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Abstract

Ice sheet melting into the Southern Ocean can change the formation and properties of the Antarctic Bottom Water (AABW).

Climate models generally mimic ice sheet melting by adding uniformly-distributed freshwater fluxes in the Southern Ocean.

Uniform fluxes misrepresent the heterogeneous Antarctic ice sheet melting patterns, and could bias AABW representation in

models. We use a global ocean and sea-ice model to explore whether the spatial distribution and increases in freshwater fluxes

can alter AABW properties, formation, and the Antarctic sea-ice area. We find that a realistic spatially varying flux sustains

AABW with higher salinities compared to simulations with uniform meltwater fluxes. Finally, we show that a ˜ 20% increase in

ice sheet melting can trigger AABW freshening and Antarctic sea-ice expansion rates similar to those observed in the Southern

Ocean since 1980, suggesting that the increasing Antarctic meltwater discharge can drive the observed AABW freshening and

the Antarctic sea-ice expansion.

1 Introduction

Freshwater originating from the Antarctic Ice Sheet (AIS) enters the ice shelf cavities and marginal seas,
lowering local salinities and potentially hindering the formation of Antarctic Bottom Water (AABW) [Silvano
et al. , 2018; Wijk and Rintoul , 2014]. AABW formation is one of the main drivers of the Global Meridional
Overturning Circulation (GMOC) [Gordon 1986], a large-scale ocean circulation system that connects all
ocean basins and controls global climate stability [Broecker , 1991]. Thus, by changing the rate of AABW
formation, AIS melting can significantly affect the state of the global climate.

AABW is mainly formed through the mixing of Antarctic ice shelf waters and Circumpolar Deep Water
(CDW), which flows towards the Antarctic coast and onto the continental shelf where it enters ice shelf
cavities [e.g., Talley 2013 ]. Under the ice shelves, CDW mixes with Dense Shelf Water, creating dense
waters that flow through the continental shelf, forming AABW through mixing along the shelf overflow
path [Carmack and Foster, 1975; Foster and Carmack, 1976 ]. Ice melting also occurs under ice shelves,
releasing freshwater and thus decreasing salinities along the Antarctic coast. Hence, increasing AIS melting
can increase the buoyancy of shelf waters, hindering the formation of AABW [Wijk and Rintoul , 2014].
Alternatively, AABW can be formed offshore by deep convection in open-ocean polynyas [e.g., Killworth ,
1983], a process commonly present in models [Aguiar et al , 2017; Azaneu et al , 2013], but only observed
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a few times since satellites started monitoring sea ice in the Southern Ocean in late 1972 [Campbell et al ,
2019;Gordon 1978].

Two main processes release meltwater from AIS to the Southern Ocean. First, while circulating within
ice-shelf cavities, warm CDW exchanges heat with the overlying ice and induces melting on the ice shelf
base, a process known as basal melting [Jenkins et al., 2001 ]. Second, ice can detach from the ice shelves
creating icebergs - a process referred to as calving [e.g., Joughin and MacAyeal, 2005 ]. Detached icebergs
are advected by surface winds and ocean currents [e.g., Wagner et al., 2017 ], releasing freshwater along
their advective path. Besides their potential impact on AABW formation, both ice shelf basal melting and
calving are thought to increase sea-ice production and thus brine rejection, which can preclude the direct
surface freshening by AIS melting [Bintanja et al ., 2013]. However, the most widely used Earth System
Models do not explicitly simulate these ice melting processes, making it difficult to understand their impact
on AABW formation and sea ice production [Jongma et al ., 2013].

Coupling ice sheet models to climate models to simulate AIS melting is technically complex and requires
considerable computational effort [Nowicki and Seroussi, 2018 ]. An alternative approach is to add virtual
freshwater fluxes in the Southern Ocean, a protocol suggested by the Ocean Model Intercomparison Project
Phase 1 (OMIP1) [Farneti et al, 2015; Griffies et al, 2009 ]. Embedded model configurations often follow
OMIP1 protocol by distributing AIS melting equally over every surface grid cell of the ocean model along
the Antarctic coast, in a uniform flux configuration (Fig 1a). However, this uniform flux misrepresents the
spatially varying calving and basal melting of ice shelves [Rignot et al., 2019 ], and therefore could impose
salinity biases under ice shelf cavities, changing the salinity of AABW and its source waters [Jongma et
al, 2009 ]. Since most state-of-the-art climate models misrepresent AABW properties [Heuzé et al, 2013 ],
assessing the role of the spatial distribution of AIS melting in determining AABW properties is a useful step
to improve the representation of the AABW in model simulations. Furthermore, a significant freshening of
the AABW was reported over the last three decades [Purkey and Johnson, 2012; Anikulmar et al, 2021 ],
with regional increases in AIS melting and calving possibly triggering this freshening [Fogwill et al, 2015 ].
This connection between enhanced regional AIS melting and AABW freshening makes it even more critical
to assess how spatial variations in AIS melting alter AABW properties.

Therefore, this work assesses the impact of the freshwater distribution (uniform along the Antarctic coast
versus spatially varying) on the AABW properties and transport in a global ocean and sea-ice coupled
model, and further analyzes the potential response of AABW and the Antarctic sea ice to an enhanced AIS
melting. Section 2 describes the methods, including the model, water mass definitions, and experimental
design. Section 3 compares the surface and bottom responses to diverse spatio-temporal meltwater flux
distributions. The main discussion and conclusions are provided in section 4.

2 Methods

2.1 The Community Earth System Model Version 1

All simulations were performed using the ocean and sea-ice components of the Community Earth System
Model version 1 (CESM1) [Danabasoglu et al ., 2012] from the National Center for Atmospheric Research.
Ocean and sea ice were forced with surface fluxes from the European Center for Medium-Range Weather
Forecast ERA5 reanalysis for the 1951-1980 period [Hersbach et al ., 2020]. A horizontal resolution of ˜1o

(grid gx1v6) was used for both ocean and sea-ice components. The ocean is divided into 60 unevenly-spaced
levels, with thicknesses ranging from 10 m at the surface to 250 m in the deep ocean. All simulations were
initialized with temperature and salinity fields from the Polar Hydrographic Climatology [Steele et al ., 2001].
A spin-up approach fromLee et al., [2017, 2019 ] is followed here where each year in the model is forced with
randomly chosen historic fields from ERA5.

