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Abstract. The Northeast Greenland Ice Stream (NEGIS) area has been suffering a significant ice mass loss during the last
decades. This is partly due to increasing oceanic temperatures in the subpolar North Atlantic, which enhance submarine basal
melting and mass discharge. This demonstrates the high sensitivity of this region to oceanic changes. Alongside, a recent
study suggests that the NEGIS grounding line was 20-40 km behind its present-day location for 15 ka during Marine Isotopic
Stage (MIS) 3, raising an important conundrum. This retreat has been attributed to a combination of atmospheric and external
forcings but a modelling approach to the problem is pending. Here we investigate the sensitivity of the NEGIS to the oceanic
forcing during the Last Glacial Period (LGP) using a three-dimensional hybrid ice-sheet-shelf model. We find that a sufficiently
high oceanic forcing could account for a NEGIS ice-margin retreat of several tens of km, potentially explaining the recently

proposed NEGIS grounding-line retreat during MIS-3.

Copyright statement.

1 Introduction

The Northeast Greenland Ice Stream (NEGIS) is the largest ice stream in the Greenland Ice Sheet (GrlS), extending more
than 600 km inland (Joughin et al., 2001) and discharging 12% of the whole ice sheet through three outlet glaciers (Rignot
and Mouginot, 2012): Nioghalvfjerdsfjord Gletscher (NG), Zachariae Isstrgm (ZI), and Storstrgmmen Gletscher (SG), which
is today a surging glacier. These marine-terminating glaciers have suffered huge changes in the last decades. ZI retreated and
almost lost its remaining ice shelf after more than a decade of enhanced ice mass loss, increasing its speed by 50 % in less
than 15 years (Mouginot et al., 2015). Although NG seems to be more stable than ZI due to its bed configuration, it has
lost mass since 2001 (Mayer et al., 2018), with peaks of speedup during 2016 (Rathmann et al., 2017). Ice loss from these
two marine-terminating glaciers is thought to be partly related to the increasing temperature of North Atlantic waters (Khan
et al., 2014; Mouginot et al., 2015), which increases the oceanic heat flux and accelerates the submarine melting (Mayer et al.,

2018). This hypothesis is supported by the three-decade-long observed warming in the subpolar North Atlantic (Straneo and
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Heimbach (2013) and references therein). Moreover, warmer oceanic waters in Fram Strait could directly reach the NG, further
increasing its basal melting and potentially causing the loss of its floating ice tongue (Schaffer et al., 2017). A recent study
investigating the response of NG and ZI to oceanic forcing with the aim of constraining their future stability suggests a further
slow retreat of NG and a complete loss of the ZI ice tongue due to increasing melt rates in the next decades (Choi et al., 2017)
but these conclusions could be even too conservative (Larsen et al., 2018).

Reconstructions suggest that during the Last Glacial Maximum (LGM), ca. 21 ka Before Present (BP), the northeastern region
of the GrIS considerably advanced, likely reaching the continental shelf break, at 250-300 km from the present-day coastline
(Arndt et al., 2015, 2017; Winkelmann et al., 2010). Although the age of these LGM reconstructions is still poorly constrained,
the combination of cosmogenic exposure and radiocarbon dating has recently facilitated the reconstruction of the position
of the NEGIS further back in time, over the last 45 ka (Larsen et al., 2018). This study suggests that the ice margin largely
fluctuated throughout this period, even retreating by 70 km behind its present-day position during the mid-Holocene (ca. 7-5
ka BP) and by 20-40 km during part of Marine Isotopic State (MIS) 3, ca. 60-25 ka BP. The Holocene retreat was likely due
to an increase in both atmospheric and oceanic temperatures comparable to that of today or expected for the near future. On
the other hand, the retreat during MIS-3 was attributed to a combination of atmospheric and external forcings but no ice-sheet
modelling study was undertaken yet to corroborate this conclusion. In addition, the potential role of oceanic forcing in this
retreat has not been explicitly investigated. In the light of the ongoing changes in the GrIS attributed to ice-ocean interactions,
this appears as a plausible mechanism that needs to be investigated.

