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a b s t r a c t

Marine outlet glaciers on Greenland are retreating, yet it is unclear if the recent fast retreat will persist,
and how atmosphere and ocean warming will impact future retreat. We show how a marine outlet
glacier in Hardangerfjorden retreated rapidly in response to the abrupt warming following the Younger
Dryas cold period (approximately 11,600 years before present). This almost 1000 m deep fjord, with
several sills at 300e500 m depth, hosted a 175 km long outlet glacier at the western rim of the Scan-
dinavian Ice Sheet. We use a dynamic ice-flow model constrained by well-dated terminal and lateral
moraines to simulate the reconstructed 500-year retreat of Hardangerfjorden glacier. The model includes
an idealized oceanic and atmospheric forcing based on reconstructions, but excludes the surface mass
balance-elevation feedback. Our simulations show a highly episodic retreat driven by surface melt and
warming fjord waters, paced by the fjord bathymetry. Warming air and ocean temperatures by 4e5 �C
during the period of retreat result in a 125-km retreat of Hardangerfjorden glacier in 500 years. Retreat
rates throughout the deglaciation vary by an order of magnitude from 50 to 2500 m a�1, generally close
to 200 m a�1, punctuated by brief events of swift retreat exceeding 500 m a�1, each event lasting a few
decades. We show that the fastest retreat rates occur in regions of the bed with the largest retrograde
slopes; ice shelf length and fjord water depth is less important. Our results have implications for modern
glacial fjord settings similar to Hardangerfjorden, where high retreat rates have been observed. Our
findings imply that increasing air temperatures and warming subsurface waters in Greenland fjords will
continue to drive extensive retreat of marine outlet glaciers. However, the recent high retreat rates are
not expected to be sustained for longer than a few decades due to constraints by the fjord bathymetry.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

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

Our capacity to predict future sea level rise from outlet glacier
discharge is largely based on short observational records from ice
sheets and ice caps (e.g. Howat et al., 2005; Luckman et al., 2006;
Moon et al., 2012; Ritz et al., 2015; Nias et al., 2019). While these
data are vital for process understanding, they cannot reconcile re-
sponses to climate change beyond a few decades. In contrast,
geological reconstructions of former ice sheets offer invaluable
Sciences and Bolin Centre for
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information on long-term outlet glacier behavior and their climatic
controls (Briner et al., 2009; Young et al., 2011; Hughes et al., 2012;
Mangerud et al., 2013, 2019; Stokes et al., 2014). Still, the temporal
resolution of the provided retreat rates is limited by the available
geological data. Due to these limitations of the observational re-
cords and geological reconstructions, the potential duration and
maximum rates of retreat of marine outlet glaciers are poorly
known.

Externally forced mass loss for marine outlet glaciers can be
caused by either oceanic or atmospheric warming (e.g. Catania
et al., 2020). Mass loss in response to warming ocean water cau-
ses frontal ablation, which can be divided into direct submarine
melting of the calving front and iceberg calving. Alternatively, at-
mospheric warming may remove ice mass either directly through
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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surface melt, or indirectly through enhanced surface runoff, which
in turn increases subglacial discharge, causing more vigorous
melting at the submarine calving front (e.g. Jenkins, 2011).

A leading hypothesis for Greenland is that incursions of warm
subsurface ocean water onto the shelves and into the fjords trig-
gered the recent outlet glacier retreat (Holland et al., 2008; Murray
et al., 2010; Straneo and Heimbach, 2013). However, it is not
established whether warming ocean waters or surface air temper-
atures will be the main driver of mass loss on multi-decadal to
centennial timescales (Slater et al., 2019; Aschwanden et al., 2019).
Through numerical model experiments on multi-decadal time-
scales, Morlighem et al. (2019) found that outlet glaciers in north-
west Greenland were more sensitive to ocean warming than to
increased subglacial discharge caused by atmospheric warming. In
contrast, mass loss caused by atmospheric warming, rather than
increased outlet glacier discharge, may dominate Greenland’s
contribution to sea level over the next centuries to millennium
(Aschwanden et al., 2019).

To put the recent outlet glacier behavior into perspective, we
use a dynamic ice-flowmodel (Vieli et al., 2001; Nick et al., 2013) to
simulate a continuous, multi-century collapse of the Hardangerf-
jorden glacier in response to climate and oceanwarming at the last
glacial termination. We aim to assess the drivers and transient
dynamics of the data-constrained 500-year retreat from the fjord
mouth to the fjord head. An ensemble of model experiments with
different model parameters and forcings is used to investigate the
sensitivity to atmospheric and ocean forcing, as well as to iceberg
calving. The model is able to reproduce the reconstructed rapid
retreat within dating uncertainties, and the ensemble approach
allows us to identify the probable forcing mechanism(s) and the
most likely retreat scenario.

Similar topography and climatic settings make this marine
outlet glacier in western Norway a close analogue to the modern-
day Jakobshavn Isbræ and similar outlet glaciers on Greenland
(Mangerud et al., 2013; Åkesson et al., 2018a,b; see section 6.3). The
retreat of the Hardangerfjorden glacier during the Early Holocene is
exceptionally well-dated, as described in section 2.2. We also know
from lake sediment core data that offshore warm water likely
entered Hardangerfjorden during deglaciation (Romundset et al.,
2010; see Section 4.4). Unlike studies of present-day glaciers in
Greenland, the ice-free landscape of Norway (Fig. 1) provides a
highly detailed bed topography for the model experiments.

2. Study area and empirical constraints

2.1. Bathymetry and bedrock topography

A digital terrain model of the drainage basin and surrounding
fjord areas was compiled at 500 m resolution by merging topo-
graphic and bathymetric data from the Norwegian Mapping Au-
thority (Kartverket, 2017). The bathymetric point data was gridded
using a distance weighted average algorithm. Present-day ice caps
were removed to derive our bed topography, by subtracting pub-
lished ice thickness data (Førre, 2012; Åkesson et al., 2017, Fig. 2a
and b). We also account for post-glacial rebound using an uplift
gradient of 1.3 m km�1 along the flowline, based on shoreline di-
agrams for the Younger Dryas (Mangerud et al., 2013).

The constructed glacier flowline follows the deepest part of the
fjord (Fig. 2a), although glacier striae show that the glacier made
some ‘short-cuts’ relative to the winding deepest part of the
channel (Holtedahl, 1975). These short-cuts are located where the
fjord winds back and forth (Fig. 2a), for example out of Sørfjorden
(~km 65 along the flowline), at Jondal (~km 110) and the island
Varaldsøy at ~ km 120 (see Fig. 2a and b). These short-cuts are not
taken into account in the modeling, but given the spatial resolution
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of the model and the underlying data (500 m), and the simplicity of
the model (width- and depth-averaged, Sect. 3.1), the model would
not capture such short-cuts anyway. In reality, these winding sec-
tions of the fjord may slow down retreat slightly due to the topo-
graphic hindrances they represent, but we do not expect that this
affects the main retreat pattern. Geometric constraints for the
model were extracted by sampling bed elevation at 500 m intervals
in the 500-m composite digital elevation model (DEM) along the
flowline, and along cross-profiles perpendicular to the flowline. In
the model, fjord bathymetry and ice surface data are smoothed
using a 5 km low-pass moving average filter of the 500-m topog-
raphy to ensure numerical stability (Fig. 3a).