Previous work showed that most of the widely used Earth System Models inaccurately represent AABW
formation. A possible reason for this misrepresentation is that most models’ current horizontal and vertical
resolutions are too coarse to reproduce the downslope flow of dense waters off the Antarctic shelf and its
mixing along the way, an essential process to form AABW. Coarse-resolution models exhibit excessive mixing
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of dense shelf waters with lighter surface waters, decreasing the density of shelf water and inhibiting AABW
formation on the shelf [Heuz é et al , 2013]. These models create AABW through excessive deep convection
in the open ocean, resulting in bottom waters that are often too fresh [Heuzé 2021]. Nevertheless, since the
addition of shelf overflow parameterizations in the Southern Ocean [Danabasoglu et al ., 2012], AABW in
CESM1 is properly formed on the continental shelf [Heuz é, 2021], making CESM1 an appropriate model to
study AABW sensitivity to coastal freshwater fluxes.

2.2 Water mass definition

We define AABW as the waters with a neutral density higher than 28.27 kg m-3 [Orsi et al., 1999 ]. AABW
salinity was calculated as the average salinity of AABW waters south of 60oS. The Southern Ocean was
divided into five sectors (Fig 1a) according to Parkinson and Cavalieri [2012 ]: the Weddell Sector, Indian
Sector, West Pacific, Ross Sector, and Amundsen Sector. The AABW transport in the Southern Ocean
was measured as the absolute value of the minimum of the streamfunction at 65oS in density coordinates.
The confidence interval for the AABW transport was obtained from the 95% confidence level of the yearly-
averaged AABW transport estimates from the last 100 years of each simulation. Finally, although basal
melting occurs in both ice shelves and under icebergs, in this study the term basal melting specifically refers
to melting under ice shelves.

2.3 Freshwater distribution simulations

We carried out three model simulations to test to what extent AABW formation and salinity are affected
by the spatio-temporal distribution of Antarctic meltwater fluxes. The first experiment (UNIF. , as in
uniform) was forced with a freshwater flux of 2075 Gt/yr added uniformly in the ocean grid points closest
to the Antarctic coast (Fig. 1a, Table S1). The flux magnitude of 2075 Gt/yr is based on total ice mass
loss estimates from Rignot et al, [2019], and a full derivation of the value can be found in Supplementary
material S2. The freshwater flux field of UNIF represents the surface meltwater fluxes suggested by OMIP1
and does not account for the spatial variation in freshwater fluxes from calving or basal melting.

The second simulation (BM ) was forced with zonally varying fluxes to mimic the spatial variations in AIS
basal melting (Fig. 1c). The third simulation (VARI , Fig 1b) was forced with a freshwater flux that mimics
the spatial variation of both ice sheet basal melting and calving (Supplementary S1). The spatial distribution
of basal melting takes into account the meltwater production of Antarctic ice shelves estimated by Rignot
et al [2013], while iceberg melting distribution is based on satellite-tracked iceberg positions from 1979 until
2017 (Supplementary S2). VARI differs from BM in the meridional distribution of freshwater fluxes, i.e.,
by having part of its freshwater fluxes displaced offshore, as seen by the higher melting fluxes offshore (Fig
1d, northward distances from coast larger than 3o of latitude), and lower melting fluxes along the coast (Fig
1d, distances lower than 3o) in VARI compared to BM . The spatially varying freshwater flux fields used
in VARI and BM simulations were produced according to the method discussed in Hammond and Jones
[2016].
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Figure 1. Freshwater flux fields used to force the model simulations [a-c]. Southern Ocean sectoral division
is shown in [a]. Plotted in [d] are the zonal distributions of freshwater fluxes that are integrated meridionally.
The blue band marks the location of the Antarctic Peninsula (AP). Plotted in [e] is the distribution of the
zonally integrated freshwater fluxes, as a function of the meridional distance from the Antarctic Coast.

2.4 Increased ice melting experiment

Recent observational studies showed that AIS melting increased 10% ˜ 40% from 1994 to 2018 [Rignot et
al., 2019; Adsumilli et al 2020 ]. It has been suggested that the enhanced AIS melting rate is responsible
for the observed AABW freshening in the last three decades [e.g., Anilkumar et al, 2021 ]. To test if the
enhanced AIS melting can explain the observed freshening trend in AABW [Menezes et al, 2017; Shimada et
al, 2012 ], we performed another simulation (VARI120% ). Starting from the initial conditions, VARI120%
adds 2490 Gt/yr of freshwater into the Antarctic coastal waters, a 20% increase in total melting fromVARI
. Strong open-ocean deep convection occurs in the first 100 years of both VARI and VARI120%, mixing
the surface freshwater from AIS melting within the deeper water column (Fig S3). As a result, no surface
freshening signal occurs in the first 100 years. For this reason, the transient AABW response to increased
AIS melting (VARI vs VARI120%, section 3.2) was analyzed only after year 100 (Fig 3a).

3 Results

3.1 Uniform versus spatially varying freshwater fluxes

Compared to the uniform freshwater flux experiment (UNIF ), results from the spatially varying freshwater
flux experiment (VARI, Fig 2) show significant salinity anomalies. At the surface, the Amundsen Sea coast
becomes 0.5±0.12 PSU fresher inVARI while the remaining Antarctic coast increases in salinity by up to
0.2±0.07 PSU (Fig 2a), thus reflecting the concentration of the freshwater fluxes along the Amundsen Sea
(Fig 1d). In the bottom layer, salinity in the Southern Ocean (i.e., poleward of 60oS) increases up to 0.1±0.06
PSU (Fig 2d) inVARI. The average AABW salinity increases by 1.9±0.60×10-3 PSU in VARI compared
toUNIF . Thus, the bottom cell of the Southern Ocean’s overturning circulation extends to denser waters,
but the transport of the bottom cell stays approximately the same between the UNIF andVARI (Fig 2c).