Here we use an ice-sheet-shelf model to investigate the sensitivity of the NEGIS grounding line to changing oceanic conditions
during the last glacial period (LGP). The submarine melting at the grounding line is parameterised in such a way that basal melt
is allowed during relatively warm time periods such as the present, the last interglacial (LIG, ca. 130-115 ka BP) or MIS-3,
whereas it reaches zero at the onset of the LGM. We study the NEGIS marine margin response to increasing basal melting
rates during MIS-3 to show that a sufficiently high oceanic sensitivity could have driven a considerable NEGIS grounding-line

retreat during MIS-3 from its former glacial position.

2 Methods

To simulate the NEGIS response to past oceanic forcing, we use the three-dimensional, hybrid ice-sheet-shelf model GRISLI-
UCM (Alvarez-Solas et al., 2018; Tabone et al., 2018), adapted from the extensively used GRISLI model (Ritz et al., 2001).
Grounded, slow-moving ice-sheet regions and floating shelves are treated through the shallow-ice approximation (SIA) and
shallow-shelf approximation (SSA), respectively. In the transition between these two regimes (i.e., fast moving, grounded
ice), the dynamics is solved by the simple addition of the SIA and SSA velocity solutions (Winkelmann et al., 2011). The
SSA boundary condition is provided by basal sliding below the ice streams following a friction law, in which the basal shear
stress is proportional to the basal velocity and to a sliding coefficient dependent on the effective pressure at the bed. Glacial
isostatic adjustment of the bedrock due to variations in the ice load is reproduced through the Elastic Lithosphere Relaxing

Asthenosphere model (Greve and Blatter, 2009). Unlike some recent hybrid models, the grounding-line position is defined
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through a pure flotation criterion involving ice thickness at the marine margin and prescribed sea level. Calving occurs whenever
a two-constraint thickness rule is satisfied at the ice-ocean interface (Colleoni et al., 2014): first, the ice-front thickness must be
lower than a fixed threshold (H=200 m here); second, the upstream ice advection does not succeed in preserving the ice-front
thickness above that threshold.

The atmospheric temperature forcing applied to the model follows an anomaly method according to which the present-day

climatological temperature T¢jim, atm 1S perturbed by past anomalies obtained from a spatially-uniform proxy-derived index

a(t):
71atm (t) - Tclim,atm + (1 - a(t))(TLGM,atm - TPD,atm) (1)

The «(t) index is derived from the Greenland temperature reconstruction for the Holocene (Vinther et al., 2009), the North
Greenland Ice Core Project (NGRIP) reconstruction for the LGP (Kindler et al., 2014) and the North Greenland Eemian Ice
Drilling (NEEM) reconstruction for the LIG (NEEM, 2013), as in Tabone et al. (2018). The composed signal is then smoothed
so that the spectral components below orbital frequencies are removed (i.e., periods below 16 ka). By construction, o« =1 at
present day (PD) and o =0 at the LGM. T¢jim atm 1S taken from the regional climate model MAR forced by ERA-Interim
(Fettweis et al., 2013), averaged over years 1981-2010. T1,aM atm — IPD,atm 1S the glacial minus interglacial atmospheric
temperature anomaly simulated by the climate model of intermediate complexity CLIMBER-3«a (Montoya and Levermann,
2008). The precipitation field is obtained following a similar approach based on the ratio of LGM and present-day precipitation,
scaled by o (Banderas et al., 2018):

Pann (t) = Petim,ann * (a(t) +(1—at)): ];L,GM"M’“) . 2

PD,ann

Surface ablation is calculated by the simple positive degree (PDD) scheme (Reeh, 1989). Although this scheme does not
account for past insolation changes, here we primarily assess the sensitivity of the NEGIS to the oceanic forcing during glacial
times. Therefore, we expect that the choice of the surface melt model should not jeopardise our results.

