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to account for a decadal perturbation in glacial freshwater release to the Southern Ocean. For the first
time, this perturbation explicitly takes into consideration the spatial distribution of changes in the volume of
Antarctic ice shelves, which is found to be a key component of changes in freshwater release. In addition,
glacial freshwater-induced changes in sea ice are compared to typical changes induced by the decadal
evolution of atmospheric states. Our results show that, in general, the increase in glacial freshwater release
increases Antarctic sea ice extent. But the response is opposite in some regions like the coastal Amundsen
Sea, implying that distinct physical mechanisms are involved in the response. We also show that changes
in freshwater forcing may induce large changes in sea-ice thickness, explaining about one half of the
total change due to the combination of atmospheric and freshwater changes. The regional contrasts in
our results suggest a need for improving the representation of freshwater sources and their evolution in
climate models.
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ARTICLE INFO ABSTRACT

Keywords: The sensitivity of Antarctic sea-ice to increasing glacial freshwater release into the Southern Ocean is studied in a
Southern ocean series of 31-year ocean/sea-ice/iceberg model simulations. Glaciological estimates of ice-shelf melting and
Sea ice

iceberg calving are used to better constrain the spatial distribution and magnitude of freshwater forcing around
Antarctica. Two scenarios of glacial freshwater forcing have been designed to account for a decadal perturbation
in glacial freshwater release to the Southern Ocean. For the first time, this perturbation explicitly takes into
consideration the spatial distribution of changes in the volume of Antarctic ice shelves, which is found to be a
key component of changes in freshwater release. In addition, glacial freshwater-induced changes in sea ice are
compared to typical changes induced by the decadal evolution of atmospheric states. Our results show that, in
general, the increase in glacial freshwater release increases Antarctic sea ice extent. But the response is opposite
in some regions like the coastal Amundsen Sea, implying that distinct physical mechanisms are involved in the
response. We also show that changes in freshwater forcing may induce large changes in sea-ice thickness, ex-
plaining about one half of the total change due to the combination of atmospheric and freshwater changes. The
regional contrasts in our results suggest a need for improving the representation of freshwater sources and their
evolution in climate models.

Glacial freshwater

1. Introduction

The Southern Ocean plays a substantial role in the Earth system. For
instance, it is a significant sink for the anthropogenic carbon dioxide
(Sallée et al., 2012) and atmospheric heat (Roemmich et al., 2015), thus
mitigating global warming. In addition, the Southern Ocean produces
the Antarctic Bottom Water (AABW), which is distributed into the three
main oceanic basins (Atlantic, Pacific and Indian). The AABW, a key
driver of the global thermohaline circulation, ventilates the deep ocean
due to its high oxygen content (Mantyla and Reid, 1983; Orsi et al.,
1999). All these processes are directly impacted by the Antarctic sea-ice
cover, its melting and its production.

Some studies have emphasized unexpected trends in Antarctic sea-
ice cover over the last decades (e.g. Comiso, 2010). While the Arctic sea
ice extent (SIE) presents a statistically significant decrease of 3.8% per
decade, the Antarctic SIE presents a small but statistically significant
increase of 1.2% per decade (Comiso et al., 2011). The net increase in
Antarctic sea ice results from the combination of positive and negative
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regional trends. Even if the magnitude and the significance of the total
increase remains open to debate (Polvani and Smith, 2013; Screen,
2011), the significance of regional trends in sea ice concentration (SIC)
has a larger consensus in the community (Comiso et al., 2011). For
instance, the Ross Sea SIE has increased by about a 5% per decade,
while the SIE in the Amundsen-Bellingshausen Seas sector has de-
creased by up to 7% per decade (Turner et al., 2009). In addition, the
trend in number of annual ice-covered days exhibits similar regional
patterns: the Southern Ocean has gained up to 3-4 days per year of
coverage in some locations of the Ross Sea, and has lost up to 3-4 days
per year in sectors of the Bellingshausen Sea (Stammerjohn et al.,
2012).

While the Artic SIE response to the climate change is strongly
coupled with global atmospheric warming (Perovich, 2011), Antarctic
sea ice trends seem to result from much more complex processes. It has
been suggested that observed atmospheric trends in the Southern An-
nual Mode (SAM) index (Thompson et al., 2011) and the Amundsen Sea
Low, which affect wind velocities, air temperature and humidity, may
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partially explain the observed changes in the Antarctic sea-ice
(Turner et al., 2009). The coupling between SAM and the El Nino
Southern Oscillation (ENSO) may also contribute to the observed re-
gional pattern of the trend (Stammerjohn et al., 2008; Kwok et al.,
2016). However, the amplitude of the regional trends and the total
increase in SIE does not seem to be completely explained by changes of
atmospheric origin (Lefebvre and Goosse, 2008). In addition, other
modeling studies have shown that an increased SAM trend produced by
ozone depletion leads to sea ice reduction in climate models (Bitz and
Polvani, 2012; Sigmond and Fyfe, 2010). This suggests that other me-
chanisms must be contributing to the observed trends in sea ice. Some
of the non-atmospheric factors affecting the observed sea-ice distribu-
tion may be related to oceanic and sea-ice feedbacks. For instance,
changes in the salt rejection associated with sea-ice changes and the
freshening of the ocean surface may be affecting oceanic deep heat
convection in some regions (Goosse and Zunz, 2014; Zhang, 2007).

The observed increase in mass loss from the Antarctic ice sheet
(Rignot et al., 2011; Shepherd et al., 2012), may be contributing to
salinity changes in the Southern Ocean (Jacobs et al., 2002; Jacobs and
Giulivi, 2010). Enhanced continental ice discharge combined with the
observed thinning of ice shelves (Pritchard et al., 2012; Paolo et al.,
2015) has increased glacial freshwater injection into the ocean, at least
since the beginning of the 1990s (Shepherd et al., 2012). This increase
in glacial freshwater flux is usually not considered in climate models,
which may explain why climate models have so far failed to predict
trends and regional variability in SIE (e.g. Turner et al., 2013). Recent
studies have investigated the response of Antarctic sea ice to the recent
increase in glacial freshwater input to the ocean with a coupled model
(Bintanja et al., 2013; Swart and Fyfe, 2013; Pauling et al., 2016).
However, they differ in their main conclusions. In some cases, the im-
pact of perturbations in the glacial freshwater forcing on sea ice is very
weak and not significant. In other cases, the response is relevant but
does not match the spatial pattern of the observations. This may be due
to the lack of consensus over the quantity and spatial distribution of the
freshwater perturbation applied in such experiments. Indeed, most
ocean models present large differences in their freshwater forcing
protocol and neglect the spatial distribution of the sources. Recent ice-
shelf mass balance estimates based on satellite data (Rignot et al., 2013;
Depoorter et al., 2013) may help better constrain both the magnitude
and the spatial distribution of glacial freshwater released into the
Southern Ocean. Furthermore, recent improvements in the methods to
prescribe ice-shelf melt (Mathiot et al., 2017) and to distribute the
iceberg meltwater through Lagrangian models (Merino et al., 2016;
Marsh et al., 2015) now allow a better distribution of the Antarctic
glacial freshwater over the Southern Ocean. This has been shown to
affect sea ice production (Merino et al., 2016; Mathiot et al., 2017) but,
as yet, it remains neglected by most ocean models.