A transect along the Antarctic shelf shows that positive surface salinity anomalies in the VARI experiment
are advected downwards along the shelf to the bottom layer (Fig 2f). The downward advection of high
salinity anomalies happens mostly in the Ross Seas where the shelf overflow is parameterized in CESM1
(Fig 2f). Therefore, overflow parameterization has a key role in transmitting surface salinity signals to the
deep ocean. Once in the bottom layer, the positive salinity anomalies spread laterally increasing in AABW
salinity across the Southern Ocean (Fig 2f).
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Figure 2 . Effects of meltwater redistributionbottom), [c] is the ocean overturning in density space at 65oshelf).
[a,d] are salinity anomalies for VARI-UNIF , and [b,e] are anomalies for BM-UNIF . Dotted areas indicate
regions of statistically significant anomalies at a 95% confidence level from a student t -test. Squares (circles
and ×’s) on [f] and [g] mark the source water locations (circles for entrainment and ×’s for exit water
locations) for the shelf overflow parameterization (supplementary S3).

There are a few possible reasons why the spatially varying freshwater flux in VARI increases surface salinity
over most of the Antarctic coast. First, VARI has lower freshwater fluxes over most of the Antarctic coast
except in the Amundsen Sea compared toUNIF (Fig 1d). These lower freshwater fluxes can increase surface
salinities along most of the Antarctic coast compared to UNIF- except on the Amundsen Sea where larger
freshwater fluxes can decrease the surface waters’ salinity (Fig 2a,f). Second, surface freshwater fluxes inVARI
are also redistributed meridionally to represent both ice shelf basal melting and icebergs melting away from
the coast (Fig 1b,e). In other words, a portion of the freshwater flux applied along the coast in UNIF was
redistributed offshore in VARI (Fig 1e). This meridional redistribution can further reduce the freshwater
fluxes over most of the Antarctic coast, resulting in higher salinities inVARI .

To test to what extent zonally varying freshwater fluxes cause the salinity changes in the surface and bottom
layer of VARI , we compare UNIF with BM which represents the zonally varying ice shelf basal melting
without iceberg melting (Fig 1c). Zonal variations in freshwater fluxes in BM reproduce the same surface
and bottom layer signals seen in VARI . In particular, BM shows higher surface salinities along most of the
Antarctic shelf except in the Amundsen Sea (Fig 2b). This surface signal is carried into bottom waters (Fig
2e) through shelf overflow (Fig 2g). The Southern Ocean overturning in BM also maintains its strength,
similar to theVARI case (Fig 2c). Therefore, zonally varying freshwater fluxes (Fig 1c,d, BM ) result in the
same increase in AABW and surface salinities as in the case of the zonally and meridionally varying meltwater
fluxes (as in VARI ). Further evaluation of the effects of iceberg melting versus ice shelf basal melting confirms
that the meridional displacement of freshwater fluxes has minimal effect on AABW transport and salinity
(Supplementary S5). This result suggests that zonal variation in freshwater input along the Antarctic coast

5
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is mostly responsible for increasing AABW salinity and surface salinity along the Weddell and the Ross Sea
sectors in the VARI simulation, while the meridional variation has a relatively small impact, mostly in the
open Weddell Sea and the Indian Ocean sectors (Fig. 2d).

Figure 3 . Effects of increased AIS melting. In [a] are plotted time series of mean bottom ocean salinity
anomaly (blue), mean Sea Ice Concentration anomaly (orange), overturning streamfunction at 65oS (green),
calculated as VARI120%-VARI,averaged over the Southern Ocean south of 60oS and smoothed with a 10-
year moving average. Dotted red line in [a] is the salt flux from sea ice formation smoothed with a 10-year
moving average, while the full red is the salt flux after a low-pass filter with a cutout frequency of 0.1 yrs-1.
[b] is the initial 30-years-long (i.e., years 101 - 130) salinity trend at the bottom of the ocean due to a 20%
increase in AIS melting. Values indicated in [b] are the 30-year salinity trends averaged over the model
bottom cells for each sector (in 10-3 PSU per decade).

3.2 AABW response to increased AIS melting

To investigate the transient response to a 20% increase in AIS melting fluxes, we compare results
from VARI and VARI120% simulations. Increasing the AIS melting generates a freshening trend of
3±0.2×10-3PSU/decade in the bottom layer during the first 30 years of the VARI120% simulation (Fig
3a). This freshening trend is the strongest in the Indian (4.8±0.4×10-3PSU/decade) and Weddell (-
4.7±0.3×10-3PSU/decade) sectors, followed by the West Pacific, Amundsen, and Ross Sea sectors (Fig 3b).
After the peak of bottom layer freshening at the year 26, salinity anomalies start to increase and stabilize by
around the year 60. The average salinity anomaly in the bottom layer computed between the years 60 and
100, i.e., after stabilization of the bottom layer salinity, is -2.0×10-3PSU (Fig 3a). The overturning circulation
at 65oS first decelerates by ˜8.3Sv until approximately year ˜30, then accelerates again after year 34, and
eventually becomes more stable closer to the initial condition at the year 60. Salinity decreases in AABW are
linked to increasing buoyancy of surface waters, which can slow down AABW formation [Stouffer et al. 2007].
Specifically, enhanced freshwater fluxes in VARI120% can increase the buoyancy of surface waters, hindering
the AABW formation initially. Decreased AABW formation then hinders momentum transfer to the bottom
layers, slowing down the overturning circulation at 65oS. The synchronous decrease in AABW salinity and
overturning in the first 30 years ofVARI120% (Fig 3a) suggests that surface freshening is responsible for
slowing down the overturning in the Southern Ocean. It is interesting to note that no net changes in AABW
salinity occurred in the long-term (timescales longer than 60 years).

Anomalies in sea ice concentration (SIC) also respond to the increase in AIS melting. The anomaly in SIC
averaged over the Southern Ocean stays stable in the first 20 years. SIC starts increasing at year 20 and
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reaches its maximum at year 28 (Fig 3a). SIC anomaly remains high until year 50, then starts to decrease
and reaches a new equilibrium at year 60. The sea ice expansion after year 20 drives a stronger salt flux from
sea ice into the ocean after year 25, due to brine rejection from the increased sea ice formation (Fig 3a). This
enhanced sea ice production and salt flux could counterbalance the AABW freshening triggered by increased
freshwater flux [Bintanja et al ., 2013], and thus reverse the overturning circulation increase after year 30
(Fig 3a). Therefore, sea ice expansion seems to have a critical role in stabilizing the AABW formation rate
after an increase in AIS melting. The sea ice expansion trend (Fig 3a) amounts to 22×103km2/yr, which
is comparable to the observed sea-ice expansion of 33×103km2/yr for the period of 1979 - 2015 [Sun and
Eisenman, 2021].