Recent studies suggest that variations in lateral topography, in
addition to bedrock variations, may be important for the stability of
marine outlet glaciers (Jamieson et al., 2012; Stokes et al., 2014;
Steiger et al., 2018; Åkesson et al., 2018a,b). To better capture such
effects, we defined four cross-flow zones from the central flowline
(Fig. 2c) and calculated cross-sectional bedrock slopes using a linear
regression within each zone.

Post-glacial sediments in the fjord are evenly distributed, except
on local bedrock highs, where it is thinner (Aarseth, 2004). We
measured the sediment thickness in 23 locations of Fig. 12 of
Aarseth et al. (1997), which is an interpreted seismic line along the
entire Hardangerfjorden. The thickness varied between 47 and
190 m, with an average of 105 m and a median of 101 m. The ba-
thymetry along the flowline was therefore corrected for postglacial
sediments by subtracting 100m from the bed elevation.We assume
that the glacier rested on bedrock with a negligible sediment cover
(Aarseth et al., 1997). The bedrock in the area consists of crystalline
rocks giving strong seismic contrast to the marine sediments. The
estimates of sediments thicknesses are therefore considered to
have a precision well inside other uncertainties.

2.2. Reconstruction of the ice-margin retreat from geological
observations

The empirical background for the present paper is Mangerud
et al. (2013), where the moraines and numerical dates are
described in detail. There are two main moraine systems in the
Hardangerfjorden region, which are used for the reconstruction.
The oldest is the Herdla-Halsnøy Moraine (Fig. 1b), which crosses
the mouth of the fjord along the island Halsnøy, formed by a major
glacial re-advance during the Younger Dryas, documented by about
40 radiocarbon dates of shell fragments incorporated in the till
(Mangerud et al., 2016). The start of retreat from the moraine is
dated to 11.6± 0.1 cal ka BP by a sequence of 15 radiocarbon dates of
terrestrial plant macrofossils across the transition from glacial silt
to organic sediments in a basin located just outside the moraine
(Lohne et al., 2012; Mangerud et al., 2013). The end moraine con-
tinues as a distinct, up to 10e15 m high, lateral moraine that can be
traced up to a height of 1000 m a.s.l. along the south side of the
fjord (Follestad, 1972) and dated by 10Be exposure dates (Mangerud
et al., 2013). This moraine system constrains the extent and thick-
ness of the fjord glacier at the end of the Younger Dryas (Fig. 3a).

The youngest moraine system, the Eidfjord-Osa Moraine, is
marked by distinct moraine lobes that can be traced from the
mountain plateau down the steep valleys to the head of Hardan-
gerfjorden (Anundsen and Simonsen, 1967), where a prominent
glaciomarine delta (105 m a.s.l.) was deposited at the village Eidf-
jord during a re-advance (cf. Fig. 3a). The final deglaciation of the
fjord is best dated to 11.1 ± 0.1 ka based on dating of the oldest
shoreline near the fjord head and supported by 15 10Be exposure
ages from the Eidfjord-Osa Moraine, giving a mean age of
11.07 ± 0.31 ka (Mangerud et al., 2013). Results from several
radiocarbon dates from coring of isolation basins in the mid-fjord



Fig. 1. (a) Location of the study area and the LGM (21 ka BP) and Younger Dryas (12 ka BP) ice margins of the Eurasian Ice Sheet (Hughes et al., 2016); (b) Location of Hardan-
gerfjorden in relation to the Late Younger Dryas (11.6 ka BP) and Early Holocene (11.1 ka BP) ice margins in southwestern Norway. The model flowline is depicted in blue. White
areas denote present-day ice caps: J - Jostedalsbreen, H - Hardangerjøkulen, F- Folgefonna. (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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region suggest that this part became ice free 11.3 ± 0.1 ka BP
(Romundset et al., 2010), consistent with the ages from the mouth
and head of the fjord.

The distance between the Halsnøy and Eidfjord moraines is
about 120 km and, according to the given ages, the retreat took
500 ± 140 years, giving a mean retreat rate of 240 ± 70 m yr�1.
2.3. Climate during the Younger Dryas e Holocene transition

Fossil ice wedges indicate permafrost during (at least parts of)
the YD in western Norway (Mangerud, 1987), implying mean
annual air temperatures below �1 �C (Brown, 1960). At the
YDeHolocene transition, the air temperature rose by several de-
grees in a few decades in Norway (Birks et al., 2000, 2005; Bjune
et al., 2005), as well as on Greenland (Steffensen et al., 2008;
Simonsen et al., 2011), with a somewhat larger temperature change
in the Norwegian Sea (Eldevik et al., 2014).

Since summer temperature, and particularly winter precipita-
tion estimates, for the YD-Holocene transition are not well con-
strained, we represent the change in climate by a change in the
equilibrium line altitude (ELA). The YD ELA is reconstructed to
880 m a.s.l. near the middle of the Hardangerfjord, based on re-
constructions from nearby local ice caps and the highest extent of
lateral moraines, corrected for Holocene bedrock uplift (Mangerud
et al., 2013, 2016). ELA estimates for the YD are based on the
assumption that lateral moraines do not form above the ELA
(Lichtenecker, 1936; Andrews, 1975). The YD ELA at 880 m a.s.l. is a
minimum estimate since the highest lateral moraines may form
3

some distance downstream from the ELA (Benn and Lehmkuhl,
2000), but our reconstructed ELA is considered fairly reliable in
light of the prominent moraines that can be traced from sea level
up to the uplands around Hardangerfjorden (Andersen, 1954;
Follestad, 1972).

Given the rapid climate warming documented for the YD-
Holocene transition, we impose a stepwise change of the model
ELA, which is further detailed in Section 4.2. For context, the pre-
sent ELA at the Folgefonna ice cap, at the southern rim of the
Hardangerfjorden, is 1340e1520 m a.s.l. (Andreassen et al., 2005;
Mangerud et al., 2016, Fig. 3a).
2.4. Sea level change and the deglaciation of Norway

Over the centennial time scales we consider, sea level changes
have the potential to slow down or amplify retreat due to their
influence on flotation and calving of marine-based termini. How-
ever, we can rule out rising sea level as an amplifying n factor of the
rapid retreat of Hardangerfjorden glacier in the early Holocene:
relative sea level was falling at rates of c. 7 and 20 m per
100 years at Halsnøy and Eidfjord, respectively, as the bedrock
rebounded in response to the loss of the overlying ice load, and
because of a weaker gravitational attraction of the ocean by the
smaller ice mass (Mangerud et al., 2013). If anything, sea level must
have been a dampening factor on the retreat, as has been suggested
by idealized modeling (Gomez et al., 2010).



