean cooling is needed to stop
the retreat of the grounding line, and atmospheric cooling is
needed to increase the ice volume, allowing the LIA readvance. The
necessity of ocean cooling is clear in the combined forcing runs
(Fig. 6), and similar behavior is observed when applying the proxy-
based, variable atmospheric forcing (Fig. 8). Due to the fjord setting
with a retrograde bed, the grounding line is extremely sensitive to
changes in ocean melt, and a significant melt rate decrease is
needed to stop the retreat of the grounding line. This sensitivity is
in line with the marine ice sheet instability of marine terminating
glaciers on retrograde bed slopes (Schoof, 2007; Gudmundsson
et al., 2012; Jamieson et al., 2014; Nielsen et al., 2018). However,
one can also note thatmost of the stable positions of the glacier (LIA
and present day) coincidewith the upstream end of embayments of
the fjord. This is in line with the studies of Åkesson et al. (2018);
Steiger et al. (2018) on the stabilizing effect of the lateral geometry
of fjords. Unfortunately, our study with a complex fjord geometry
cannot disentangle the separate effects of the depth and width of
the fjord. Our finding of the necessary forcing combination is also in
line with the assumption that SMB drives the large scale fluctua-
tions of the ice sheet (Huybrechts, 2002; Simpson et al., 2009),
since we show that atmospheric cooling is necessary to create
readvance. However, atmoshperic cooling is not sufficient to create
readvance in our setup if ocean conditions are not cold enough.

We find that ocean cooling is necessary to prevent retreat into
the deep trough inland from the fjord. This means that the cooling
must have taken place relatively soon after the initiation of the
retreat. Based on Atlantic water benthic foram indicators from core
MSM343300, there is no clear evidence of such a persistent cooling
(light blue in Fig. 1b). However, the fjord is separated from Disko
Bay by a relatively shallow sill, with only 200m access into the fjord
in our setup. In the present day Jakobshavn fjord the cold surface
water layer grows deeper closer to the front, reaching approxi-
mately 200 m just a few km from the front (Beaird et al., 2017). We



Fig. 7. Terrestrial ice margin and grounding line evolution of JI at 100-year intervals in two model runs, LE_SM and SE_SM. a,b) plan view of LE_SM and SE_SM respectively. c,d)
LE_SM and SE_SM respectively along a flow line. The flowline is the brown dashed line on panels (a,b). Ice margin reconstructions (red lines) from Young and Briner (2015). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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consider it likely that input of glacial meltwater, due to rapid retreat
of the glacier could have sufficiently deepened the fresh water layer
in the fjord, blocking the warm deep waters from accessing the
fjord over the sill. This would decrease the melt rate at a crucial
phase of the retreat.

We attribute the retreat from the sill at 8 ka BP to ocean
warming, rather than to thinning due to a warm atmospheric
forcing. We base this on the observed abrupt shift in ocean con-
ditions at this time (Fig. 1b). The ice volume was not monotonously
decreasing, and possibly not even thinning, for the millenia before
the retreat. This can be seen from the order of the reconstructed
moraine fronts. The 9.3 ka BP front is to thewest of the 10 ka and 8.2
ka fronts, and for most of the study area, the 10 ka BP front is found
further inland (Fig. 1). In other areas, along the Western Greenland
ice margin, the retreat rate shows no indication of a pause between
10 and 8 ka BP, and the retreat pattern is relatively linear, and
dominated by thinning (Lesnek and Briner, 2018). This supports the
assumption that the abrupt retreat at JI was due to changes in ocean
conditions. When running additional sensitivity experiments,
testing if the retreat from the sill is due to overall thinning of the
glacier, we find that a readvance in our setup requires that the
glacier has not thinned too much on the terrestrial areas. This
supports our assumption that ocean warming is required to trigger
the retreat.