4 Discussion and conclusions

Most widely-used sea-ice and ocean models represent AIS meltwater fluxes by adding spatially uniform fres-
hwater fluxes along the Antarctic coast, a protocol suggested by OMIP1. However, such uniform freshwater
flux representation contrasts with the spatially varying melting patterns observed for the AIS [Rignot et al
., 2013; 2019;]. This misrepresentation creates surface salinity biases that can propagate into AABW proper-
ties [Jongma et al, 2009 ]. In this study, four different freshwater flux experiments were performed to better
understand the AABW response to the location (uniform and varying) and to increasing AIS melting. Our
results show that AABW salinity is sensitive to where the meltwater flows around the Antarctic continent
(i.e., zonal distribution of freshwater fluxes). Varying the AIS melting fluxes zonally according to observa-
tions (VARI , Fig 1b,d) produces a 1.9±0.6×10-3PSU increase in AABW salinity compared to a uniform
meltwater flux. In VARI , freshwater flux is the largest in the Amundsen sector (Fig 1d) and smaller in
the remaining regions along the Antarctic coast. As a result, surface salinity is increased across the Weddell
and Ross Seas in VARI compared toUNIF (Fig 2a,d,f). The positive salinity anomalies in the Weddell and
Ross Seas propagate to the bottom layer by the shelf overflow. Since no coastal bottom water formation
is simulated in the Amundsen sector [Danabasoblu et al, 1999], the freshening signal in this sector does
not propagate into the bottom waters (Fig 2f). The higher AABW salinity found in the experiment with
spatially varying freshwater fluxes (VARI ) has important implications for the representation of AABW in
global ocean models. Specifically, to avoid the low salinity bias in AABW imposed by uniform AIS melting a
better practice is to force ocean & sea-ice models with zonally varying fluxes that mimic the observed basal
melting and calving distribution as in VARI . This practice is also consistent with the surface meltwater
flux protocol suggested in OMIP phase 2 [Tsujino et al 2020].

In contrast, the AABW transport in the Southern Ocean is insensitive to the spatial distribution of AIS
melting. Any decrease in the eulerian component of the overturning in the Southern Ocean in response
to the freshwater fluxes is compensated by an increase in the eddy-induced component of the overturning
(Fig S2). Eddy compensation of the overturning has been reported in experiments with altered Southern
Hemisphere Westerlies [Bishop et al., 2016]. Here, we report that eddy compensation can also occur under
small surface freshwater perturbations. Note that the CESM1 representation of the ocean overturning and
the Southern Ocean circulation is similar in 100 km horizontal resolution (used here) and eddy-rich (10 km)
resolution [Hewitt et al., 2020]. Therefore, eddy compensation to freshwater fluxes is unlikely an artifact of
oceanic eddy parameterizations. Furthermore, in VARI and UNIF , AABW transport was evaluated for
equilibrium conditions. Consequently, the similar AABW transport in these simulations can also be caused
by salt flux compensation from sea ice expansion - similar to what happens in the 20% increase experiment.

Finally, observations show that AABW salinity decreased since the 1980s [Menezes et al ., 2017; Purkey et
al ., 2012]. To answer if AABW freshening in the Southern Ocean could be driven by increased AIS melting,
we explored the sensitivity of AABW transport and salinity to a 20% increase in AIS melting (415Gt/year).
The short-term (30 years) AABW freshening in CESM1 in response to the increased freshwater flux is similar
to observed trends in the Southern Ocean during the past decades. The average Southern Ocean AABW
freshening of 3.0±0.2×10-3 PSU/decade simulated in this study lies within the range of freshening rates
estimated from observations (i.e., 1.0×10-3˜5.0×10-3PSU/decade) since 1980 [Purkey and Johnson 2012;
Anikulmar et al., 2020]. Regional freshening rates also agree with observations. In particular, observations
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on the Indian and West Pacific sectors show freshening rates of 4.0±1.0×10-3PSU/decade [Menezes et al.,
2017] and 3.1×10-3PSU/decade [Shimada et al., 2012], respectively, while simulated freshening rates for these
sectors are 4.8±0.4×10-3PSU/decade and 3.4±0.5×10-3PSU/decade, respectively. The agreement between
the observed and the simulated AABW freshening rates under a 20% increase in AIS melting suggests that
increased AIS melting could be a fundamental driver of the observed AABW freshening.

Observations also show that sea ice in the Southern Ocean has expanded since 1974 at a rate of
33×103km2/yr. In our experiments, a 20% increase in freshwater fluxes from AIS caused sea ice to ex-
pand by 22×103km2/yr, roughly in agreement with observations. This similarity in sea-ice expansion rates
suggests that enhanced AIS melting could be at least partially responsible for the observed sea-ice expansion
trend. Although the mechanisms responsible to expand sea ice in our simulations are not explored in this
study, previous studies have suggested that increases in meltwater fluxes from AIS can isolate the Southern
Ocean surface from warm deep waters, triggering sea ice expansion [Mackie et al, 2020; Jeong et al, 2020].

It is important to highlight that the simulated impact of increased AIS melting on AABW salinity, transport,
and sea ice is not permanent. After 60 years of enhanced AIS melting, both AABW salinity and GMOC
transport are restored to their initial values (Fig 3a), suggesting that observed AABW freshening could yet
be reversed by enhanced brine rejection from sea ice expansion. Nevertheless, the agreement of the observed
sea ice and AABW trends with the simulated ones indicates that both of these trends could be triggered
by a 415Gt/yr increase in AIS melting. Indeed, previous studies report an increase in AIS melting between
180Gt/yr and 480Gt/yr since 1978 [Rignot et al, 2019; Adsumilli et al 2020].