Fig. 2. (a) Topography in the model domain, where white outlines denote present-day ice caps F - Folgefonna (three ice caps) and H - Hardangerjøkulen based on the GLIMS
database (Raup et al., 2007), (b) model representation of the topography, (c) cross-sectional view of how the lateral model topography is constructed, using zones of varying width
from the flowline, with linearly regressed slopes for each zone. The zones are as follows. Zone 0: Central flowline ±250 m (total width ¼ 500 m), postulated to be flat in cross-profile.
Zone 1: 250e1750 m from central flowline (width 1.5 km), covering the central deep trough (mostly below sea level). Zone 2: 1750e4250 m from central flowline (width 2.5 km),
where bedrock topography clearly slopes towards the flowline. Zone 3: 4250 medrainage boundary, marking the outer zone that on average slopes towards the fjord, but locally
differs.
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3. Model description

3.1. Ice dynamics

We use a vertically and horizontally integrated flowline model
(Vieli et al., 2001; Vieli and Payne, 2005; Nick et al., 2010, 2013)
accounting for the full balance of driving and resistive stresses. The
model derivation is detailed in Nick et al. (2010). Only the mo-
mentum balance is described here:

rigH
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where h is the surface elevation, H is ice thickness, U is the depth-
and width-integrated ice velocity, rw and ri are seawater and ice
density, respectively, n ¼ 3 is the exponent in Glen’s flow law and g
is the gravitational acceleration. Note that the lateral drag (the third
term on the right-hand side in Eq. (1)) is parameterized as a
function of the channel-width W and the ice viscosity A (Van der
Veen and Whillans, 1996), and any floating ice is able to buttress
upstream ice (Nick et al., 2009; Vieli and Nick, 2011). As described
in detail in Section 3.2, W is the cross-sectional width measured at
the intersection between the ice surface and the fjord walls. The
effective viscosity n depends non-linearly on the effective strain
rate (Paterson, 1994), and we assume a non-linear Weertman-type
sliding law with m ¼ 3 (Weertman, 1964; Fowler, 2010). It is not
obvious which sliding law is most appropriate for a given glacier,



Fig. 3. Retreat of Hardangerfjorden glacier at the end of the last glacial. (a) Along-flow Younger Dryas surface (Mangerud et al., 2013) and observed and smoothed bedrock
topography (data from Norwegian Mapping Authority). Mountain peaks along the fjord are shown schematically. Postglacial sediments are removed and bed topography is cor-
rected for postglacial uplift. The ELA for the YD-Holocene transition is based on the ‘best-guess’ model simulation, while the ELAs for the Younger Dryas and present-day are based
on reconstructions and observations, respectively. (b) Modelled geometry of Hardangerfjorden glacier during the retreat 11.6e11.1 ka BP, with dated moraines at Halsnøy and
Eidfjord. Model profiles are shown every 20 years. (c) Modelled planview grounding lines, (d) velocity along the flowline and at the grounding line, (e) calving rate and grounding
line flux.
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yet the choice of sliding law may influence grounding line dy-
namics (e.g. Brondex et al., 2017). Here we have assumed a similar
representation of sliding (Sect. 3.2) that previously has been shown
to work well for this flowline model (Nick et al., 2010, 2013; Steiger
et al., 2018).

As the flowline model is depth- and width-averaged it is
computationally efficient, which allows for an extensive ensemble
study exploring the factors important to the simulated retreat. The
model can, however, not resolve across-flow variations in topog-
raphy within our across-flow zones described in Section 2.1.
Nevertheless, Hardangerfjorden is a relatively simple fjord system
(Fig. 1b) and we consider the model suitable as applied in this
study. Our ice divide is estimated based on the pattern of glacial
striae and the present-day water divide, which if placed incorrectly
will affect upstream fluxes from the interior.

3.2. Parameters and grounding line treatment

We assume isothermal, isotropic ice with a uniform ice viscosity
A, corresponding to an ice temperature Tice ¼ �5 �C (Cuffey and
Paterson, 2010, p.75), consistent with present-day western
Greenland (Luthi et al., 2002), an area of similar maritime climate as
expected for southwestern Norway at the YDeHolocene transition.

For basal motion, we construct a uniform slippery basal drag
coefficient b ¼ 8000 Pa m�2/3 s�1/3 in Eq. (1) below sea level, and
more sticky (b ¼ 22,000 Pa m�1/3 s�1/3) for areas of the bed above
sea level. These values are not well constrained and are chosen
based on a study of present-day Greenland outlet glaciers (Nick
et al., 2013), which we believe is an appropriate climatic and
topographic analogue for Hardangerfjorden at the YD-Holocene
transition. As ice thickness and resulting effective pressure de-
creases towards the grounding line, the basal shear stress ap-
proaches zero, and is set to zero for floating ice. We refrain from
imposing ad-hoc variations of basal friction through time. The
current poor understanding of the interannual evolution of glacier
sliding (e.g. Van de Wal et al., 2008; Sole et al., 2013) precludes us
from applying a temporally evolving basal friction.

The model employs a crevasse-depth calving criterion based on
crevasses opening by longitudinal acceleration towards the calving
front. Calving occurs when surface crevasses penetrate the glacier
thickness, or when surface and basal crevasses meet, whichever
occurs first. Benn et al. (2007) and Nick et al. (2010) describe this
criterion in detail. A calving parameter (‘crevasse water depth’) of
100 m is used for the spinup. This parameter is difficult to measure
directly even for contemporary glaciers, but is necessary to cali-
brate the model when reproducing the Younger Dryas grounding
line position at the Halsnøy moraine (Fig. 3a). Our value is com-
parable to what is used in a 1D-flowline model applied to synthetic
outlet glaciers by Nick et al. (2010), 60% lower thanwhat is used for
Jakobshavn Isbræ during the cold Little Ice Age (1-D flowline
model; Steiger et al., 2018), but roughly twice that used for a range
of present-day western Greenland glaciers (2-D planview model;
Choi et al., 2018). Note however that the crevasse water depth used
in the flowline model is likely exaggerated, since it also implicitly
accounts for the neglected frontal ice shelf melt (Steiger et al., 2018;
see Section 3.3).

The calving law we use is physically-based and provides a link
between near-front flow through longitudinal acceleration and
mean rates of calving (Benn et al., 2007; Nick et al., 2010). This is
likely an important mechanism that contributes to calving in a
given setting (Joughin et al., 2008; Walter et al., 2010), but may be
less appropriate for undercut glaciers where frontal melt influences
calving (O’Leary and Christoffersen, 2013; Rignot et al., 2015; Benn
et al., 2017). However, the depth-integrated nature of the flowline
model does not allow for depth-variable submarine melt rates (see
6

Section 3.3).
Runs are performed on an initial spatially uniform horizontal

grid resolution of 500m andwe track the grounding line based on a
flotation criterion (Van der Veen and Whillans, 1996). Because the
grid tracks grounding line migration and the number of grid points
are constant throughout a simulation, the grid gets compressed
accordingly as the grounding line retreats up the fjord. The model
grid resolution thus increases to ~350 m as retreat progresses to-
wards the fjord head at Eidfjord. We assume no ice influx at the ice
divide at the upper model boundary, implying a velocity
U(x ¼ 0) ¼ 0.

3.3. Glacier width calculation

Ice flux is calculated according to the varying cross-sectional
topography. At each time step and for each grid point, the width
at the surface is calculated by finding the intersection between the
ice surface and the lateral topography. This intersection, or trimline,
is thus determined by the slope in the corresponding zone (Fig. 2c).
Therefore, the model glacier width varies with time as ice thickness
varies, as in the real-world case, intersecting the fjord walls
(‘trimlines’) at different elevations at different times. At each model
time step, ice flux is corrected according to the sloping fjord walls
within each zone covered by the glacier.

We do not allow ice discharge between Hardangerfjorden’s
main trunk and the fjord arm Sørfjorden (at km 65e70 in Fig. 2a).
This assumption is justified by reconstructed ice flow directions
based on glacial striae suggesting no significant ‘ice leakage’ into
Sørfjorden (Holtedahl, 1975; Hamborg and Mangerud, 1981).