In this study, we evaluate the impact of the recent enhancement in
glacial freshwater fluxes on the sea ice properties in the Southern
Ocean. Two different freshwater scenarios are proposed to represent the
current and pre-imbalance ice-ocean mass fluxes. The scenarios are
built upon glaciological estimates of the Antarctic ice mass loss, and
distinguish calving from ice-shelf melt. Both glacial freshwater sce-
narios are applied to an atmospherically forced eddy-permitting ocean-
sea-ice model. An improved version of a Lagrangian particle iceberg
model is coupled with our ocean model in order to distribute the calved
mass, while ice-shelf melt is prescribed following the method proposed
by Mathiot et al. (2017). The sensitivity to changes in glacial freshwater
scenario is addressed under the same atmospheric conditions then
compared against typical changes induced by decadal atmospheric
variability. Section 2 describes the model set-up and the freshwater
forcing scenarios. Section 3 presents the model mean state and trends
and Section 4 describes the model response to atmosphere and fresh-
water perturbations and discusses the related mechanisms.
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2. Material and methods
2.1. Ocean/sea-ice model configuration

All the numerical experiments performed in this study share the
same general model set up. Simulations use a coupled ocean/sea-ice/
iceberg model with interannual atmospheric forcing. The ocean com-
ponent is based on NEMOV3.5 (Madec, 2014) with a global grid of 0.25°
resolution (ORCA025) developed by the DRAKKAR group. It considers
75 vertical z-levels with partial steps. The model is forced by atmo-
spheric data from the interannual DFS5.2 re-analysis (ERA-Interim
based, (Dussin et al., 2016; Brodeau et al., 2010)). It uses the CORE bulk
formulations with three-hourly winds, humidity and air temperature,
and daily cloud cover, short- and long-wave solar radiation and liquid
and solid precipitations. The ocean component is coupled every time
step with the LIM2 sea-ice  model (Fichefet and
Morales Maqueda, 1997). A salinity restoring term towards NODC WOA
data (Gouretski and Koltermann, 2004) with a piston velocity of 50 m/
300 days applied to the ocean surface (Griffies et al., 2009). This term is
required in atmospherically forced simulations because of the missing
atmospheric feedbacks (Griffies et al., 2009).

The ocean component is also coupled with the NEMO-ICB
Lagrangian iceberg module (Marsh et al., 2015) containing the most
recent improvements described in Merino et al. (2016). These latter
modifications consider depth-dependent ocean velocities and tem-
peratures in the computation of the drag and melt rate applied to ice-
bergs, instead of ocean-surface properties as in most iceberg models so
far. All the meltwater from icebergs is put at the ocean surface, i.e.
assuming no significant mixing with the iceberg freshwater plume. Our
model configuration does not include ice-shelf cavities, but adopts the
parameterization developed by Mathiot et al. (2017) to distribute the
observation-based ice-shelf meltwater from Antarctica. The later emu-
lates the buoyancy-driven ice-shelf overturning by distributing the
coastal runoff over the vertical model levels located between the depth
of the ice-shelf front and the deepest depth of the glacier grounding line
(or the bathymetry at the front if shallower than the grounding line).
Mathiot et al. (2017) have shown that this method outperforms those in
which the ice-shelf freshwater is injected at the depth of the ice-shelf
front (e.g., Beckmann and Goosse, 2003). The prescribed amplitude of
iceberg calving and ice-shelf melt is described in the next subsection.

Ocean temperature and salinity are initialized from the observa-
tional estimates from Steele et al. (2001), and Antarctic sea ice is in-
itialized to 1 m thick wherever ocean surface is below —1 °C. All the
experiments conducted in this study use a 11-year spin up phase, which
is reasonable for initializing major circulation features and surface
properties (Barnier et al., 2006; Tréguier et al., 2010), and to balance
the iceberg mass and melt water from the iceberg module
(Merino et al., 2016). After the 11-year spin up, the drift in ACC
transport at Drake is 0.2 Sv/yr, exactly as in Tréguier et al. (2010) who
used a very similar NEMO configuration and attributed the drift to an
erosion of AABW along the simulations. It is therefore likely that dense
water formation and/or its downward transport are poorly represented
in our model. Nonetheless, no significant drift of surface fluxes is found
after the spin up phase (not shown), and our methodology prevents our
results from being affected by any potential drift because we mostly
compare experiments of similar drifts (see Section 2.3).

2.2. Freshwater forcing in the southern ocean

This section explains how our freshwater forcing is constructed and
how our experiments are designed to address the main question of this
study. In the Southern Ocean, the glacial freshwater fluxes come from
melting icebergs and ice-shelves (the floating extension of outlet gla-
ciers confined in an embayment). In the following, we present the terms
of the ice-shelf mass balance (Section 2.2.1), the recent observational
estimates of calving flux and ice-shelf melt used to build our mean
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freshwater forcing over the 2000-2009 period (Section 2.2.2), and (the
method developed to reconstruct the mean calving flux and ice-shelf
melt over the 1990-1999 period (Section 2.2.3).

In the Southern Ocean, glacial freshwater fluxes come from the
melting of ice originating from the Antarctic Ice Sheet. As we will see in
Section 2.2.1 and as already conceptually introduced by
Rye et al. (2014) and Pauling et al. (2016), the amount of glacial
freshwater getting into the ocean is strongly affected by changes in the
mass of ice shelves. The glacial freshwater fluxes can be estimated for
the major ice shelves over the 2000-2009 period based on observa-
tional studies and accounting for the changing mass of ice shelves
(Section 2.2.2). A number of hypotheses then allow constraining a
glacial freshwater scenario representative of the 1990s, as described in
Section 2.2.3. To date, no reliable information can be considered for the
reconstruction of time-varying glacial freshwater fluxes between the
two periods, so we will run sensitivity experiments in which we apply
the two freshwater fluxes, with constant fluxes over the entire simula-
tions (see Section 2.3). Such experimental design is similar to
Bintanja et al. (2013, 2015) and Pauling et al. (2016). The analysis of
the mean anomalies provides information on the impact of freshwater
on the Antarctic sea ice. Prescribing a ramping versus constant fresh-
water flux may affect the estimation of sea ice trends within a simu-
lation, but comparing the mean sea ice between two simulations with
constant freshwater forcing does not require any assumption on the
ramping shape.