It is important to highlight that these results are constrained by the specific CESM1 configuration. For
example, shelf overflow parameterizations had a critical role in propagating the surface salinity anomalies to
the bottom layer in CESM1. Models without overflow parameterizations on the Antarctic coast form AABW
by shelf or open ocean deep convection, which can dampen the surface freshening by mixing the surface
freshwater with high-salinity deep waters. Eddy compensation in CESM1 also maintained AABW transport
stable in the freshwater forcing experiments. However, the efficiency of eddy compensation can change under
eddy parameterization schemes other than the one used in CESM1. Finally, ice shelves can reach up to 1 km
down the water column, and as such freshwater fluxes from basal melting are not restricted to the surface as
in our experiments. Ice shelf melting at deeper levels can cause coastal freshening rates different from those
in our surface freshwater flux experiments [Pauling et al. , 2016]. Further studies are necessary to assess if
specific model settings, such as eddy and shelf overflow parameterizations can determine AABW sensitivity
to AIS melting.
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Key Points:

• An ocean and sea-ice model is used to explore how spatiotemporal varia-
tions in meltwater fluxes affect the Antarctic Bottom Water (AABW).

• Prescribing spatially varying meltwater fluxes can significantly reduce the
low-salinity bias of AABW in the ocean and sea-ice model used.

• An experiment with a ~20% increase in meltwater fluxes reproduces the
overall observed freshening of AABW and sea-ice expansion since 1980.

Plain language summary

Previous research suggests that increased Antarctic ice melting is driving salinity
changes in the abyssal Southern Ocean, and Antarctic sea ice expansion since
1978. However, the main tools we have to assess abyssal ocean changes are
ocean models, and they often misrepresent Antarctic ice melting by assuming it
occurs uniformly along the Antarctic coast. In this study, we use a global ocean
model to assess if correcting the spatial distribution of Antarctic ice melting
(from uniform to spatially varying), and increasing its magnitude, can change
the salinity in the abyssal Southern Ocean and the Antarctic sea ice cover. We
show that correcting the spatial representation of the Antarctic ice melting re-
sults in abyssal waters with higher salinities. Consequently, a spatially varying
distribution of Antarctic melting should be adopted by the modelling commu-
nity to avoid low-salinity biases on the abyssal Southern Ocean. We also show
that a 20% increase in Antarctic ice melting can trigger sea ice expansion and
freshening of the abyssal Southern Ocean at rates similar to the ones observed
since 1978, thus suggesting that enhanced melting of Antarctic land ice can be
a main driver of the recently observed changes in the Southern Ocean.

Abstract

Ice sheet melting into the Southern Ocean can change the formation and proper-
ties of the Antarctic Bottom Water (AABW). Climate models generally mimic
ice sheet melting by adding uniformly-distributed freshwater fluxes in the South-
ern Ocean. Uniform fluxes misrepresent the heterogeneous Antarctic ice sheet
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melting patterns, and could bias AABW representation in models. We use a
global ocean and sea-ice model to explore whether the spatial distribution and
increases in freshwater fluxes can alter AABW properties, formation, and the
Antarctic sea-ice area. We find that a realistic spatially varying meltwater flux
sustains AABW with higher salinities compared to simulations with uniform
meltwater fluxes. Finally, we show that a ~ 20% increase in ice sheet melting
can trigger AABW freshening and Antarctic sea-ice expansion rates similar to
those observed in the Southern Ocean since 1980, suggesting that the increasing
Antarctic meltwater discharge can drive the observed AABW freshening and
the Antarctic sea-ice expansion.

1 Introduction

Freshwater originating from the Antarctic Ice Sheet (AIS) enters the ice shelf
cavities and marginal seas, lowering local salinities and potentially hindering
the formation of Antarctic Bottom Water (AABW) [Silvano et al., 2018; Wijk
and Rintoul, 2014]. AABW formation is one of the main drivers of the Global
Meridional Overturning Circulation (GMOC) [Gordon 1986], a large-scale ocean
circulation system that connects all ocean basins and controls global climate
stability [Broecker, 1991]. Thus, by changing the rate of AABW formation, AIS
melting can significantly affect the state of the global climate.

AABW is mainly formed through the mixing of Antarctic ice shelf waters and
Circumpolar Deep Water (CDW), which flows towards the Antarctic coast and
onto the continental shelf where it enters ice shelf cavities [e.g., Talley 2013].
Under the ice shelves, CDW mixes with Dense Shelf Water, creating dense
waters that flow through the continental shelf, forming AABW through mixing
along the shelf overflow path [Carmack and Foster, 1975; Foster and Carmack,
1976]. Ice melting also occurs under ice shelves, releasing freshwater and thus
decreasing salinities along the Antarctic coast. Hence, increasing AIS melting
can increase the buoyancy of shelf waters, hindering the formation of AABW
[Wijk and Rintoul, 2014]. Alternatively, AABW can be formed offshore by deep
convection in open-ocean polynyas [e.g., Killworth, 1983], a process commonly
present in models [Aguiar et al, 2017; Azaneu et al, 2013], but only observed a
few times since satellites started monitoring sea ice in the Southern Ocean in
late 1972 [Campbell et al, 2019; Gordon 1978].

Two main processes release meltwater from AIS to the Southern Ocean. First,
while circulating within ice-shelf cavities, warm CDW exchanges heat with the
overlying ice and induces melting on the ice shelf base, a process known as
basal melting [Jenkins et al., 2001]. Second, ice can detach from the ice shelves
creating icebergs - a process referred to as calving [e.g., Joughin and MacAyeal,
2005]. Detached icebergs are advected by surface winds and ocean currents [e.g.,
Wagner et al., 2017 ], releasing freshwater along their advective path. Besides
their potential impact on AABW formation, both ice shelf basal melting and
calving are thought to increase sea-ice production and thus brine rejection, which
can preclude the direct surface freshening by AIS melting [Bintanja et al., 2013].
However, the most widely used Earth System Models do not explicitly simulate
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these ice melting processes, making it difficult to understand their impact on
AABW formation and sea ice production [Jongma et al., 2013].