3.4. Surface mass balance and ocean forcing

The surface mass balance (SMB) rate at a certain elevation z is
given by

_BðzÞ¼Gðz� zELAÞ (2)

where G ¼ v _B=vz is the vertical mass balance gradient and zELA
represents the equilibrium line altitude (ELA). A gradient G ¼ 0.005
is used, which is similar to observations from Greenland, Alaska,
and Norway (Van de Wal et al., 2005; Rea and Evans, 2007; Van
Beusekom et al., 2010; Huss and Farinotti, 2012). For simplicity,
the surface mass balance forcing is kept constant throughout the
simulations, meaning we exclude the surface mass balance-
elevation feedback, as in similar studies (Nick et al., 2013; Bassis
et al., 2017). However, we test the importance of this feedback in
Section 5.4.

As ocean forcing, we apply spatially uniform submarine melt
rates at the floating ice base from the grounding line to the ter-
minus, while horizontal melt at the calving face is not included. As
the model is 1-D depth-integrated, it is not numerically possible to
apply any horizontal melt (see further discussion in Section 6.2).

4. Experimental setup

4.1. Simulating the Younger Dryas glacier

The model is spun up to steady-state for 1000 model years with
a constant climate, using the uplift-corrected YD ELA. At the end of
the spin-up, the grounding line and calving front positions change
by less than 0.5 m a�1 and the total ice volume changes by
~0.01 km3 a�1.We assume a submarinemelt rate of 10m a�1 (Bakke
et al., 2009; Dokken et al., 2015), close to modern annual melt rates
for outlet glaciers in northern Greenland (e.g. Rignot and Steffen,
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2008).
The simulated YD grounding line and surface topography

(Fig. 3b) agree well with reconstructions by Mangerud et al. (2013)
(Fig. 3a), except for a ~100e300 m too thick glacier in the interior
and a ~100e300 m thinner glacier towards the front, where the
latter may be related to uncertainties in our choice of model pa-
rameters, or the surface mass balance parameterization. Note
however, that Mangerud’s et al. (2013) reconstruction in the inte-
rior was merely an extrapolation assuming plastic ice flow (Nye,
1951, 1952, 1953), and should therefore be considered a crude es-
timate rather than a tight model constraint.
4.2. Younger Dryas to Holocene retreat

Mangerud et al. (2016) found that the ELA in the middle part of
Hardangerfjorden was 880 m a.s.l. during the YD, which is 460 m
lower than today. Based on the documented rapid climatic changes
at the YDeHolocene boundary (Section 2.2), we raise the ELA by a
350 m step from 880 to 1230 m a.s.l. at 11.6 ka BP, consistent with
the early Holocene climate being slightly cooler than the present
(Eldevik et al., 2014). Sensitivity experiments with a gradual instead
of a step increase in the forcing, suggest that this instant forcing
perturbation plays a minor role for our results (see Sect. 5.4).

Alongside atmospheric changes, we increase submarine melt
rates from 10 to 20 m a �1. This estimate is based on (i) a 3e5 �C
warming of sea surface temperatures (SSTs) in the Norwegian Sea
at the YD-Holocene transition (Bakke et al., 2009; Eldevik et al.,
2014; Dokken et al., 2015); and (ii) an estimated 80e140% in-
crease in submarine melt in response to a similar warming of fjord
waters in Greenland observed over recent decades and projected
for the year 2100 (Slater et al., 2016; Hanna et al., 2011; Fettweis
et al., 2013). The warm-water mollusc Mytilus edulis has been
found in glacimarine sediments in the mid-fjord area near
Tørvikbygd (Romundset et al., 2010), located on the opposite side of
the fjord from Jondal (cf. Figs. 2a and 3a).Mytilus edulis is a shallow-
water mollusc that requires summer sea temperatures of 4e6 �C,
and in northwestern Europe and into the Arctic it is closely linked
to warm Atlantic Water (Mangerud and Svendsen, 2018). During
the Bølling-Allerød period it is present in western Norway, but
disappears during the Younger Dryas. During the Holocene Thermal
Maximum it is common on Svalbard, but becomes extinct 3700
years ago and re-immigrates in 2004 due to the recent climate
warming (Mangerud and Svendsen, 2018). The finding of Mytilus
edulis in Hardangerfjorden’s mid-fjord area, dated to about 11.4 ka
BP (Romundset et al., 2010), suggests that warming Atlantic Water
(Eldevik et al., 2014) entered the fjord during the deglaciation,
following the YD-Holocene transition.

An ensemble of simulations, using different ELAs and submarine
melt rates, explores how sensitive the modelled retreat rates
(Fig. 12a) and duration (Fig. 12b) are to the climate and ocean
forcing imposed. This is assessed in detail in Section 5.4.

The calving parameter (‘crevasse-water depth’) is the least
constrained parameter, yet it influences calving rates and de-
termines the cliff height for a floating ice shelf (Schoof et al., 2017).
We therefore run the model with different step parameter changes
seeking to find values that capture the 500-year retreat from
Halsnøy to Eidfjord within dating uncertainties (±100 years). Given
the aforementioned changes to the ELA (þ350 m) and submarine
melt rate (þ100%) we found that crevasse water depths increasing
within a range of 0e75% capture retreat within dating uncertainties
(see Section 5.4). For the main 500-year retreat scenario (‘best-
guess’) detailed in Figs. 3e5, we choose the simulation with a 20%
increase of the crevasse water depth (þ20 m).
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4.3. Sensitivity to climate forcing and iceberg calving

To test the robustness of our results and the relative importance
of the different forcing factors, we performed simulations with ELA
changes ranging from þ280 to þ500 m, reflecting uncertainty in
the underlying reconstructions. We also investigated the effect of
including the surface mass balance-elevation feedback (e.g.
Harrison et al., 2001). In addition, we tested an ensemble of sub-
marine melt rates, from keeping it constant (10 m a�1) throughout
the 11.6 to 11.1 ka BP-period, to a four-fold increase (40 m a�1),
which is at the high-end expected for Greenland outlet glaciers in
the future. For the calving parameter, we performed experiments
ranging from constant to a 75% increase, reflecting ranges used for
Greenland outlet glaciers (Nick et al., 2013; Steiger et al., 2018).

5. Results

5.1. An episodic 500-year retreat

Our model simulations suggest a rapid and highly variable
grounding line retreat from the Halsnøy YD moraine at the fjord
mouth (11.6 ka BP) to the Eidfjord early Holocene moraine at the
fjord head (11.1 ka BP; Figs. 3e5). Retreat rates vary from 50 to
2500 m a�1, with a mean of 272 m a�1 (Fig. 5b), comparable to the
mean retreat rate of 240 ± 70 m a�1 estimated from the re-
constructions by Mangerud et al. (2013).

Following the retreat from Halsnøy, a 15 km long ice shelf
gradually develops (Figs. 3b and 5d). Buttressing by the ice shelf
increases accordingly (Fig. 5e). However, the ice shelf length de-
creases as the glacier retreats towards the sill at Jondal, with a
minimum of 5 km floating ice remaining at c. 11.3 ka BP. As a result,
lateral drag provided by the shelf drops by 75% (Fig. 5e), accom-
panied by a velocity speedup at the grounding line by ~40%
(Fig. 3d). As the grounding line retreats along the shoaling bed to
Jondal, (c. km 115e110, Fig. 3b), the velocity at the grounding line
(Fig. 3d) increases further. This speedup is consistent with mass
conservation, since the smaller cross-sectional area at the Jondal sill
requires a higher velocity to maintain the same flux.