2.2.1. The ice shelf mass balance equation

The freshwater flux into the Southern Ocean can come from three
continental sources: icebergs melting along their trajectories, basal melt
underneath ice shelves, and runoff from surface melting. The later is
mostly confined to a few regions in the Northern Antarctic Peninsula
(Barrand et al., 2013; van den Broeke, 2005), although it can spor-
adically be observed in other regions (e.g. Nicolas et al., 2017; Bell
et al., 2017). Furthermore, most of the surface melt water refreezes
before reaching the ocean (Irvine-Fynn et al., 2011). Therefore, the
freshwater flux from surface melting is usually neglected compared to
the freshwater flux associated with the calving flux (CF) and the ice-
shelf basal mass balance (BMB).

To understand these two prominent freshwater fluxes, one needs to
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consider the mass balance of an ice shelf. A schematic view of an
Antarctic ice shelf is shown in Fig. 1, which describes the main mass
fluxes, ocean currents, and other terms that are used throughout this
paper. Antarctic ice shelves gain mass from the ice inflow through the
grounding line gate (imaginary surface between the floating and
grounded ice) and due to snowfall at their surface. Their mass loss
occurs through several processes: calving at their front, basal melt at
the ocean-ice interface, and wind erosion or sublimation at their sur-
face.

From the ice shelf point of view, the two fluxes of interest for the
ocean, i.e. CF and BMB, are partly compensated by the surface mass
balance (SMB) (which includes snow accumulation, surface melting/
refreezing, sublimation, snow erosion and transport by the wind) and
the grounding line flux (GLF). The difference between the inputs (GLF,
SMB) and outputs (CF, BMB) results in the mean thickening rate (dh/dt)
or ice shelf mass convergence. The mass conservation is thus described
by the following equation (Rignot et al., 2013; Depoorter et al., 2013):

dh/dt = SMB + GLF — CF — BMB (€8]

In the following paragraphs, we describe the two different glacial
freshwater scenarios applied to our ocean simulations. Basically, our
approach consists of determining a pair of CF and BMB values for: (i) a
scenario corresponding to the mass exchange between the Antarctic ice
shelves and the ocean in the 2000s (FRESH+) and (ii) a scenario re-
presentative of the situation in the early 1990s (FRESH —). This latter
scenario, built from FRESH +, is based on assumptions on the various
terms of the ice shelf mass balance (Eq. (1)) and computed for each ice
shelf larger than 100 km?. Details on the construction of both scenarios,
FRESH+ and FRESH—, are given in Sections 2.2.2 and 2.2.3 respec-
tively, and a summary of the two glacial freshwater scenarios with all
the terms of Eq. (1) is presented in Fig. 2. A detailed comparison of the
BMBs corresponding to the two glacial freshwater scenario is shown in
Fig. 3 for each individual ice shelf.

2.2.2. Scenario FRESH +

Scenario FRESH+ represents the Antarctica/Southern Ocean
freshwater exchanges of the decade 2000-2009. We therefore directly
use the CF and BMB fluxes provided by Depoorter et al. (2013). These
estimates are based on data from the ICESat period (2003-2009) and

/1 Fig. 1. Schematic diagram of idealized Antarctic ice shelf,
<" |Ocean Curmrents showing some ocean currents (dashed) and the fluxes in-
N[ volved in the ice-shelf mass balance: Grounding Line Flux
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(GLF), Surface Mass Balance (SMB), Calving Flux (CF), Basal
Mass Balance (BMB). CDW stands for Circumpolar Deep
Water.
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dh/dt = SMB + GLF - CF - BMB
FRESH+| -282 | 444 | 2049 1321 | 1454
o s | e s | S
A% AR AT
FRESH-| o 444 1978 1321 1101

Fig. 2. FRESH+ and FRESH— full Antarctica integrated terms of the ice-shelf mass bal-
ance (Eq. (1)). Red numbers correspond to the terms having been modified in the
FRESH— scenario with respect to the FRESH+ scenario. Black numbers correspond to
quantities that remain the same in both scenarios. Units are Gt/yr.

previous satellite programs (including ERS-1 and ERS-2) covering a
large part of the 1990-1999 decade in many regions. The scenario ac-
counts for ice-shelf thinning rates that are consistent with the observed
enhancement of Antarctic mass discharge. In Depoorter et al. (2013), all
the sparse collected data were corrected in time to get estimates re-
presentative of the decade 2000-2009. This means that their estimates
provide a reasonable representation of the annual glacial freshwater
fluxes that were released into the Southern Ocean over that decade, and
are consistent with other recent estimates over the same period
(Rignot et al., 2013).

All the ice shelf locations considered in Depoorter et al. (2013) have
been identified on our ORCA025 model grid following
Merino et al. (2016). For a given ice shelf, the BMB flux is homo-
geneously distributed over all grid points along the corresponding ice
shelf front, and distributed vertically according to the ice-shelf geo-
metry, as described in Section 2.1. In addition, Depoorter et al. (2013)
provide an upscaling mass flux term per oceanic basin so that the total
estimated Antarctic mass loss can be matched. The latter is homo-
geneously distributed over the coastal surface grid points of the corre-
sponding oceanic basin. Our forcing strategy does not consider any
seasonal variations in BMB, because very little is known about such
seasonality. The CF estimates are used as inputs for the Lagrangian
iceberg model. CF values are kept constant over time with the same
calving rates and locations as provided in Merino et al. (2016). The
ocean/iceberg model distributes the iceberg meltwater over the
Southern Ocean, with seasonal variations related to the ocean proper-
ties (Merino et al., 2016).
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2.2.3. Scenario FRESH —

The FRESH™ scenario is designed to represent a reasonable glacial
freshwater input into the ocean before the observed Antarctic mass
imbalance, in the early 1990s (Rignot et al., 2011; Shepherd et al.,
2012). The recent acceleration of grounded outlet glaciers is linked to
the thinning of ice shelves as a consequence of the enhancement of their
basal melting (Pritchard et al., 2012) or collapse (Scambos et al., 2004).
Our hypothesis is that the Antarctic ice shelves were in steady state in
the early 1990s (dh/dt = 0). This assumption may not be entirely true at
the regional scale, as it is known that some glaciers in the Amundsen
sector were already retreating early in the 80s (Hughes, 1981; Smith
et al., 2016), and the Ross Sea was already experiencing freshening in
the early 1990s (Jacobs and Giulivi, 2010). It is nonetheless a good
approximation at the scale of Antarctica (Paolo et al., 2015), and
making other assumptions regionally is not straightforward. This as-
sumption may nonetheless result in an overestimation of the glacial
freshwater differences between the scenario FRESH+ and FRESH™ in
the Amundsen sector.