We find that the simulated retreat rates from the sill to the
middle of the fjord are on the order of 300 m/a, averaged over 100
years. At approximately 30 km inland from the sill, the retreat rate
in our model reaches 1000 m/a, when the grounding line passes a
wide section of the fjord. These rates are within the range of what is
found for the paleo-predecessor of JI in Egedesminde Dyp (Streuff
et al., 2017). Furthermore, our modelled Mid-Holocene retreat
rate is of the same order of magnitude as the observed present day
terminus retreat. From 2006 to 2009, following the disintegration
of the floating tongue, the terminus of JI retreated at a rate of
600 m/a (Joughin et al., 2012). Since 2009 the retreat has slowed
down, and even turned to a readvance (Khazendar et al., 2019). Our
modelled retreat rates might have been enhanced by the sliding
law: we use Budd et al. (1979), which gives the fastest sliding for
both retreat and advance (Brondex et al., 2017). While other sliding
laws exist, theywould enable less retreat over the Holocene, as they
require a longer time to retreat and readvance. Choosing the fastest
sliding law gives us an upper limit on the extent of the retreat and
the estimated inland location of JI grounding line.

The readvance of the grounding line is significantly slower than
the readvance of the terrestrial margins under the climate forcing
in our model setup for JI. As the climate is cooled, the terrestrial
margins advance rapidly. This is because small changes in ice
thickness can directly translate into changes at the terrestrial
margins. However, for the marine grounding line to readvance, the
ice needs to thicken sufficiently to exceed floatation at the
grounding line, while at the same time ice loss due to calving and
melt at the front continues. In theory, a floating ice front can
readvance at ice flow velocity, limited only by calving and lateral
friction. Our results show a floating ice shelf persisting throughout
the runs (Fig. 7c and d), but due to the simple depth-independent
oceanic forcing and constant calving treshold, it is unlikely that
the modelled evolution of the floating shelf is very accurate. The
triangular shape of the shelves is due to the melt rate being con-
stant with depth, although the water column in the fjord was likely
stratified, as it is at present (Beaird et al., 2017). Wangner et al.
(2018) find that the sediment record from Disko Bay in front of
the sill indicates a vertical calving front rather than a floating shelf
from 2 ka BP to 0.5 ka BP.

During the spinup we found that shear margin softening is



Fig. 8. Grounded area evolution (a) of JI in a combined forcing run, VE_SM, with variable climate forcing, and the respective atmospheric (b) and ocean (c) forcings through time.
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needed in order to create the shape of the ice front, as given by the
reconstructions (Fig. 3). Shear margins need to have significantly
softer ice in order to allow the ice stream to be grounded on the sill,
approximately 20 km in front of the terrestrial ice margin. In part,
this shear margin softening is needed because the model is 2D and
not thermomechanically coupled. Thus, the model lacks softening
due to frictional heating, which explains partly the need for shear
margin softening. However, in a thermomechanically coupled 3D
model for the present day JI (Bondzio et al., 2017), it was also
necessary to add shear margin softening to be able to replicate
recent fluctuations of the glacier. This indicates that to accurately
represent fast flowing glaciers and ice streams such as JI, shear
margin softening is required in 2D models, and possibly also in 3D
models, suggesting that the softening is not explained by frictional
heating alone. Our finding matches also with previous studies,
suggesting that shear softening is required to match the observed
flow pattern of JI (Vieli and Nick, 2011; Joughin et al., 2012; Nick
et al., 2013).