Once the grounding line dislodges from the mid-fjord sill at
Jondal, the grounding line retreats rapidly down the retrograde
slope, with a retreat of ~30 km in 60 years (Fig. 3b and c). This gives
an average retreat rate of 500 m a�1, with an ephemeral maximum
of 5 km retreat within one year (Fig. 5b). This retreat is accompa-
nied by an extension of the ice shelf length to 20 km, deceleration of
the calving front velocity by ~50% and a simultaneous velocity
slowdown by ~60% at the grounding line (Fig. 3d), as it retreats
along the retrograde bed from km 110 to 90 (Fig. 3b). Note the
difference here between ice velocity at the grounding line (which
decreases; Fig. 3d), and the retreat rate of the grounding line
(which increases; Fig. 5b). As given by mass conservation, the
deeper grounding line requires slower velocities to maintain the
same flux. The grounding line flux increases prior to this unstable
retreat, and gradually decreases as retreat progresses into the over-
deepened basin upstream of the Jondal sill (Figs. 3e and 5c).

In contrast to the behavior of the grounding line, the retreat of
the calving front and the surface thinning is close to linear
throughout the simulation (Figs. 3b and 5a), with decadal-scale
periods of accelerated retreat out-of-phase with the grounding
line retreat (Fig. 5b). The associated calving flux varies by up to
~100% around a mean rate of ~1.5 km3 a�1 (0.04 mSv) over the
course of the retreat. The total volume lost from fjord mouth to
fjord head is 1387 Gt, or 3.84mm sea-level equivalent. For extended
periods, the grounding line flux is larger than the concurrent
calving rates (Fig. 5c and d), resulting in ice shelf extension (Figs. 3b
and 5d).



Fig. 4. Simulated yearly front positions of Hardangerfjorden glacier from the dated Younger Dryas moraine at the fjord mouth at Halsnøy to the dated moraine at the fjord head in
Eidfjord. 20-year positions are highlighted in white, with ages given as thousand years before present. Time coloring as in Fig. 3.

H. Åkesson, R. Gyllencreutz, J. Mangerud et al. Quaternary Science Reviews 250 (2020) 106645
Frontal and grounding line retreat rates vary out-of-phase
(Fig. 5a and b) primarily due to bathymetric controls and ice shelf
growth and collapse (Fig. 5d), as further detailed in Section 5.3
below. A similar retreat pattern is present regardless of the
climate forcing (Fig. 6).

5.2. Dominance of surface mass balance on centennial timescales

The retreat fromHalsnøy is dated to have started 11.6± 0.1 ka BP,
reaching Eidfjord at 11.1 ± 0.1 ka BP. Within radiocarbon dating
uncertainties, the retreat lasted 300e700 years, with a likely range
of 400e600 years. The change in ELA at the YDeHolocene transi-
tion is not known precisely, and precipitation changes are poorly
constrained, making direct translation between ELA and tempera-
ture and precipitation changes challenging. Here, we are interested
in the range in ELA, submarine melt rates and calving parameter
capable of triggering and driving the documented rapid retreat.

The simulation that reproduces the 500-year retreat, and is
most consistent with the reconstructed climate and ELA (see Sect.
2.2 and 4.3), is hereafter termed the ‘best-guess’. Note, however,
that several experiments within our ensemble are able to repro-
duce retreat within dating uncertainties, rendering a retreat
duration of 500 ± 100 years (Figs. 6 and 7b). This implies that the
best-guess simulation carries the parameters that best match the
reconstructed retreat. Nevertheless, the best-guess parameters are
not necessarily physically representative of the true ELA, submarine
melt rates, and calving at the YD-Holocene transition. For example,
we have excluded the surface mass balanceeelevation feedback in
most simulations (see end of this section) and our implementation
of submarine melt is simple (Section 3.3), and thus the ‘real’ ELAs
and submarine melt rates may have been different from what is
imposed here.

In the best-guess simulation, we change the surface mass bal-
ance, the submarine melt and the calving parameter
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simultaneously. Based on additional sensitivity experiments (Sect.
5.3) we find that changing the surface mass balance is the most
efficient driver of the retreat (Fig. 7b), but also that changes to the
ocean forcing shortens the duration of the retreat by 100e150
years, within the expected submarine melt rates (15e40 m a�1).
The calving parameter has less impact; only shortening the retreat
by 40 years within a plausible parameter range (þ50% increase in
crevasse water depth), a timescale which is still within the dating
uncertainties.

The effect of the surface mass balanceeelevation feedback is
striking, but is excluded in most simulations, also for the ‘best-
guess’ experiment. Including this feedback in our ‘best-guess’ YD to
Holocene scenario (þ350 m ELA, þ20% calving parameter, þ100%
submarine melt rates), the retreat from fjord mouth to fjord head is
reduced from 500 to 245 years (experiment ‘best-guess-fb’ in
Table 1). Even without a change in calving and submarine melt
rates, the surface mass balance-elevation feedback strongly am-
plifies surface thinning, and the retreat is completed in 280 years
(experiment ela1230wd100subm10-fb in Table 1), suggesting an
underestimation of the role of the atmospheric forcing compared to
the ocean.

5.3. Episodic retreat set by fjord bathymetry

Our simulations suggest that the long-term retreat of the Har-
dangerfjorden glacier was driven by atmosphere and ocean
warming, whereas the highly episodic retreat was paced by the
fjord bathymetry (Figs. 3 and 4). Our ensemble of simulations al-
lows us to assess what factor(s) govern the simulated retreat. We
find that the fastest retreat, exceeding 400 m a�1, occurs predom-
inantly on retrograde slopes (e.g. along the overdeepening up-
stream of the Jondal sill), while retreat is significantly slower over
prograde slopes (Fig. 8). Interestingly, retreat rates stay below the
mean modelled retreat rate of 272 m a�1 during most of the retreat



Fig. 5. Simulated evolution of Hardangerfjorden glacier from the dated Younger Dryas
moraine at the fjord mouth at Halsnøy to the dated moraine at the fjord head in
Eidfjord. (a) Calving front and grounding line position, (b) frontal (L) and grounding
line (GL) retreat rate, and its moving (20-year) and total (500-year) average (yearly
frontal retreat rates are not shown for visibility), (c) calving rate and grounding line
flux, (d) ice shelf length, and (e) integrated lateral drag from floating ice, calculated as
tlat; shelf ¼ R xc

xg
tlatdx, where xg and xc is the grounding line and calving front positions,

respectively.

Fig. 6. Simulated evolution of the calving front (solid lines) and grounding line
(dashed lines) from the dated Younger Dryas moraine at the fjord mouth at Halsnøy to
the dated moraine at the fjord head in Eidfjord, showing an ensemble of experiments
with different atmospheric (ELA) and oceanic (submarine melt rate) forcing. All ex-
periments use a 20% increase in the crevasse water depth, cf. Table 1.

H. Åkesson, R. Gyllencreutz, J. Mangerud et al. Quaternary Science Reviews 250 (2020) 106645
fromHalsnøy to Eidfjord (Fig. 5b), punctuated by short-lived phases
of accelerated retreat on mainly neutral to retrograde slopes (cf.
Figs. 3b and 5b).