To construct the FRESH— scenario, we start from the estimates
provided by Depoorter et al. (2013). In addition to setting dh/dt to zero,
further hypotheses regarding SMB, CF and GLF are needed to compute
BMB from Eq. (1). The SMB values in Depoorter et al. (2013) are from a
regional atmospheric simulation over 1979-2010, assuming that there
has been no significant SMB trend over that period (Monaghan et al.,
2006; Lenaerts et al., 2012). We therefore keep the same SMB values as
in Depoorter et al. (2013), as they are also representative of the 1990s.
We make a similar assumption for the CF term because, to our knowl-
edge, there is no evidence of any trend in calving fluxes. Of course,
individual events of ice shelf collapse may introduce interannual
variability in CF (Rott et al., 1996), but it would be difficult to associate
a statistically significant trend to these events (Liu et al., 2015). It has to
be noted that some observed changes in ice-shelf velocities are com-
pensated by changes in ice shelf thickness, so that the ice mass flow is
relatively unchanged, which is consistent with the small changes in the
position of calving fronts observed over the recent decades.

Now we estimate GLF in the early 1990s so that we can deduce BMB
from Eq. (1). To do so, we use estimates of Antarctic contributions to
sea-level rise (i.e. of mass loss of the grounded ice sheet) since the
beginning of the 1990s. The mass equation for the grounded part is:

1

— fresh+
N Fresh-

) - ™y
= =
@

nmn J 2 = o
= 3 5 & 6

€ z © Z = T © o x v W
¢ 2 g € §& z 8 4 2 3 E
Ice shelf
West Indian East Indian Ross Sea Amundsen Sea Bellingshausen Sea Weddell Sea

Fig. 3. Basal Mass Balance (BMB) per ice shelf (Gt/yr) considered in the FRESH+ (blue bars) and FRESH — (green bars) glacial freshwater scenarios. Ice shelf names and the oceanic
sectors are based on the definitions of Depoorter et al. (2013). (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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dM

o = SMBg — GLF

2
where M is the mass of grounded ice, GLF the grounded line flux, and
SMBy, the surface mass balance of the grounded part of glaciers.

For some glaciers in West Antarctica, in the Antarctic Peninsula
(like Larsen ice shelves), and in the East Indian sector of East Antarctica
(Totten and Cook), the grounded ice mass loss has been explained by
changes in ice dynamics (Rignot et al., 2008; 2002). For these glaciers,
we can therefore express GLF in the early 1990s as:

dM dM
GLFx000s + (7) = (7)
’ dt /1900 dt /0008

where each quantity is an average over the period in subscript. We now
assume that the ice sheet was approximately in steady state in the early
1990s, so that the second term in the right hand side of Eq. (3) is ne-
glected. We then assume that the third term in the right hand side of
Eq. (3) is given by the observational estimates of Shepherd et al. (2012).
As GLFaggps is known from Depoorter et al. (2013), we can deduce
GLF1990s- For the other glaciers, no dynamical changes have been re-
ported, and mass changes between the 1990s and the 2000s have been
attributed to regional changes in surface mass balance (SMBg,). In these
cases, it is reasonable to assume that GLF has remained unchanged
between the 1990s and the 2000s.

Our backward estimation of GLF is based on two major assumptions.
First, we assume that Antarctica was in steady state in the early 1990s.
The wvalidity of this assumption is uncertain, for example,
Shepherd et al. (2012) suggest that the Antarctic ice sheet was gaining
mass in the early 1990s, which would mean that the perturbation in-
troduced between FRESH+ and FRESH— is globally underestimated,
although the rate of mass change in the early 1990s is likely negligible
compared to the perturbation we introduce. Second, we assume that the
rates of mass change provided by Shepherd et al. (2012) are re-
presentative of the 2000s, while they actually represent the period
1992-2011. This may again imply an underestimation of the GLF dif-
ferences between the FRESH+ and FRESH— scenarios since many
drainage basins have experienced a strong mass loss acceleration over
the recent decades, particularly in the Amundsen sector (Rignot et al.,
2011; Sutterley et al., 2014)

Our methodology to construct freshwater scenarios is new in the
sense that previous studies analyzing the impact of glacial freshwater
perturbations on the Southern Ocean sea-ice were based on empirical
perturbations (Pauling et al., 2016) or on sea-level rise estimates
(Bintanja et al., 2013; Swart and Fyfe, 2013). As pointed out by
Rye et al. (2014), these commonly used approaches neglect ice shelf
thinning or thickening, and do not make any difference between mass
changes of dynamical origin and those originating from changes in the
surface mass balance. The ice shelves are the Antarctic glacial fresh-
water exchangers with the ocean, and therefore, the construction of
glacial freshwater scenarios should always consider the ice shelves
processes and their mass balance equation.

GLF =
1990s 3)

2.3. Model experiments

Three model experiments are performed to study the sensitivity of
the model to different forcing perturbations (Fig. 4). The three runs use
the model set-up described in Section 2.1 and cover 31 years, including
11 years of spin up that are not analyzed in the following. The three
experiments consider a constant glacial freshwater forcing over the full
experiment period because the timing of the changes in freshwater
fluxes is poorly known. In terms of timing of the freshwater release, our
experimental design is thus similar to Bintanja et al. (2013, 2015) and
Pauling et al. (2016). Swart and Fyfe (2013) and Pauling et al. (2017)
used a different method, considering melt rates that vary linearly in
time. However, observational studies suggest that mass changes have
occurred at an accelerated rather than constant rate, with distinctive
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[ 1970s >

[1980s>| [1990s>| [2000s >

Fig. 4. Schematic diagram showing the experiments conducted in this study. FW+
considers the FRESH+ glacial freshwater scenario and was run for a 31-year period
starting in 1979. FW — uses the FRESH — scenario and covers the same time period as FW
+. ATM — uses the FRESH — scenario and was run for a 31-year period starting in 1969.

regional patterns of acceleration (Rignot et al., 2011; Sutterley et al.,
2014), so we have preferred not to make any assumption on the
freshwater trend. Prescribing a ramping versus constant freshwater flux
may affect the estimation of sea ice trends within a simulation
(Pauling et al., 2017), but here we compare the mean sea ice cover
between two simulations with constant freshwater forcing rather than
directly comparing the trends. Our methodology therefore does not rely
on any assumption on the detailed timing of the freshwater release, and
the difference between the two simulations with different freshwater
scenarios does represent the typical increase in freshwater release over
the recent decades. We further note that comparing perturbed mean
states rather than trends is also a way to remove the influence of model
drifts.