Coupling ice sheet models to climate models to simulate AIS melting is tech-
nically complex and requires considerable computational effort [Nowicki and
Seroussi, 2018]. An alternative approach is to add virtual freshwater fluxes
in the Southern Ocean, a protocol suggested by the Ocean Model Intercom-
parison Project Phase 1 (OMIP1) [Farneti et al, 2015; Griffies et al, 2009].
Embedded model configurations often follow OMIP1 protocol by distributing
AIS melting equally over every surface grid cell of the ocean model along the
Antarctic coast, in a uniform flux configuration (Fig 1a). However, this uni-
form flux misrepresents the spatially varying calving and basal melting of ice
shelves [Rignot et al., 2019], and therefore could impose salinity biases under
ice shelf cavities, changing the salinity of AABW and its source waters [Jongma
et al, 2009]. Since most state-of-the-art climate models misrepresent AABW
properties [Heuzé et al, 2013], assessing the role of the spatial distribution of
AIS melting in determining AABW properties is a useful step to improve the
representation of the AABW in model simulations. Furthermore, a significant
freshening of the AABW was reported over the last three decades [Purkey and
Johnson, 2012; Anikulmar et al, 2021], with regional increases in AIS melting
and calving possibly triggering this freshening [Fogwill et al, 2015]. This con-
nection between enhanced regional AIS melting and AABW freshening makes it
even more critical to assess how spatial variations in AIS melting alter AABW
properties.

Therefore, this work assesses the impact of the freshwater distribution (uniform
along the Antarctic coast versus spatially varying) on the AABW properties
and transport in a global ocean and sea-ice coupled model, and further analyzes
the potential response of AABW and the Antarctic sea ice to an enhanced
AIS melting. Section 2 describes the methods, including the model, water mass
definitions, and experimental design. Section 3 compares the surface and bottom
responses to diverse spatio-temporal meltwater flux distributions. The main
discussion and conclusions are provided in section 4.

2 Methods

2.1 The Community Earth System Model Version 1

All simulations were performed using the ocean and sea-ice components of the
Community Earth System Model version 1 (CESM1) [Danabasoglu et al., 2012]
from the National Center for Atmospheric Research. Ocean and sea ice were
forced with surface fluxes from the European Center for Medium-Range Weather
Forecast ERA5 reanalysis for the 1951-1980 period [Hersbach et al., 2020]. A
horizontal resolution of ~1o (grid gx1v6) was used for both ocean and sea-ice
components. The ocean is divided into 60 unevenly-spaced levels, with thick-
nesses ranging from 10 m at the surface to 250 m in the deep ocean. All
simulations were initialized with temperature and salinity fields from the Polar
Hydrographic Climatology [Steele et al., 2001]. A spin-up approach from Lee
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et al., [2017, 2019] is followed here where each year in the model is forced with
randomly chosen historic fields from ERA5.

Previous work showed that most of the widely used Earth System Models inaccu-
rately represent AABW formation. A possible reason for this misrepresentation
is that most models’ current horizontal and vertical resolutions are too coarse
to reproduce the downslope flow of dense waters off the Antarctic shelf and its
mixing along the way, an essential process to form AABW. Coarse-resolution
models exhibit excessive mixing of dense shelf waters with lighter surface waters,
decreasing the density of shelf water and inhibiting AABW formation on the
shelf [Heuzé et al, 2013]. These models create AABW through excessive deep
convection in the open ocean, resulting in bottom waters that are often too
fresh [Heuzé 2021]. Nevertheless, since the addition of shelf overflow parame-
terizations in the Southern Ocean [Danabasoglu et al., 2012], AABW in CESM1
is properly formed on the continental shelf [Heuzé, 2021], making CESM1 an
appropriate model to study AABW sensitivity to coastal freshwater fluxes.

2.2 Water mass definition

We define AABW as the waters with a neutral density higher than 28.27 kg
m-3 [Orsi et al., 1999]. AABW salinity was calculated as the average salinity of
AABW waters south of 60oS. The Southern Ocean was divided into five sectors
(Fig 1a) according to Parkinson and Cavalieri [2012]: the Weddell Sector, Indian
Sector, West Pacific, Ross Sector, and Amundsen Sector. The AABW transport
in the Southern Ocean was measured as the absolute value of the minimum of
the streamfunction at 65oS in density coordinates. The confidence interval for
the AABW transport was obtained from the 95% confidence level of the yearly-
averaged AABW transport estimates from the last 100 years of each simulation.
Finally, although basal melting occurs in both ice shelves and under icebergs, in
this study the term basal melting specifically refers to melting under ice shelves.

2.3 Freshwater distribution simulations

We carried out three model simulations to test to what extent AABW forma-
tion and salinity are affected by the spatio-temporal distribution of Antarctic
meltwater fluxes. The first experiment (UNIF., as in uniform) was forced with
a freshwater flux of 2075 Gt/yr added uniformly in the ocean grid points closest
to the Antarctic coast (Fig. 1a, Table S1). The flux magnitude of 2075 Gt/yr
is based on total ice mass loss estimates from Rignot et al, [2019], and a full
derivation of the value can be found in Supplementary material S2. The fresh-
water flux field of UNIF represents the surface meltwater fluxes suggested by
OMIP1 and does not account for the spatial variation in freshwater fluxes from
calving or basal melting.

The second simulation (BM) was forced with zonally varying fluxes to mimic the
spatial variations in AIS basal melting (Fig. 1c). The third simulation (VARI,
Fig 1b) was forced with a freshwater flux that mimics the spatial variation of
both ice sheet basal melting and calving (Supplementary S1). The spatial distri-
bution of basal melting takes into account the meltwater production of Antarctic
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ice shelves estimated by Rignot et al [2013], while iceberg melting distribution
is based on satellite-tracked iceberg positions from 1979 until 2017 (Supplemen-
tary S2). VARI differs from BM in the meridional distribution of freshwater
fluxes, i.e., by having part of its freshwater fluxes displaced offshore, as seen
by the higher melting fluxes offshore (Fig 1d, northward distances from coast
larger than 3o of latitude), and lower melting fluxes along the coast (Fig 1d,
distances lower than 3o) in VARI compared to BM. The spatially varying fresh-
water flux fields used in VARI and BM simulations were produced according to
the method discussed in Hammond and Jones [2016].

Figure 1. Freshwater flux fields used to force the model simulations [a-c].
Southern Ocean sectoral division is shown in [a]. Plotted in [d] are the zonal
distributions of freshwater fluxes that are integrated meridionally. The blue
band marks the location of the Antarctic Peninsula (AP). Plotted in [e] is the
distribution of the zonally integrated freshwater fluxes, as a function of the
meridional distance from the Antarctic Coast.