The oceanic forcing is prescribed at the grounding line through a parameterisation of the submarine melt rate based on an
anomaly method for which the present-day melt rate is perturbed by its past changes associated with variations in the oceanic

temperature (Tabone et al., 2018):
B, (t) = Bret + KATocn(t) (3)

where By, (t) is the melt rate at the grounding line at a given time (m a~!), By is the present-day basal melting rate at the
grounding line (m @~ ') and x is a coefficient representing the heat-flux exchanged between water and ice at the ice-ocean front

(m a~! K—1). Past oceanic temperatures below the ice (ATocn(t)) evolve as:
Ajjocn (t) = (1 - a(t))(TLGM,ocn - TPD,ocn) 4)

where the «(t) index is that of Eq. 1 and T1,aM,oen — TPD,ocn 1S the glacial minus interglacial oceanic temperature anomaly
(K). The system of equations 3-4 can be solved assigning values to Bief, &, T1,GM,0cn and Tpp ocn. However, some simplifi-

cations can be considered during the parameter assignment. Following Tabone et al. (2018), the reference melting rate Bir is
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proportional to the oceanic sensitivity , as it is defined as
Bref = H(Tclim,ocn - Tf) (5)

Tlim,ocn 18 the climatological mean of the oceanic temperature considered at the grounding-line depth (K) and T is the
freezing point temperature at the grounding line (K). The former is depth-dependent; the latter also depends on the distribution
of salinity in the water column. Introducing B,.s in the equation is a simplification made to avoid the choice of values to be
assigned to these two variables, that might be challenging and unconstrained (Beckmann and Goosse, 2003). For the sake of
simplicity, Tlim,ocn — 1 can be considered as spatially (horizontally and vertically) constant, in the way that B, is defined
to scale directly with «. Here, we prescribe T¢iim ocn — 1'r = 1 K, thus Byer = k-1 K. Also, the glacial-interglacial temperature
anomaly TT,aM,ocn — IPD,ocn 18 considered here to be spatially uniform and set to a value of -1 K (Annan and Hargreaves,
2013; MARGO, 2009). With these simplifications, the system of Eq. 3-4 is thus reduced to a problem of one degree of freedom
(k). Investigated values of x range from 0 to 10 m a~* K~!; thus B, ranges from 0 to 10 m a~!. These x values are
consistent with the inference from the Antarctic Ice Sheet that a change of 1 K in the oceanic temperature varies the melt rate
by 10 m a~! (Rignot and Jacobs, 2002). Moreover, the resulting B,.¢ values are in the range of the submarine melt observed at
the grounding line of PD Greenland glaciers that have floating ice shelves (Wilson et al., 2017). Melting at the base of the ice
shelves is defined to be the 10% of that calculated at the grounding line which reflects the decrease of melting rate observed
towards the ice shelves (Miinchow et al., 2014; Rignot and Steffen, 2008; Wilson et al., 2017). However, this decrease is not
parameterised here as a function of the distance from the grounding line. Instead, submarine melt is here assumed to have a
binary behavior: it is equal to B,, at the grounding line and to the 10% of B,,, at all floating grid cells. Since the submarine
melting rate at the grounding line is calculated to be spatially constant along the whole domain, the resulting value of the sub-
shelf melt rate is also spatially uniform and is shared by all the ice-shelf grid cells of the domain. Note that refreezing below the
grounding line is not allowed and it is cut off to zero, thus there is neither melting nor refreezing during the LGM for the whole
set of experiments. The spectrum of resulting submarine melt rates leads to 11 different submarine melt configurations, for
which an increase in the oceanic sensitivity entails an increase of the melting rate during MIS-3 (Fig. 2). These configurations
allow investigating the role of the submarine melting rate on the NEGIS margin position during the LGP. Model simulations of
the whole GrIS are initialized at 250 ka BP using the PD GrIS topography from Schaffer et al. (2016) and run under transient
climatic conditions for two full glacial cycles with a horizontal resolution of 10 km. The first glacial cycle has been considered

as a spin up. The analysis of the results focuses on the NEGIS sector.

3 Results

The experiment with submarine melt prescribed to zero (x = 0, Byer = 0), which is hereafter referred to as the unperturbed
experiment, shows the NEGIS margin rapidly advancing towards the continental shelf during glacial inception (Fig. 1). In less
than 20 ka after the peak of the Eemian, the grounding line advances through the inner sector of the continental shelf, extending