The control run, hereafter the FW+ experiment simulates the
period 1979-2009 with the freshwater scenario FRESH+ described in
Section 2.2.2. The FW-— simulation considers the same period
(1979-2009) as the FW+ run, but with the freshwater scenario
FRESH—. Finally, the ATM — run combines the application of the per-
turbed scenario FRESH— and an atmospheric forcing period starting
and finishing 10 years earlier than the other runs, thus covering the
period 1969-1999. This 10-year lag in the atmospheric forcing is
equivalent to the approximative 10-year lag in the freshwater pertur-
bation (FW + minus FW™). It should be noted that 10 of the 11 years of
spin up in the ATM — experiment use atmospheric forcing before the
satellite era (DFS5, based on the ERA-40 reanalysis prior to 1979).
However, all our results are computed after the spin up period, i.e.
when the atmospheric forcing is constrained by satellite data. Im-
portantly, the impact of the different spin up between ATM — and the
rest of experiments over 1990-1999 is small compared to the sensitivity
reported in this paper (not shown). Fig. 5 shows the mean atmospheric
perturbations introduced between the FW— and ATM— simulations.
DFS5.2 tends to be dryer over the recent decades, with two exceptions
in the region between the Ross and Amundsen Seas, and in the western
Weddell Sea. Over the recent decades, air temperature tends to be
warmer in the Amundsen and Bellingshaussen Seas, the Indian sector,
and the northern Weddell Sea, but it tends to be markedly colder (by up
to —1.5 °C) north of the Ross Sea and in the coastal Weddell Sea and
West Pacific sector. Winds are stronger in the Atlantic and West Indian
sectors and in some coastal regions of the Ross and Pacific sectors, and
weaker from the Western coast of the Peninsula to the Amundsen Sea.

A schematic diagram of the three experiments is shown in Fig. 4.
The comparison between FW + and FW — provides an estimate of the
model response to our perturbation in glacial freshwater forcing. Al-
though there remain large uncertainties, this perturbation is a reason-
able estimate of the typical decadal change in the freshwater released
by the Antarctic continent into the ocean. In the results and discussion
sections, the FW 4+ minus FW — comparison will therefore be referred to
as freshwater-induced changes. The FW— versus ATM— comparison
provides an estimate of the impact of the recent decadal atmospheric
changes present in the ERA-Interim reanalysis. This comparison will
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therefore be referred to as atmospheric-induced changes. Finally, the FW
+ minus ATM — comparison accounts for both the perturbation in the
glacial freshwater flux and in the decadal atmospheric forcing. This
comparison indicates the typical decadal change in the Southern Ocean,
as FRESH + represents the 2000s and FRESH — the early 1990s. Here-
after, it will be referred to as total changes.

3. Evaluation of the simulations

This section evaluates the ability of the model to represent the ocean
and sea ice mean states, and sea ice variability. The simulated clima-
tological sea-ice concentration (SIC) is compared to the NSIDC SIC in
Fig. 6. Overall, the model set-up is able to reproduce the main spatial
distribution with a SIC of similar magnitude as in the observations in
both summer and winter. The model nonetheless has a deficit of sea ice
in summer, with less concentrated sea ice in the West Pacific and the
Amundsen sectors and a smaller extent of permanent sea-ice in the
Weddell Sea than in the observations. This summer deficit is typical of
ORCAO025 simulations, and was also found in most ocean/sea-ice
models forced by another atmospheric reanalysis (Downes et al., 2015).
The model also produces too much sea ice over the winter months,
exhibiting a more concentrated ice pack at the sea ice margins, as in
other NEMO simulations presented in Downes et al. (2015). The reason
for such biases is still a matter of research.

Fig. 7-a and b show the sea-ice trends computed from experiments
FW+ and FW — respectively. Both simulations present a very similar
trend in SIC because they are forced by the same atmosphere. The si-
mulations reproduce reasonably well the main observed patterns in SIC
trends (Fig. 7-c), i.e. the positive trend offshore of Dronning Maud Land
and in the Northern Ross Sea are well reproduced, as well as the ne-
gative trends on the Western flank of the Peninsula. Nonetheless, the
model does not reproduce the observed sea ice trends along the ice
sheet margins in the Pacific sector and in Prydz Bay. It should be noted
that Holland et al. (2014) also managed to reasonably reproduce the
observed trends in atmospherically forced ocean hindcasts, with re-
gional biases of similar magnitude as in our study.

For the reasons mentioned in Section 2.3, we apply constant rather
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Fig. 5. Atmospheric anomalies in DFS5.2 reanalysis for: a) surface
humidity, b) surface air temperature, and c) surface wind velo-
city. Anomalies are calculated as the 20-year average over
1990-2009 minus the 20-year average over 1980-1999.

Sea-ice concentration

than ramping freshwater fluxes. Therefore, the effect of different
freshwater fluxes between the early 1990s and the 2000s is not seen in
the trend of individual simulations, but rather in comparisons of si-
mulations with different freshwater fluxes. The total decadal SIC change
(FW+ over 1990-2009 vs ATM — over 1980-1999) is therefore com-
pared to observations (1990-2009 vs 1980-1999) in Fig. 8. It should be
noted that this decadal difference gives slightly different results com-
pared to linear trends, in particular in the Weddel and Amundsen Seas
(Fig. 7-c vs Fig. 8-b). Again, the main patterns of the total decadal SIC
change are reasonably well reproduced by our simulations (Fig. 8).
There are nonetheless significant differences offshore in the Amundsen
and Bellingshausen Seas. By contrast to the offshore sea ice pack, the
trends in these regions are well reproduced near the ice sheet margins.
Further investigations indicate that the offshore bias is particularly af-
fected by differences in the spin up between the ATM— and FW+
experiments, and the positive offshore trend is actually attributed to a
spurious signal inherited from the spin up (not shown). These offshore
trends are therefore not analyzed in the following.

Finally, we have also made other comparisons to observational es-
timates that we briefly mention here. The patterns and amplitude of the
simulated eddy kinetic energy (EKE) was found to be in good agreement
with the EKE derived from AVISO (see Fig. 2 in Dinniman et al., 2015;
not shown). The simulated barotropic transport through the Drake
Passage remains within the observed range of 134 = 11 Sv
(Cunningham et al., 2003) all along the simulation, despite the drift of
0.2 Sv/yr mentioned in Section 2.1 (not shown).

4. Role of the atmospheric and freshwater perturbations on the
sea ice decadal changes

To analyse and discuss our results, we define three regional sectors
of analysis in the Ross Sea, the coastal Amundsen Sea, and West Pacific/
East Indian sector (see Fig. 8-a). These sectors are chosen because they
are significantly affected by changes in freshwater fluxes, because they
are better able to reproduce the observational SIC changes than other
locations, and because each of these boxes is affected by changes in
freshwater fluxes through a specific mechanism.
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Fig. 6. Climatological sea-ice concentration (SIC) for: a) summer model results,
b) summer observations, ¢) winter model results, d) winter observations. Summer months
correspond to January, February and March and winter months to July, August and
September. The model climatologies are calculated as the average over the last 20 years of
simulations FW+ and ATM —. The observations climatology is calculated from NSDIC
sea-ice concentration over the period 1979-2009.