The spinup is run with constant forcings corresponding to a
period when the ice was relatively stable. Several unconstrained
model parameters are calibrated during the spinup, constrained by
the estimated front location and stability of the glacier at themouth
of the fjord. Since the reconstructed front locations show relative
stability of the terrestrial ice margin, and sediment cores indicate
that the ice stream was grounded on the sill at 10e8 ka BP, we see
no reason to doubt our assumption. However, we know that the
relative sea level was changing during this time. This causes the
relative sea level to drop discontinuously at the start of the forward
run (Fig. 3). This drop creates extra stability of the grounding line at
the start of the forward runs, due to a decrease inwater depth at the
sill, which we compensate by increasing the ocean melt rate at the
HCO. Thus, the suitable combination of the HCO ocean melt rate,
the ELA, and sill depth that creates a retreat from the sill depend on
our model setup. Given that the exact values for the melt rate, ELA
and sill depth are unknown, any combination of these creating a
similar glacier evolution is valid to initiate retreat from the sill.
Changing the relative sea level has no effect once the grounding
line retreats into the fjord, as changes in sea level are small
compared to the depth of the fjord.

Assuming there has been active erosion by iceberg scouring, we
have raised the sill at the mouth of the fjord by 55 m compared to
the present day bathymetry. We found that some increase is
necessary to stabilize the grounding line during the spinup,
although the magnitude of the increase is uncertain. Recorded
iceberg keel plough marks from Petermann Glacier in Northern
Greenland and Pine Island Glacier in West Antarctica during the
Early Holocene show high frequency of ploughing, and individual
plough marks as deep as 20 m (Wise et al., 2017; Jakobsson et al.,
2018). We consider the setting of JI to be similar in regards to
calving frequency and iceberg size. However, due to the narrower
fjord the plough marks would be concentrated on a smaller area on
the sill, thus creating a larger impact on the sill depth. We consider
our assumption of sill erosion during the Mid and Late Holocene
due to iceberg scouring likely.

The exact bathymetry of the fjord between the sill and the
present day grounding line is highly uncertain due to difficulties in
accessing the fjord. The errors of the bathymetry on the sill and in
the trough beneath the present day ice sheet are smaller due to the
better access with radar and gravimetry measurements, respec-
tively. The error in the bathymetry of the fjord adds uncertainty to
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the exact location of the bedrock bump, governing the Holocene
minimum extent. However, the difference in depth before and after
the bump is over 500 m, sufficient to exceed the error in the ba-
thymetry (Morlighem et al., 2017). Thus, even if the exact location
of the bump would shift slightly with changes in bathymetry, the
dominant large scale feature remains. We interpret this bump as a
tipping point, the passing of which determines the future evolution
of the glacier, thus also constraining the minimum extent of the
grounding line during the Holocene. It is noteworthy that this
tipping point in the topography applies also to present day JI: once
the grounding line retreats into the trough, it is not likely to
readvance. In this case, a readvance to the present day position
would require an intense period of cooling that would last for
millenia, significantly longer than the duration of the LIA.

7. Conclusions

In this study, we use a high-resolution ice flow model to simu-
late the evolution of Jakobshavn Isbræ from the Mid-Holocene to
the Little Ice Age. Our simulations show that Jakobshavn Isbræ
remained close to the present day ice margin during the Mid-
Holocene. The bedrock bump 60 km inland from the sill, where
the present day grounding line is located, acts as a tipping point for
Jakobshavn Isbræ grounding line migration. Our model shows that
the glacier could not have retreated past this bump during the
Holocene, as it would not have had time to readvance to the Little
Ice Age moraine. The terrestrial margins show a minimum extent
no more than 10 km inland from the present day ice margin.

In order to create the observed evolution of Jakobshavn Isbræ,
both ocean cooling and atmospheric cooling are necessary. Jakob-
shavn Isbræ reacts rapidly to changes in melt rate: once the
grounding line retreats behind the sill into the fjord, a significant
ocean cooling is needed to halt the retreat and enable a readvance.
At the same time, the readvance of the glacier requires an atmo-
spheric cooling to increase the ice volume. However, the increase in
ice volume takes millenia to influence the grounding line.

If the present day grounding line of Jakobshavn Isbræ were to
retreat into the deep trough inland of its current position, the
glacier would not be able to readvancewithout an intense period of
cool climate persisting for millenia e significantly longer than the
duration of the Little Ice Age.
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