2.4 Increased ice melting experiment

Recent observational studies showed that AIS melting increased 10% ~ 40%
from 1994 to 2018 [Rignot et al., 2019; Adsumilli et al 2020]. It has been
suggested that the enhanced AIS melting rate is responsible for the observed
AABW freshening in the last three decades [e.g., Anilkumar et al, 2021]. To
test if the enhanced AIS melting can explain the observed freshening trend
in AABW [Menezes et al, 2017; Shimada et al, 2012], we performed another
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simulation (VARI120%). Starting from the initial conditions, VARI120% adds
2490 Gt/yr of freshwater into the Antarctic coastal waters, a 20% increase in
total melting from VARI. Strong open-ocean deep convection occurs in the first
100 years of both VARI and VARI120%, mixing the surface freshwater from
AIS melting within the deeper water column (Fig S3). As a result, no surface
freshening signal occurs in the first 100 years. For this reason, the transient
AABW response to increased AIS melting (VARI vs VARI120%, section 3.2)
was analyzed only after year 100 (Fig 3a).

3 Results

3.1 Uniform versus spatially varying freshwater fluxes

Compared to the uniform freshwater flux experiment (UNIF), results from the
spatially varying freshwater flux experiment (VARI, Fig 2) show significant salin-
ity anomalies. At the surface, the Amundsen Sea coast becomes 0.5±0.12 PSU
fresher in VARI while the remaining Antarctic coast increases in salinity by up
to 0.2±0.07 PSU (Fig 2a), thus reflecting the concentration of the freshwater
fluxes along the Amundsen Sea (Fig 1d). In the bottom layer, salinity in the
Southern Ocean (i.e., poleward of 60oS) increases up to 0.1±0.06 PSU (Fig 2d)
in VARI. The average AABW salinity increases by 1.9±0.60×10-3 PSU in VARI
compared to UNIF. Thus, the bottom cell of the Southern Ocean’s overturning
circulation extends to denser waters, but the transport of the bottom cell stays
approximately the same between the UNIF and VARI (Fig 2c).

A transect along the Antarctic shelf shows that positive surface salinity anoma-
lies in the VARI experiment are advected downwards along the shelf to the bot-
tom layer (Fig 2f). The downward advection of high salinity anomalies happens
mostly in the Ross Seas where the shelf overflow is parameterized in CESM1
(Fig 2f). Therefore, overflow parameterization has a key role in transmitting
surface salinity signals to the deep ocean. Once in the bottom layer, the posi-
tive salinity anomalies spread laterally increasing in AABW salinity across the
Southern Ocean (Fig 2f).
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Figure 2. Effects of meltwater redistribution. [a-b] are anomalies in Sea Surface
Salinity (�SSS), [d-e] are bottom ocean salinity anomalies (�Sbottom), [c] is the
ocean overturning in density space at 65oS, and [f-g] are salinity anomalies on
the ocean cells closest to the Antarctic coast (�Sshelf). [a,d] are salinity anomalies
for VARI-UNIF, and [b,e] are anomalies for BM-UNIF. Dotted areas indicate
regions of statistically significant anomalies at a 95% confidence level from a
student t-test. Squares (circles and ×’s) on [f] and [g] mark the source water
locations (circles for entrainment and ×’s for exit water locations) for the shelf
overflow parameterization (supplementary S3).

There are a few possible reasons why the spatially varying freshwater flux in
VARI increases surface salinity over most of the Antarctic coast. First, VARI
has lower freshwater fluxes over most of the Antarctic coast except in the Amund-
sen Sea compared to UNIF (Fig 1d). These lower freshwater fluxes can increase
surface salinities along most of the Antarctic coast compared to UNIF- except
on the Amundsen Sea where larger freshwater fluxes can decrease the surface
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waters’ salinity (Fig 2a,f). Second, surface freshwater fluxes in VARI are also
redistributed meridionally to represent both ice shelf basal melting and icebergs
melting away from the coast (Fig 1b,e). In other words, a portion of the fresh-
water flux applied along the coast in UNIF was redistributed offshore in VARI
(Fig 1e). This meridional redistribution can further reduce the freshwater fluxes
over most of the Antarctic coast, resulting in higher salinities in VARI.

To test to what extent zonally varying freshwater fluxes cause the salinity
changes in the surface and bottom layer of VARI, we compare UNIF with BM
which represents the zonally varying ice shelf basal melting without iceberg melt-
ing (Fig 1c). Zonal variations in freshwater fluxes in BM reproduce the same
surface and bottom layer signals seen in VARI. In particular, BM shows higher
surface salinities along most of the Antarctic shelf except in the Amundsen Sea
(Fig 2b). This surface signal is carried into bottom waters (Fig 2e) through
shelf overflow (Fig 2g). The Southern Ocean overturning in BM also maintains
its strength, similar to the VARI case (Fig 2c). Therefore, zonally varying
freshwater fluxes (Fig 1c,d, BM) result in the same increase in AABW and sur-
face salinities as in the case of the zonally and meridionally varying meltwater
fluxes (as in VARI). Further evaluation of the effects of iceberg melting versus
ice shelf basal melting confirms that the meridional displacement of freshwater
fluxes has minimal effect on AABW transport and salinity (Supplementary S5).
This result suggests that zonal variation in freshwater input along the Antarctic
coast is mostly responsible for increasing AABW salinity and surface salinity
along the Weddell and the Ross Sea sectors in the VARI simulation, while the
meridional variation has a relatively small impact, mostly in the open Weddell
Sea and the Indian Ocean sectors (Fig. 2d).
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Figure 3. Effects of increased AIS melting. In [a] are plotted time series of mean
bottom ocean salinity anomaly (blue), mean Sea Ice Concentration anomaly
(orange), overturning streamfunction at 65oS (green), calculated as VARI120%-
VARI, averaged over the Southern Ocean south of 60oS and smoothed with a
10-year moving average. Dotted red line in [a] is the salt flux from sea ice
formation smoothed with a 10-year moving average, while the full red is the
salt flux after a low-pass filter with a cutout frequency of 0.1 yrs-1. [b] is the
initial 30-years-long (i.e., years 101 - 130) salinity trend at the bottom of the
ocean due to a 20% increase in AIS melting. Values indicated in [b] are the
30-year salinity trends averaged over the model bottom cells for each sector (in
10-3 PSU per decade).