4.1. Mean sea-ice response over the whole Southern Ocean

Here we simply describe the general sea-ice response to the atmo-
spheric and freshwater perturbations. The specific response of in-
dividual sectors and the corresponding mechanisms are described in the
next sub-sections.

Qualitatively, the total modeled changes in SIC (due to both atmo-
sphere and freshwater changes) are globally dominated by the atmo-
spheric perturbation, especially in the Atlantic and West Indian sectors
where the freshwater perturbation barely affects the SIC (Fig. 9). There
are nonetheless other sectors where the freshwater perturbation sig-
nificantly contributes to the total changes, such as in the Ross,
Amundsen Sea, and West Pacific sectors. The quantitative comparison
between FW+ and ATM — indicates a total change in sea ice extent
(SIE) of about 3.0% for the whole Southern Ocean, and the freshwater-
induced change accounts for about 25% of this total change (calculated
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Fig. 7. Linear regression of the evolution of sea-ice concentration in: a) the FW+ ex-
periment over 1990-2009, b) the FW — experiment over 1990-2009, and c) NSDIC ob-
servations over 1990-2009. Bright to faint shade indicates the level of significance, with
faint colors indicating non-significant trends (determined by two-sided test for p < 0.05).

as the ratio between the freshwater-induced signal and the total signal).
The freshwater-induced changes in sea-ice thickness (SIT) are relatively
more important than the corresponding changes in SIC. The SIT re-
sponse is again negligible in the Atlantic and West Indian sectors, but is
relatively strong in the other sectors (Fig. 10). The total annual change
in integrated sea-ice volume (SIV) over the whole Southern Ocean is an
increase of 2.8%, of which 46% is induced by the perturbation in glacial
freshwater fluxes.

In terms of seasonality, the SIE response is dominated by the at-
mospheric changes during the ice-covered months, i.e. from March to
October, while it is dominated by the freshwater changes during the
melting months, i.e. from December to February (Fig. 11-a). The sea-
sonal response of SIV is similar in timing, but the relative difference
between the atmosphere-induced and the freshwater-induced parts is
smaller than for the SIC (Fig. 11-b). The timing of sea ice minima and
maxima (Table 1) and (the Ice Season Duration (ISD, as defined in
Stammerjohn et al., 2008) are much more affected by the atmospheric
perturbation than by the freshwater perturbation. The total ISD change
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(Fig. 12) is in good agreement with the ISD trend observed over
19792011 (Stammerjohn et al., 2012), even though the magnitude of
the observed trend is slightly larger than in our simulations. This may
be related to the fact that our model experiments (ocean-forced simu-
lations) do not account for coupled processes between the ocean surface
and the atmosphere, which would arguably amplify the impact of the
freshwater-induced changes on sea ice (because the signal would not be
damped by surface salinity restoring).

4.2. Sea-ice response in the West Pacific/East Indian sector

In the West Pacific/East Indian sector, the SIE increases by 5% in
response to the total perturbation, and 52% of this increase is induced
by the freshwater perturbation. The SIV increases by 10% in response to
the total perturbation, and 61% of this increase is induced by the
freshwater perturbation. Regarding the seasonality, both the freshwater
and atmospheric perturbations contribute to increase the sea ice extent
and volume over most of the year. The relative importance of the two
perturbations varies between SIE and SIV, but the freshwater pertur-
bation has a stronger relative importance in late summer and spring
(from August to November). While the freshwater has only a weak in-
fluence on the phase of the seasonal cycle, the atmosphere perturbation
advances the maximum by 10 days, delays the minimum by 3 days on
average (Table 1), and (increases the SID (Fig. 12).

The atmosphere-induced sea ice changes in this sector were already
described by Holland and Kwok (2012) and Holland et al. (2014) in
terms of wind-driven thermodynamical changes. We therefore focus
more on the mechanisms explaining the freshwater-induced changes. The
freshening of the ocean surface may increase density differences
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between ocean surface and sub-surface water masses. This leads to a
reinforcement of the density stratification between the ocean surface
and subsurface (separated by the pycnocline), affecting the convection
regime and therefore the heat supply from the deeper and warmer
ocean to the ocean surface. This process, suggested by Marsland and
Wolff (2001), may affect thermodynamical sea ice formation, resulting
in more sea ice in presence of ocean surface freshening. A comparison
of Fig. 13-a and b indeed suggests that the freshwater-induced increase in
sea ice production along the coast is mostly explained by changes in
oceanic heat flux at the sea ice base. This extra sea ice produced along
the coast is then advected offshore, explaining the positive freshwater-
induced sea ice anomaly all over this sector (Fig. 9b).

4.3. Sea-ice response in the Ross Sea

In the Ross sector, the SIE increases by 1.4% in response to the total
perturbation, and 35% of this increase is induced by the freshwater
perturbation. As much as 80% of the total increase in SIV is induced by
the freshwater perturbation. Regarding the seasonality, the freshwater-
induced thickening compensates for the atmosphere-induced thinning in
summer (December and January). In spring and early summer, both the
atmosphere and freshwater perturbations tend to favor the sea ice ex-
tension and thickening, with a dominant impact of the atmosphere on
the SIE, but impacts of comparable magnitude for the SIV. While the
freshwater has only a weak influence on the phase of the seasonal cycle,
the atmosphere perturbation advances the maximum by 15 days on
average (Table 1) and (increases the SID (Fig. 12).

As in the West Pacific/East Indian sector, the atmosphere-induced sea
ice changes in the Ross Sea were already described by Holland and
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ocean surface is much fresher (Fig. 14 b). The freshwater perturbation
Table 1 results in a SIV increase of 8.1 X 10'° m® during the sea-ice production

Regional and total annual sea ice volume maxima and minima for the FW+, FW~ and
ATM — simulations, with the corresponding day of the year when these maxima and
minima occur on average.

Region Run Maximum Minimum
Day  SIV ( x 10'' m®) Day  SIV ( x 10'' m®)
Global FW+ 264 147.5 49 2.97
FW— 263 146.1 49 3.00
ATM— 261 143.2 49 2.99
Ross FW+ 258 26.2 45 0.29
FwW— 258 25.9 44 0.26
ATM— 243 25.8 44 0.26
Amundsen FW+ 216 5.55 53 0.16
Fw— 216 5.53 47 0.18
ATM— 220 5.59 56 0.22
West Pacific FW+ 247 12.9 56 0.12
Fw— 247 12.7 56 0.12
ATM— 237 12.4 59 0.12

Kwok (2012) and Holland et al. (2014) in terms of wind-driven ther-
modynamical changes, and here we focus on the mechanisms ex-
plaining the freshwater-induced changes. A similar mechanism as in the
West Pacific/East Indian sector can explain the sea ice response to the
freshwater perturbation. As shown in Fig. 13-b, the Ross Sea presents an
increase in thermodynamical sea-ice production at the coast where the
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months (from March to September). The extra SIV produced in the FW
+ simulation (compared with the FW — simulation) is found mostly
along the coast and is advected, resulting in increased SIC (Fig. 8) and
(SIT (Fig. 10). This northward export of sea-ice in the Ross sector is
further supported by a strengthened Antarctic Coastal Current (ACoC),
which is visible in Fig. 14-a as a freshwater-induced rise in sea surface
height, in good agreement with Rye et al. (2014). The stronger ACoC
contributes to the freshwater-induced changes in sea-ice divergence in
this sector. These changes represent a mean SIV loss of 1.7 x 10'° m®
per year, which is relatively weak compared with the changes of ther-
modynamical origin in this sector.