offshore to a distance of about 250 km from the PD NEGIS margin already at around 70 ka BP. During MIS-3, the ice-margin
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position remains substantially steady. The maximum extension of the NEGIS is reached during the LGM, when the ice sheet
becomes grounded slightly further offshore (about 20 km) reducing the area of the floating ice shelf in the region (Fig 3 a-e).
In all other simulations, the ocean forcing is switched on (k, Byof > 0) and intensifies for increasing « (Fig. 2). The location of
the grounding line at the LIG is the same in all simulations and thus insensitive to «, and set mainly by the atmospheric forcing.
Another common feature of these simulations is the response of the grounding-line position right after the peak of the Eemian
(Fig. 1): the inclusion of positive melt rates before 70 ka BP somewhat constrains the NEGIS margins between 200-300 km
upstream of the grounding-line position obtained for the unperturbed experiment, close to its location at the LIG. At about
70 ka BP, the ice margin starts to advance towards the continental shelf break, reaching the minimum LGM grounding-line
position estimate based on reconstructions (Funder et al., 2011) in 5-10 ka.

The strongest reaction of the NEGIS grounding line to the applied submarine melting rate is found during MIS-3, when
increasing the oceanic forcing not only helps to preclude the grounding-line advance (as compared to the unperturbed case with
no oceanic forcing) but furthermore triggers its retreat. By including a basal melt rate of 0 — 0.5 ma~' (k =1ma~! K1),
during MIS-3 the location of the NEGIS margin moves 100km further inland with respect to the unperturbed experiment.
Increasing the submarine melt up to 0 —1.2 m a=! (k=4 m a~' K~!) not only helps to constrain the NEGIS advance
towards the continental shelf after glacial inception (ca. 115 ka BP), but subsequently triggers a slight grounding-line retreat
inland by 80 km more which culminates at around 40 ka BP. A higher oceanic sensitivity (x = 5m a~! K1) leads to a further
and earlier retreat during MIS-3. The minimum extent of grounded ice during MIS-3 is reached around 45 ka BP, when the
grounding line retreats by more than 100 km inland from its position simulated at 60 ka BP. The ice margin then remains steady
until the end of MIS-3 (Fig. 1). This value of « and the resulting basal melt configuration (MIS-3 values above 1.6 m a~ 1) act
as a threshold above which the submarine melt rate forces the grounding line to retreat by several km inland during MIS-3. For
higher basal melt rates the grounding line retreats further inland, stationing at only 30-40 km far from the PD position.

The effect of the submarine melt rate applied to the NEGIS marine margin during MIS-3 is also perceived far inland. The basal
melt imposed at the ice-ocean interface (region B) causes the ice margin to retreat inland, strongly enhancing ice discharge (Fig.
4). The reduction of buttressing previously ensured by the presence of ice on the continental shelf increases margin velocities,
which propagate inland (Fig. 3 f), causing a decrease of ice thickness in the ice-sheet interior (region A). An initial strong
peak in ice discharge is observed, following the initial increase of submarine melting and loss of buttressing, but the effect
persists with further ice discharge until the end of MIS-3. At this moment, the absence of melt imposed through the LGM
allows the grounding line to advance again towards the continental shelf break (Fig. 3 g-j). The maximum distance reached
at the peak of the LGM and the time of the onset of the advance are inversely proportional to the melt rate suffered in the
previous millennia (Fig. 2). A strong melt rate imposed during MIS-3 leads to a delayed triggering and spatially-constrained
grounding-line advance, and vice versa.

By construction, submarine melt occurs again after 20 ka BP, when both atmospheric and oceanic temperatures increase,
contributing to push the grounding line back towards the ice-sheet interior (Fig. 1). The fact that the unperturbed experiment
simulates this retreat as well demonstrates that it is driven by both increasing atmospheric and oceanic temperatures during

the Holocene. Nevertheless, the presence of submarine melt at the NEGIS marine margins enhances the retreat and triggers
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it slightly earlier. However, this feature saturates for high values of Bi¢f, as a further retreat inland is constrained by the

bathymetry.

4 Discussion

The NEGIS grounding-line fluctuations simulated in response to a high oceanic forcing in this set of experiments are similar to
those suggested by Larsen et al. (2018) for the last 45 ka. However, there are some major differences between our results and
theirs that deserve further attention.