In contrast to bedrock slopes, grounding line retreat rates are
largely independent of water depth (Fig. 9), ice shelf length (Fig. 10)
and velocity at the grounding line (Fig. 11). Based on Fig. 9, there is
an apparent threshold of water depths of c. 400 m, above which
simulated grounding line retreat rates are found to be greater than
the mean reconstructed rates of 240 m a�1 (Mangerud et al., 2013).
However, there are some exceptions where the retreat rates exceed
1000 m a�1 and even 2000 m a�1 at depths shallower than 400 m
(Fig. 9).
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Neither the ensemble, nor the best-guess simulation show clear
patterns regarding how ice shelf length affects grounding line
retreat rates (Fig. 10). Fast retreat exceeding 1000 m a�1 can occur
both with long and short ice shelves, though there is a slight ten-
dency towards shorter shelf lengths and faster retreat. A similar
pattern can be seen for the velocity at the grounding line and the
retreat rates: no clear relationship can be found, and if anything,
there is a tendency towards slow velocities at the grounding line
concurrent with fast retreat (Fig. 11).

Throughout the retreat, we find that deeper water facilitates
longer ice shelves (Fig.12), yet as we have seen, neither water depth
(Fig. 9), nor ice shelf length (Fig. 10) correlates with grounding line
retreat. Our results suggest a persistent ice shelf during retreat:
5 km long when the glacier is grounded on the sills at Halsnøy and
Jondal, growing to a length of 20e25 km at over-deepened sections
of the bed (Figs. 3b and 5d).

The modelled intermittent slowdown of the retreat close to
Jondal (at ~km 110 in Figs. 3 and 5a) is supported by small ice
marginal deposits at the northern flank of the fjord, indicating a
brief period of grounding line stability at this location (Aarseth,
2004). Based on the model results, we estimate the temporary
stillstand to have occurred at 11.3 ka BP. This is consistent with the
minimum age of 11.3 ka BP at this location postulated by
Romundset et al. (2010), based on terrestrial plant remains and
mollusk shells in sediment cores from several bogs and lakes along
the northern brink of the fjord. While we have tuned the model
parameters to simulate the duration of the retreat from the fjord
mouth to the fjord head, it is encouraging that the unconstrained
transient modelled retreat agrees with the mid-fjord observations
at Jondal.
5.4. Sensitivity to climate forcing and iceberg calving

A gradual increase in forcing (ELA, submarinemelt, and crevasse
water depth) is likely more realistic than our imposed instant
changes. However, sensitivity tests reveal that our step perturba-
tions shorten retreat by only 15 years at Eidfjord compared to a
linearly increasing forcing over 100-years (experiment best-guess-



Fig. 7. (a) Mean modelled retreat rates and (b) retreat duration from the fjord mouth to the fjord head in response to changes in the ELA and submarine melt rates, with the Younger
Dryas glacier and climate (ELA ¼ 880 m a.s.l., submarine melt rate ¼ 10 m a-1) as initial conditions. Individual experiments (black dots) and best-guess experiments (white diamond)
are highlighted. Shown is also (c) mean retreat rates, given the best-guess change in ELA (þ350 m, to 1230 m a.s.l.), (d) retreat duration, given the best-guess change in ELA, (e)
mean retreat rates given the best-guess submarine melt rate (20 m a-1), and (f) retreat duration given the best-guess submarine melt rate. Best-guess experiments in (c)e(f) are
highlighted with purple diamonds. All experiments shown use a 20% increase in the crevasse water depth, cf. Table 1. (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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linear in Table 1). The step forcing causes the grounding line to
retreat past a given location 5e15 years earlier than with the
gradually increasing forcing. Our results thus show negligible
dependence to how the forcing is applied at the YDeHolocene
transition.

Raising the ELA by 500 m (880e1380 m a.s.l.) instead of the
‘best-guess’ 350 m gives a retreat from Halsnøy to Eidfjord in 520
years, without accounting for changes in the crevasse water depth
or ocean forcing (experiment ela1380wd100subm10). Since this is
close to the reconstructed duration of retreat, and we expect large
changes in the ocean forcing based on offshore marine records
(Bakke et al., 2009; Dokken et al., 2015) as well as local glacio-
marine empirical evidence mid-fjord from the period (Romundset
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et al., 2010), this ELA increase is likely too strong. A more feasible
scenario, in light of the proxy records, is our ‘best-guess’ YD-to-
Holocene scenario, which includes a 350 m increase in ELA, a
doubling of submarine melt rates, and a 20% increase in the calving
parameter relative to YD conditions (best-guess in Table 1).

Alternatively, assuming the ELA rose by only 300 m, keeping the
same calving parameter and melt rates as in the best-guess sce-
nario, the retreat takes 60 years longer (560 years; experiment
ela1180wd120subm20 in Table 1). An additional 25% increase in
melt rates (25 m a�1) is required to compensate for the 50 m
smaller ELA increase (485 years; experiment ela1180wd120subm25
in Table 1).

Given our ‘best-guess’ doubled submarine melt rates and 20%



Table 1
Forcing and parameter values for the YD glacier (spin-up), Halsnøy-to-Eidfjord modelled 500-yr retreat (‘best-guess’), and sensitivity experiments. Listed are equilibrium line
altitudes (ELA), crevassewater depths (wd), submarinemelt rates (Mb), whether a surfacemass balance (SMB)-elevation feedback (fb) is included, and themodelled duration of
retreat from the Younger Dryas moraine at Halsnøy to the early Holocene Eidfjord moraine 125 km upstream. The retreat lasted 500 ± 100 years according to the dated
moraines at the fjord mouth and fjord head. The forcing (ELA, wd and Mb) for the best-guess-linear experiment increases linearly for 100 years, and are constant thereafter,
while for all other retreat experiments, an instant step-change in the forcing parameters is imposed. The ensemble of simulations in this table is visualized in Fig. 6 (evolution of
the calving front and grounding line retreat) and Figure 7 (retreat rates and duration with respect to ELA and submarine melt rates).

Experiment ELA (m a.s.l) wd (m) _Mb (m a�1) SMB-elev. feedback (y/n) Retreat duration (yrs)

YD glacier (spinup) 880 100 10 no e

ela1130wd120subm15 1130 120 15 no 800
ela1130wd120subm25 1130 120 25 no 535
ela1130wd120subm30 1130 120 30 no 465
ela1130wd120subm40 1130 120 40 no 375
ela1160wd120subm20 1160 120 20 no 600
ela1180wd120subm15 1180 120 15 no 685
ela1180wd120subm20 1180 120 20 no 560
ela1180wd120subm25 1180 120 25 no 485
ela1180wd120subm30 1180 120 30 no 425
ela1180wd120subm40 1180 120 40 no 345
ela1230wd100subm10-fb 1230 100 10 yes 280
ela1230wd120subm15 1230 120 15 no 600
ela1230wd100subm20 1230 100 20 no 530
ela1230wd100subm25 1230 120 25 no 435
ela1230wd100subm30 1230 120 30 no 390
best-guess 1230 120 20 no 500
best-guess-linear 1230 120 20 no 515
best-guess-fb 1230 120 20 yes 245
ela1230wd120subm30 1230 120 30 no 390
ela1230wd150subm20 1230 150 20 no 460
ela1230wd175subm20 1230 175 20 no 410
ela1280wd120subm15 1280 120 15 no 535
ela1280wd120subm20 1280 120 20 no 450
ela1280wd120subm25 1280 120 25 no 400
ela1280wd120subm30 1280 120 30 no 360
ela1380wd100subm10 1380 100 10 no 520
ela1380wd100subm15 1380 120 15 no 440
ela1380wd100subm20 1380 100 20 no 400
ela1380wd120subm20 1380 120 20 no 390
ela1380wd120subm25 1380 120 25 no 345
ela1380wd120subm30 1380 120 30 no 315
ela1380wd120subm40 1380 120 40 no 270

H. Åkesson, R. Gyllencreutz, J. Mangerud et al. Quaternary Science Reviews 250 (2020) 106645
higher crevasse water depth, an ELA increase of anything from 280
to 500 m is possible based on dating uncertainties (Fig. 7f). Anal-
ogously, assuming the ‘best-guess’ ELA increase of þ350m and 20%
higher crevasse water depth, melt rates between 15 and 30 m a�1

(50e200% increase relative to YD) can drive retreat to Eidfjord
consistent with the radiocarbon dated age of 11.1 ± 0.1 ka BP
(Fig. 7d).