As shown in Table 1, the SIV differences in minima between the FW
+ and FW— simulations are not significant compared with the SIV
differences in maxima. Given the extra SIV produced by FW +, there is
an excess of sea ice that needs to be melted during the spring and
summer months if both simulations are to show relatively similar sea-
ice minima. According to Table 1, the sea-ice minimum obtained in the
sector does not seem to be much affected by the freshwater or atmo-
spheric perturbations introduced in our experiments. However, in the
FW+ simulation, the melting of sea-ice is amplified by summer fresh-
water-induced changes in the oceanic heat reaching the sea-ice base (see
Fig. 15-a). In contrast to the annual means (Fig. 13-a), the oceanic heat
supplied to the sea-ice base in summer is slightly greater in the FW +
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Stammerjohn et al. (2008).

simulation than in the FW — simulation (represented by lower heat in
sea-ice formation equivalent in Fig. 15-a). This may be related to a sea-
ice feedback, which helps compensate for the extra sea-ice volume
produced in winter. When the sea-ice retreats in late spring, the thicker
sea-ice produced in FW+ results in colder summer SST (as shown in
Fig. 15-b). The colder and denser sea surface affects buoyancy and
therefore reduces the density stratification. Under these specific con-
ditions, the oceanic heat convection in summer is facilitated in the
sector as shown in Fig. 15-a. However, this extra oceanic heat is not
able to entirely explain the extra sea-ice melting in the Ross sector
obtained in the FW + simulation.

4.4. Sea-ice response in the coastal Amundsen Sea

The sea ice response in the Amundsen Sea is different from the other
regions, with decreased SIE and SIV in response to the atmosphere and
freshwater changes. The SIE indeed decreases by 2.7% in response to
the total perturbation, and 37% of this decrease is induced by the
freshwater perturbation. The SIV decreases by 8.1% in response to the
total perturbation, and 40% of this decrease is induced by the fresh-
water perturbation. In this sector, the atmospheric perturbations
dominate the SIE response over most of the year, and both the atmo-
sphere and the freshwater perturbations play a stronger role in the
summer months (Fig. 11). In early fall, the atmosphere-induced increase
in sea-ice cover is partly inhibited by the freshwater perturbation
(Fig. 11). Regarding the phase of the seasonal cycle, the freshwater
perturbation advances the sea ice minimum by 6 days, while the at-
mosphere perturbation delays it by 9 days on average (Table 1). Unlike

Freshwater-induced heat flux anomaly

Freshwater-induced sea-ice production anomaly
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the two regions analyzed above, the SID in the coastal Amundsen Sea is
decreased by the total perturbation (Fig. 12).

The atmosphere-induced sea ice changes in the Amundsen Sea were
already described by Holland and Kwok (2012) and Holland
et al. (2014) in terms of wind-driven dynamical changes (vs thermo-
dynamical in the two previous sectors), so we focus more on the me-
chanisms explaining the freshwater-induced changes. In the coastal
Amundsen Sea, the extra freshwater perturbation tends to increase the
oceanic heat flux at the sea-ice base (Fig. 13-a). This result explains the
modeled decrease in SIC and SIT shown in Figs. 8 and 10 respectively.
Amundsen is the region of the Antarctic coast where the most rapid
warming has been observed (Schmidtko et al., 2014). This is due to a
number of factors that include atmospheric features, the proximity of
the region to the warm Antarctic Circumpolar Current (ACC) and to-
pographic features resulting in warm water intrusion into sub-surface
waters (Walker et al., 2007; Jacobs et al., 2011; Thoma et al., 2008;
Turner et al., 2017). In particular, observations have indicated intru-
sions of Circumpolar Deep Water (CDW) into ice-shelf cavities, with
temperatures of more than 3 °C above the freezing point. This may be
causing strong grounded ice-mass loss in the Antarctic basins in the
sector (Shepherd et al., 2012) due to considerable ice-shelf thinning
(Pritchard et al., 2012). These observations have been considered in our
glacial freshwater scenario reconstruction (Section 2.2) and make the
Amundsen Sea the region with the largest glacial freshwater forcing
perturbation in our experimental set-up (Fig. 3).

As shown by Mathiot et al. (2017) and explained in Section 2.1, the
way glacial freshwater is added into our ocean model is designed to
emulate the ice-shelf cavity recirculation. It is generated by the buoy-
ancy fluxes introduced when distributing the ice-shelf freshwater flux
along the vertical of the ocean model grid points adjacent to the ice-
shelf. Therefore, the inclusion of more glacial freshwater strengthens
coastal overturning, which may result in a stronger heat transport from
deep layers to the surface. The special conditions found in the
Amundsen sector (i.e., very warm sub-surface water combined with the
strongest glacial freshwater perturbation) would seem to explain the
freshwater-induced anomaly in the oceanic heat flux reaching the ocean
surface (Fig. 13-a). Indeed, as shown in Fig. 16, the extra freshwater
introduced in the FW + simulation affects the coastal stratification and
promotes vertical heat transport. This leads to sub-surface cooling and
surface warming in the model as also found by Jourdain et al. (2017)
who explicitly modeled the ice shelf cavities of the Amundsen Sea. In
the other sectors, like the Ross or Bellingshausen Seas, this feature is not
dominant in our simulations compared with the impact of surface
freshening on sub-surface heat convection (associated with the me-
chanism described in Marsland and Wolff, 2001). This warming feature
of the Amundsen Sea sector is consistent with observations
(Jenkins, 1999). It has been suggested that an increase in ice-shelf
melting at the grounding line depth may enhance ice-shelf cavity
overturning (Hellmer and Olbers, 1989) due to buoyancy changes in the

Fig. 13. Mean freshwater-induced changes (FW+
minus FW™) in: a) the annual mean oceanic heat flux
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Fig. 14. Annual mean freshwater-induced changes
(FW+ minus FW™) in: a) sea surface height (m) and
b) surface salinity (psu).

Fig. 15. December to February mean freshwater-in-
duced changes (FW + minus FW™) in: a) oceanic heat
flux at the sea-ice base (expressed in sea-ice forma-
tion equivalent), and b) sea surface temperature.