First, we do not simulate the MIS-3 retreat farther inland than the PD position (20-40 km), although our simulations do show
a retreat of more than 100 km with respect to the previous millennia. This MIS-3 retreat behind the PD NEGIS margin po-
sition has been attributed by Larsen et al. (2018) to lower accumulation rates, high incoming solar radiation and increasing
summer air temperatures operating together. Since we have not investigated the sensitivity to these forcings separately and our
experiments do not show this extended retreat, we can neither confirm nor discard their hypothesis. However, our work has
demonstrated that the presence of relatively high submarine melt rates at the NEGIS grounding line during MIS-3 is enough to
cause a substantial retreat of its marine margins during this period.

Second, our simulated grounding-line advance during the LGM is smaller than the maximum extension suggested by re-
constructions (Funder et al., 2011). This bias furthermore increases with increasing oceanic forcing. However, even in the
unperturbed experiment, which allows the largest ice-sheet expansion due to the absence of melting at the marine margins, the
grounding line does not reach the continental shelf break either. This could be related to model dynamics, such as insufficient
basal drag imposed at the base of the ice streams or the ice velocity mixing in transition zones, or simplified boundary condi-
tions.

Third, the timings of the grounding-line advance/retreat for the last 35 ka of the LGP do not precisely correspond to those pro-
posed by Larsen et al. (2018). In the experiments that show a significant retreat during MIS-3 (x > 4 m a~* K1), we simulate
both the grounding-line advance at the end of this stage and the retreat at the onset of the Holocene earlier than expected. This
is due to the submarine melting signal representing oceanic temperature anomalies, which saturates at around 35 ka BP and is
switched on again at 20 ka BP, assuming that the LGM starts and ends at these times. By using the same « for both atmospheric
and oceanic forcing, we are assuming the evolution of the ocean around Greenland at orbital timescales to be comparable to
that of the climate. This is a simple assumption, but reasonable due to the lack of clear information from climate proxies.
However, any uncertainty in the orbital forcing affects the ice-sheet retreat during the Holocene which is supposed to be a
combination of atmospheric and oceanic temperatures (Larsen et al., 2018). The Holocene maximum is quite well reproduced
in our submarine melting configurations (Fig. 2) and in the atmospheric temperature evolution. However, the slight basal melt
decrease applied in the late Holocene is not sufficient to make the grounding line advance back towards the continental borders
and the inaccurate position simulated at the PD is a direct consequence of this simplification.

The grounding-line retreat at the PD is proportional to the magnitude of the submarine melt rate imposed at the NEGIS ice

margins during the mid-late Holocene, which is related to the value of B,.r used. However, this correspondence is very weak
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and the retreat quickly saturates at about 50 km away from the PD position for increasing «. Although this retreat is supported
by proxies for the mid-Holocene (Bennike and Weidick, 2001; Larsen et al., 2018), its persistence until the present day is
unrealistic. Estimated PD grounding-line melt rates at 79°N reach peaks of 50 m a~!, which are even higher than the B¢
values considered in this work (Wilson et al., 2017). Imposing these would likely cause a farther retreat inland. This bias found
in our experiments could be related to the low spatial resolution of the model (10km) which does not allow for a precise
treatment of the grounding-line zone and may trigger nonlinear effects, enhancing grounding-line retreat farther inland than
expected. Another factor affecting this extended PD retreat is related to the design of the submarine melt signal itself during the
Holocene, which shows a constant increase from 0 to the set B, s value through the last 20 ka. Peaks of up to 50 m a ! occur
at the NEGIS margin, however it is unlikely that this could have happened for a long period of time and in such a persistent
way. This continuous and spatially-extended melt increase contributes to enhance the retreat at the PD by several km.

The oceanic forcing is defined here to be in phase with the atmospheric forcing, as they are both set to evolve in time
through the same NGRIP-derived index «. To our knowledge, little evidence on oceanic changes at orbital timescales is avail-
able and whether the best representation of reality would be through oceanic temperatures varying in phase or antiphase
with the atmosphere is unknown. Nevertheless, proxy-based temperature reconstructions indicate glacial-interglacial surface
temperature anomalies to be between 0 and -3 K (Annan and Hargreaves, 2013; MARGO, 2009) and the value chosen for
T1.6M,0cn — IPD,ocn 1s Within this range (-1 K).