For the best-guess experiment, the crevasse water depth is
increased from 100 to 120 m, rendering a retreat in 500 years
(Section 5.1). If we instead keep the crevasse water depth un-
changed (0% increase), retreat duration increases to 560 years
(experiment ela1230wd100subm20 in Table 1). Conversely, if we
increase the crevasse water depth to 175 m (75% increase), retreat
duration is shortened to 410 years (experiment ela1230wd175-
subm20 in Table 1). In other words, assuming the ‘best-guess’
changes to the ELA and the submarine melt rates, the crevasse
water depth can be between 100 and 175 m in order to reproduce
the retreat within dating uncertainties.

We can estimate how much an increase of the ELA and sub-
marine melt rate shorten the retreat from Halsnøy to Eidfjord
(given our 20% higher crevasse water depth). For every 10 m ELA
increase, the duration of the retreat decreases by 7e20 years
(Fig. 7b and Table 1). Similarly, for every 1 m a�1 increase in the
submarine melt rate, the retreat duration is shortened by 9e12
years. The impact of these atmosphere and ocean changes is not
linear with respect to retreat duration. For more extreme changes
in forcing, the relative change in duration is less pronounced than
for moderate changes (Fig. 7b). For example, the retreat duration is
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shortened by 60 years by increasing the ELA by 350 instead of
300 m (Fig. 7f). When ELA changes become larger, the impact on
retreat duration is smaller; for example, shortening the retreat by
60 years requires an ELA increase from 400 to 500m in the high end
of the ensemble. A similar pattern can be found with respect to
submarine melt rates (Fig. 7d).

6. Discussion

6.1. Surface-melt driven retreat paced by bathymetry

We find that the rate of grounding line retreat is largely inde-
pendent of the water depth at the grounding line (Fig. 9). This runs
counter to what has been suggested for some calving glaciers in
Alaska, western Greenland and Patagonia (Pelto and Warren, 1991;
Hanson and Hooke, 2000), but is consistent with a theoretical
analysis and numerical model experiments by Schoof et al. (2017).
The latter concluded that for glaciers with floating tongues, the
calving cliff height is independent of water depth and instead
proportional to the crevasse water depth imposed. Nonetheless,
based on Fig. 9, there is an apparent threshold of water depths of c.
400 m, above which most of the retreat rates are greater than the
mean rates of 240 m a�1 reconstructed by Mangerud et al. (2013).
However, retreat rates exceeding 1000 m a�1 and even 2000 m a�1

at depths shallower than 400 m are also possible (Fig. 9).
As detailed in Section 5.3, ice-shelf length varies drastically

throughout the retreat (Fig. 5d). The model includes lateral drag
acting on the shelf, and any buttressing along the shelf gets



Fig. 8. Grounding line retreat rates are controlled by bedrock slope vzb
vx around the grounding line. Here, zb is the bedrock elevation and x is the horizontal distance. Bed slopes are

measured using central differencing around the nearest grid points, averaging bed slopes over 700e1000 m around the grounding line. Positive slopes imply a prograde bed (sloping
towards the sea), negative means a retrograde bed (deepening inland). In (a) retreat rates up to 2000 m a-1 are shown in greater detail, corresponding to the red square in (b). (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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transmitted to upstream grounded ice. We should thus expect
some upstream effects associated with ice-shelf length variations.
While some concurrent upstream velocity variations occur
(Fig. 3d), our findings suggest that ice shelf variations appear to be
the result rather than the cause of changing grounding line retreat
rates. In particular, modelled ice-shelf lengths correlate with the
water depth at the grounding line (Fig. 12), yet both of these are
associated with rather than the cause of fast grounding line retreat
of Hardangerfjorden glacier, as detailed in Section 5.3.

Instead, our assessment of the controls of the retreat in our
ensemble and best-guess simulations (Section 5.3) show that the
simulated grounding line retreat is mainly governed by local
bedrock slopes (Fig. 8). In contrast to water depth (Fig. 9) and ice
shelf length (Fig. 10), we find a relationship, albeit weak, between
the bedrock slope and the retreat rate of the grounding line (Fig. 8).
The latter finding is in line with theory (e.g. Weertman, 1974;
12
Schoof, 2007), but our simulations suggest that the relationship
between topography and retreat is not straightforward and cannot
be used uncritically to estimate retreat rates.

We find a high sensitivity to the surface mass balance (Sect. 5.2),
here parameterized using the ELA and a vertical mass balance
gradient G (Sect. 3.3). Better constraints on the ELA and its under-
lying parameters (vertical mass balance gradient, temperature and
precipitation) should be prioritized in future work, through
developing parameterizations and improving understanding of the
underlying iceeatmosphere interactions and their influence on the
surface mass balance. Moreover, our finding that the surface mass
balanceefeedback strongly accelerates retreat over multi-
centennial time scales is relevant for future projections. This
feedback is usually not included in future projections for the next
century, but our results suggest that projections beyond 2100 may
underestimate retreat if this feedback is left out.



Fig. 9. Grounding line retreat rates vary largely independent of water depth at the
grounding line. Ensemble (black crosses) and best-guess experiments (purple dots) are
shown. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 10. Grounding line retreat rates are largely independent of ice shelf length in our
modelled experiments. Ensemble (black crosses) and best-guess experiments (purple
dots) are shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 11. No apparent relationship is found between grounding line retreat rates and ice
velocity at the grounding line. Ensemble (black crosses) and best-guess experiments
(purple dots) are shown. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 12. Ice shelf length during the retreat increases with water depth at the grounding
line. However, neither ice shelf length nor water depth control grounding line retreat
rates (Figs. 8 and 9). Ensemble (black crosses) and best-guess experiments (purple
dots) are shown. (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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6.2. Limits to ocean melt and calving dynamics

As described in Section 3.4, it is not possible to include hori-
zontal frontal melt in a depth-integrated flowline model. Alterna-
tively, the tuned calving parameter (‘crevasse water depth’) may be
interpreted as partly accounting for the neglected ice shelf frontal
melt (Steiger et al., 2018). Some flowline model studies (e.g. Bassis
et al., 2017) have added “artificial” melt a few grid points upstream
of the terminus, to mimic the effect of frontal melt. We tested this
approach during the spin-up phase, aiming to trigger frontal retreat
off the Halsnøy sill by the ocean forcing alone. We found, however,
that adding additional melt two grid points (~1 km) upstream of
13
the front was not enough to trigger retreat; an additional ELA in-
crease is needed. Moreover, becausewe apply uniformvertical melt
along the entire ice shelf base, the effect of horizontal frontal melt
may be accounted for implicitly. In reality, melt at an ice shelf base
decreases gradually towards the ice shelf front (that is, towards the
surface water layer, see e.g. Jenkins, 2011). This means that our
uniformly imposed ocean forcing potentially overestimates ice
shelf basal melt close to the ice shelf front. Since we neglect
(thereby underestimate) ice shelf frontal melt, the two effects are
likely to partly cancel.
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The impact on the model glacier by excluding frontal melt likely
varies throughout the retreat, as the ice shelf area varies. For
example, when the ice shelf is long (e.g. upstream of the Jondal sill)
the effective area available for frontal melt is small compared to the
area of the ice shelf draft (Figs. 3b and 5d). In contrast, when the ice
shelf is short (e.g. at the YD position at the Halsnøy sill, and at the
Jondal sill), frontal ice shelf melt may bemore important, leading us
to potentially underestimate the rate of retreat.