Temperature (Celsius)

Fig. 16. Temperature and density on a ver-
tical section perpendicular to Dotson ice
shelf, Amundsen Sea (at 112.54°W), for:
a) FW+, b) FW—, and c) the temperature
anomalies between both simulations (FW +
minus FW™). The contours represent iso-
density lines in pannels (a) and (b), and iso-
density anomalies in pannel (c).
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interior of the ice-shelf cavity as reproduced in our experiments.
However, the magnitude of an associated heat transfer between sub-
surface and surface water masses is still unclear. The inclusion of ice-
shelf cavities in the ocean model should be considered, at least for this
sector, in order to properly quantify the impact of ice-shelf basal melt
on the very specific conditions of the Amundsen Sea sector.

5. Conclusions

The sea-ice response to recent changes in Antarctic glacial fresh-
water release into the Southern Ocean has been investigated with a set
of eddy-permitting ocean/sea-ice/iceberg model experiments. The
freshwater-induced changes in the global and regional sea-ice and ocean
properties have been compared with typical atmosphere-induced
changes and observations. Our model experiments consist of a control
run and two perturbed simulations. The control run takes into account a
recent glaciological estimate of the magnitude and spatial distribution
of iceberg calving fluxes and ice-shelf basal melt fluxes. The perturbed
simulations consider a decadal shift of the atmospheric variables and
our own estimate of the pre-Antarctic-imbalance glacial freshwater
released into the ocean. For the first time, the perturbed freshwater
scenario takes into account the regional pattern of the recent ice-shelf
thinning and the dynamical mass change in the grounded Antarctic
basins. It is based entirely on glaciological mass budgets and represents
an improvement with respect to previous studies investigating the im-
pact of recent glacial freshwater trends on ocean properties.

Our results show that the freshwater-induced changes in sea-ice ex-
tent (SIE) may overall potentially contribute 25% of the total trend in
SIE. However, the regional changes in SIE differ markedly, with
freshwater accounting for 37% of the total decrease in SIE in the
Amundsen Sea sector, but for 52% of the total increase in SIE in the
West Pacific sector. Perturbations in freshwater forcing produce a much
greater impact on sea-ice thickness, and therefore on sea-ice volume
(SIV). For the entire Southern Ocean, the freshwater-induced changes in
SIV represent almost 50% of total modeled changes, and are dominant
with respect to the atmosphere-induced changes in the Ross and West
Pacific sectors. In the Amundsen sector, the increased release of fresh-
water from the ice shelves results in an enhancement of coastal over-
turning as supported by regional simulations with an explicit re-
presentation of ice shelf cavities (Jourdain et al., 2017). This leads to an
increase in the oceanic heat supplied by the very warm sub-surface
water mass to the ocean surface near the ice sheet margin.

The freshwater-induced changes in SIV and SIE during the sea-ice
production months are shown to have only a slight effect on the max-
imum of the global SIV seasonality, but with important implications for
the Ice Season Duration (ISD). In the Ross and West Pacific sectors,
these changes are mostly produced by freshwater-induced changes in the
oceanic heat convection related to ocean surface freshening. Changes in
the oceanic heat reaching the sea-ice base are shown to produce sig-
nificant thermodynamical changes in sea-ice production. In addition,
the freshening of the ocean surface results in a strengthening of the
Antarctic Coastal Current (ACoC), which may induce changes in sea-ice
divergence. However, such changes remain relatively weak compared
with the freshwater-induced thermodynamical changes in sea-ice pro-
duction.

Two aspects of our methodology likely lead to an underestimation
of the model response to the glacial freshwater perturbation. First, the
assumptions made to reconstruct the freshwater fluxes in the early
1990s are based on rates of ice sheet mass loss estimated over
1992-2011 (Section 2.2.3). Accounting for the mass loss acceleration
over the most recent period would have led to a stronger difference
between the two freshwater scenarios. Second, the surface salinity re-
storing applied to our simulations (Section 2.1) compensates a part of
the perturbations in glacial freshwater fluxes. The total surface salinity
restoring south of 55°S is equivalent to a freshwater flux that is 300 Gt/
yr larger in FW— than in FW+. This means that over the Southern
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Ocean, restoring compensates 85% of the freshwater perturbation.
However, a large part of this compensation occurs far from the coast
once the freshwater has been advected away. For example, the fresh-
water flux associated with salinity restoring in the coastal Amundsen
sector is only 7 Gt/yr larger in FW — than in FW +, for a perturbation in
basal mass balance of 192 Gt/yr for the ice shelves of this sector. In the
Ross sector, restoring is more important, accounting for a freshwater
difference of 64 Gt/yr between FW — and FW +. This compensates both
the extra freshwater by the ice shelves of the Ross sector (5 Gt/yr) and
the advection of a significant part of the 192 Gt/yr from the Amundsen
Sea (Nakayama et al., 2014). In the West Pacific/East Indian sector,
surface salinity restoring compensates 34 Gt/yr of the 55 Gt/yr per-
turbation. In summary, surface salinity restoring unlikely affects our
estimates of sea ice sensitivity in the coastal Amundsen Sea, but it
probably leads to underestimate the impacts of changing glacial
freshwater fluxes on sea ice properties in the Ross and West Pacific/East
Indian sectors.

Most of the changes in glacial freshwater fluxes are believed to
occur in the Pacific sector, especially in the Amundsen sector. In view of
the strong regional contrasts in sea-ice sensitivity and associated me-
chanisms, we suggest that the freshwater perturbations applied to
ocean models should account for these regional changes instead of
uniformly spreading a perturbation around the Antarctic continent. In
addition, the recently observed ice-shelf imbalance (Pritchard et al.,
2012; Paolo et al., 2015) is by no means negligible compared to the
imbalance of the Antarctic grounded ice sheet. Consequently, the mass
loss of both the floating and the grounded parts need to be taken into
account. This was not done in previous studies, which may explain a
part of the differences between our results and those from similar work
showing freshwater-induced changes in the Atlantic and East Indian
sectors (Bintanja et al., 2013) or showing a very limited response of sea-
ice to glacial freshwater perturbations (Pauling et al., 2016; Swart and
Fyfe, 2013). There are nonetheless other differences. For example, we
use an eddy-permitting resolution while the aforementioned studies
used models of coarser resolution, and we use an ocean-only model
(with salinity restoring) while the other studies were based on Earth
System Models (no surface salinity restoring). Finally, while our wind
and freshwater perturbations represent a typical decadal change from
the early 1990s to the early 2000s (chosen based on available satellite
data), we acknowledge that analysing a more recent period could lead
to different results.

The model version, customizations, and parameters used to run the
three experiments presented in this paper are provided on http://doi.
org/10.5281/zenodo.1067648. The output and forcing data are avail-
able on request.
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