This work represents the first attempt to simulate the striking margin retreat reconstructed for the NEGIS during MIS-3 (Larsen
et al., 2018). Here we have shown that the orbitally-driven oceanic warming during MIS-3 is sufficient to explain the retreat
of the NEGIS grounding line during part of the LGP. Nevertheless, the rapid occurrence of warm oceanic pulses on millennial
timescales is an important characteristic of MIS-3. Given the non-linear response of subglacial melting to temperature varia-
tions (e.g. Mikkelsen et al. (2018)), this effect could potentially modulate the orbitally-driven response on shorter timescales. A
complete treatment of the problem from this perspective is difficult, however, by the absence of reconstructions of the oceanic
conditions of the northeastern part of Greenland on these timescales during MIS-3.

In addition, such a retreat of the ice margin may have triggered feedbacks on the local climate that are not taken into account
in this work. For example, it is possible that this large ice retreat would have caused changes in the albedo, affecting surface air
temperatures and snow accumulation. Other feedbacks related to the freshwater flux into the ocean could have led to variations
in sea ice and local oceanic circulation. All these processes, not included here, could have additionally contributed to variations
in the ice thickness and grounding-line position, and should be investigated in the future for a complete understanding of the

conundrum.

5 Conclusions

We have studied the sensitivity of the NEGIS ice margin to oceanic forcing during the LGP. To this end, we used a three-
dimensional, hybrid ice-sheet-shelf model in which the submarine melt rate is parameterised to perform simulations of the

GrIS for which basal melt follows a ice-core-proxy-derived curve assumed to represent the evolution of both atmospheric and
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oceanic temperatures at orbital scales. The increase in basal melt during MIS-3 reflects a relatively warm oceanic state, whereas
the lack of basal melt during the LGM corresponds to the associated expected minimum in oceanic temperatures. We showed
that in the absence of submarine melting during the entire LGP, the grounding line advances towards the continental shelf just
after the LIG. On the other hand, switching on the oceanic forcing helps to constrain the ice margin advance during MIS-3.
Sufficiently high submarine melt rates eventually trigger its retreat by more than 100 km from its former position. The lack of
basal melt during the LGM then resumes the grounding-line advance by 200 km towards the continental shelf break. Our results
robustly show that a prolonged presence of submarine melt at the NEGIS ice margin is enough to substantially contribute to

grounding-line retreat there, which helps to explain the recently suggested NEGIS ice margin retreat during MIS-3.
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Figure 1. Evolution of the NEGIS grounding line relative to its observed present-day position for the set of experiments. The grounding-line
distance has been calculated along a transect which follows approximately the flow direction of NEGIS terminating-glaciers (top-left figure
of the panel). Dashed black line shows the reconstruction by Larsen et al. (2018). The black points on the GrIS figure (circle, square and

diamond) show the PD NEGIS grounding-line position and the minimum and maximum expected advance of the ice sheet at the LGM

according to Funder et al. (2011).
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Figure 2. Evolution of the climatic index « and the resulting past oceanic temperature AT,c, (K) (upper panel). Potential submarine melt-

rate evolution during the LGP for increasing B¢ and « values considered in the experiments (lower panel).
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Figure 3. Snapshots of U (m a™ ') in total absence of submarine melting (a-e) and in presence of active orbital-driven oceanic forcing
(k=8ma ' K7, Biet = 8m a™ ') (f-) at different times along MIS-3 and the LGM. Grey contour lines stands for ice surface elevation
(every 250 m, superimposed to the ice sheet) and bathymetry (from O to -800 m, every 100 m). The black line represents the position of the
simulated grounding line. PD grounding-line positions of the two main outlet glaciers of the NEGIS, Nioghalvfjerdsfjord Gletscher (NG,

black up-pointing triangle) and Zachariae Isstrgm (ZI, black down-pointing triangle), are shown on the maps.
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Figure 4. Time series of the averaged ice thickness H (in m), mass balance components (surface mass balance and submarine melt, both
inm a™') and U (m o) within the areas indicated in the subset, including the PD grounding-line position (thin lines, region A) and far
offshore in the continental shelf (thick lines, region B) in the presence of orbitally-driven submarine melt during MIS-3 (x =8 ma~ ' K 1).
For mass balance, red and blue lines show the contribution to mass balance from surface mass balance and oceanic basal melt, respectively;

dashed lines show the potential contributions that would be observed in presence of ice.
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