Recent work has shown that grounding line dynamics may be
dependent on the calving law chosen (Schoof et al., 2017; Haseloff
and Sergienko, 2018), though these studies have neglected the ef-
fect of submarine melt. Since calving dynamics is an area of intense
research (Bassis and Walker, 2012; Pollard et al., 2015; Benn et al.,
2017), testing the impact of different calving laws remains a pri-
ority for future studies in similar settings.
6.3. Hardangerfjorden glacier as an analogue for Jakobshavn Isbræ

The Hardangerfjorden glacier and its retreat history is an
analogue to the retreat history of Jakobshavn Isbræ and other
similar outlet glaciers in Greenland. The recent observed retreat of
Jakobshavn Isbræ has gained considerable attention by the scien-
tific community (e.g. Holland et al., 2008; Khazendar et al., 2019), as
themarine outlet glacier has the potential to drain large amounts of
ice from the Greenland Ice Sheet, thus contributing to an acceler-
ated rise in sea level. However, the detailed observational record of
Jakobshavn Isbræ is only a few decades long. Given the ability of
marine outlet glaciers to integrate short-term variability in atmo-
spheric and oceanic forcing, century-scale, kilometer-scale fluctu-
ations in glacier extent are expected, even in a constant climate
(Roe and O’Neal, 2009). This makes it hard, if not impossible, to
assess the long-term response of an outlet glacier, such as Jakob-
shavn, to the recent observed changes in ocean and atmospheric
climate.

Therefore, historical examples and long-term records are critical
to assess the retreat dynamics of glaciers, including the marine
outlet glaciers in Greenland. Hardangerfjorden offers such an
example, with its highly resolved glacial topography andwell dated
retreat history starting at Halsnøy and ending at Eidfjord. This is
perhaps the closest known analogue to the fjord of Jakobshavn.
Jakobshavn Isbræ is known to have retreated from its Last Glacial
Maximum extent to its Holocene minimum at 6e5 ka BP, before
readvancing to a maximum in the Little Ice Age (Kajanto et al.,
2020). The retreat rate varied between 225 m a�1 to 900 m a�1

(Streuff et al., 2017), not unlike the simulated rates found here for
Hardangerfjorden.

Currently, the grounding line of Jakobshavn Isbræ has retreated
approximately 20 km from its Little Ice Age maximum and is
located at a tipping point, constrained by the bedrock topography of
the narrow fjord. Although the future fate of the glacier is un-
known, it is expected that, once a further retreat is triggered, fjord
bathymetry rather than climate variability will govern the retreat
rate (Kajanto et al., 2020).
6.4. Future stability of marine outlet glaciers

We show that retreat rates vary greatly over the course of the
500-year ‘collapse’ of the Hardangerfjorden glacier. The modelled
grounding line retreat rate generally remains below the mean
modelled retreat rate of 272 m a�1, disrupted by irregular short-
lived periods of swift retreat at rates ten times faster (c.
1000e5000 m a�1; Figs. 5 and 8). This modelled swift retreat is
similar to recent short-term retreat of several outlet glaciers in
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Greenland (Howat and Eddy, 2011; Rosenau et al., 2013), such as
Jakobshavn Isbræ (c. 1000 m a�1) and Helheim Glacier (c. 400 m
a�1).

The multi-centennial mean retreat rate of 272 m a�1 is among
the highest reported for marine outlet glaciers (Briner et al., 2009;
Young et al., 2011; Hughes et al., 2012; Mangerud et al., 2013;
Stokes et al., 2014). Equally important, our simulations suggest that
bathymetry, rather than climate, maintains fast retreat once trig-
gered, and therefore episodes of enhanced retreat rates can only be
sustained for a few decades at a time (Fig. 5b). Given these findings
and the topographic similarity between Hardangerfjorden and the
fjords of Greenland, which currently host hundreds of marine
outlet glaciers, we postulate that the observed recent rapid retreat
of many Greenland outlet glaciers may not be sustainable for longer
than a few decades. While continued retreat is expected to be
driven by a warming climate, transient retreat rates will strongly
depend on the upstream fjord topography.

If the current anthropogenic emissions are left unabated, we are
heading for a similarly rapid and pronounced climate warming (e.g.
AMAP, 2017) and glacier melt as occurred in Hardangerfjorden in
western Norway at the last glacial termination. Mean global tem-
peratures 2e3 �C higher than pre-industrial levels are projected for
the year 2100 given successful mitigation scenarios, with 4e5 �C
warming a possibility in the high-end emission scenarios (Stocker
et al., 2013). More importantly, the Arctic has warmed twice as
much as the global mean over the past 50 years (Christensen et al.,
2013), with autumn and winter temperatures expected to increase
by 4e5 �C by mid-century (AMAP, 2017). Further, Arctic outlet
glaciers may see autumn and winter temperatures rising by 10 �C
towards the end of this century, resulting in longer and stronger
melt seasons. Such atmospheric changes are capable of lifting ice
sheet snow-lines (the ELA) at rates similar to those at the
YDeHolocene transition in western Norway.

We therefore expect future climate warming to drive extensive,
yet highly variable, retreat of the world’s marine outlet glaciers
over the coming centuries, with maximum retreat rates compara-
ble to those found for the Hardangerfjorden glacier during the
YDeHolocene transition.
7. Conclusions

Wehave assessed the triggers, drivers and transient dynamics of
the deglaciation of Hardangerfjorden at the last glacial termination
by using a simple ice-flow model constrained by well-dated mo-
raines. The model includes an idealized oceanic and atmospheric
forcing based on reconstructions and excludes the surface mass
balance-elevation feedback. Our results suggest that the initial
glacier retreat was triggered by a rise of the ELA, and that the
125 km-retreat over 500 years was sustained by increased surface
melt and warming fjord waters. The modelled grounding line
retreat rate generally fluctuates below the mean retreat rate of
272 m a�1, which is one of the highest multi-centennial retreat
rates known for marine outlet glaciers. Modelled gradual retreat is
disrupted by irregular periods lasting a few decades each, with
retreat rates ten times higher (c. 1000e5000 m a�1).

Our findings suggest that once the retreat of a marine outlet
glacier is triggered, inland-sloping fjord bathymetry, rather than
climate, maintains the fast retreat. This implies that periods of swift
retreat can only be sustained for a few decades at a time.

The simulated historic retreat of Hardangerfjorden glacier sheds
light on the current retreat of marine outlet glaciers in Greenland
and beyond, such as Jakobshavn Isbræ, where the recent rapid
retreat triggered by climate warming, is expected to be highly
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modulated by the fjord bathymetry.
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