3.2 AABW response to increased AIS melting

To investigate the transient response to a 20% increase in AIS melting fluxes,
we compare results from VARI and VARI120% simulations. Increasing the AIS
melting generates a freshening trend of 3±0.2×10-3PSU/decade in the bottom
layer during the first 30 years of the VARI120% simulation (Fig 3a). This fresh-
ening trend is the strongest in the Indian (4.8±0.4×10-3PSU/decade) and Wed-
dell (-4.7±0.3×10-3PSU/decade) sectors, followed by the West Pacific, Amund-
sen, and Ross Sea sectors (Fig 3b). After the peak of bottom layer freshening
at the year 26, salinity anomalies start to increase and stabilize by around the
year 60. The average salinity anomaly in the bottom layer computed between
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the years 60 and 100, i.e., after stabilization of the bottom layer salinity, is
-2.0×10-3PSU (Fig 3a). The overturning circulation at 65oS first decelerates
by ~8.3Sv until approximately year ~30, then accelerates again after year 34,
and eventually becomes more stable closer to the initial condition at the year
60. Salinity decreases in AABW are linked to increasing buoyancy of surface
waters, which can slow down AABW formation [Stouffer et al. 2007]. Specif-
ically, enhanced freshwater fluxes in VARI120% can increase the buoyancy of
surface waters, hindering the AABW formation initially. Decreased AABW
formation then hinders momentum transfer to the bottom layers, slowing down
the overturning circulation at 65oS. The synchronous decrease in AABW salinity
and overturning in the first 30 years of VARI120% (Fig 3a) suggests that sur-
face freshening is responsible for slowing down the overturning in the Southern
Ocean. It is interesting to note that no net changes in AABW salinity occurred
in the long-term (timescales longer than 60 years).

Anomalies in sea ice concentration (SIC) also respond to the increase in AIS
melting. The anomaly in SIC averaged over the Southern Ocean stays stable
in the first 20 years. SIC starts increasing at year 20 and reaches its maximum
at year 28 (Fig 3a). SIC anomaly remains high until year 50, then starts to
decrease and reaches a new equilibrium at year 60. The sea ice expansion after
year 20 drives a stronger salt flux from sea ice into the ocean after year 25, due
to brine rejection from the increased sea ice formation (Fig 3a). This enhanced
sea ice production and salt flux could counterbalance the AABW freshening
triggered by increased freshwater flux [Bintanja et al., 2013], and thus reverse
the overturning circulation increase after year 30 (Fig 3a). Therefore, sea ice
expansion seems to have a critical role in stabilizing the AABW formation rate
after an increase in AIS melting. The sea ice expansion trend (Fig 3a) amounts
to 22×103km2/yr, which is comparable to the observed sea-ice expansion of
33×103km2/yr for the period of 1979 - 2015 [Sun and Eisenman, 2021].

4 Discussion and conclusions

Most widely-used sea-ice and ocean models represent AIS meltwater fluxes by
adding spatially uniform freshwater fluxes along the Antarctic coast, a protocol
suggested by OMIP1. However, such uniform freshwater flux representation
contrasts with the spatially varying melting patterns observed for the AIS [Rig-
not et al., 2013; 2019;]. This misrepresentation creates surface salinity biases
that can propagate into AABW properties [Jongma et al, 2009]. In this study,
four different freshwater flux experiments were performed to better understand
the AABW response to the location (uniform and varying) and to increasing
AIS melting. Our results show that AABW salinity is sensitive to where the
meltwater flows around the Antarctic continent (i.e., zonal distribution of fresh-
water fluxes). Varying the AIS melting fluxes zonally according to observations
(VARI, Fig 1b,d) produces a 1.9±0.6×10-3PSU increase in AABW salinity com-
pared to a uniform meltwater flux. In VARI, freshwater flux is the largest in
the Amundsen sector (Fig 1d) and smaller in the remaining regions along the
Antarctic coast. As a result, surface salinity is increased across the Weddell
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and Ross Seas in VARI compared to UNIF (Fig 2a,d,f). The positive salinity
anomalies in the Weddell and Ross Seas propagate to the bottom layer by the
shelf overflow. Since no coastal bottom water formation is simulated in the
Amundsen sector [Danabasoblu et al, 1999], the freshening signal in this sector
does not propagate into the bottom waters (Fig 2f). The higher AABW salinity
found in the experiment with spatially varying freshwater fluxes (VARI) has
important implications for the representation of AABW in global ocean models.
Specifically, to avoid the low salinity bias in AABW imposed by uniform AIS
melting a better practice is to force ocean & sea-ice models with zonally vary-
ing fluxes that mimic the observed basal melting and calving distribution as in
VARI. This practice is also consistent with the surface meltwater flux protocol
suggested in OMIP phase 2 [Tsujino et al 2020].

In contrast, the AABW transport in the Southern Ocean is insensitive to the
spatial distribution of AIS melting. Any decrease in the eulerian component of
the overturning in the Southern Ocean in response to the freshwater fluxes is
compensated by an increase in the eddy-induced component of the overturning
(Fig S2). Eddy compensation of the overturning has been reported in experi-
ments with altered Southern Hemisphere Westerlies [Bishop et al., 2016]. Here,
we report that eddy compensation can also occur under small surface freshwater
perturbations. Note that the CESM1 representation of the ocean overturning
and the Southern Ocean circulation is similar in 100 km horizontal resolution
(used here) and eddy-rich (10 km) resolution [Hewitt et al., 2020]. Therefore,
eddy compensation to freshwater fluxes is unlikely an artifact of oceanic eddy
parameterizations. Furthermore, in VARI and UNIF, AABW transport was
evaluated for equilibrium conditions. Consequently, the similar AABW trans-
port in these simulations can also be caused by salt flux compensation from sea
ice expansion - similar to what happens in the 20% increase experiment.

Finally, observations show that AABW salinity decreased since the 1980s
[Menezes et al., 2017; Purkey et al., 2012]. To answer if AABW freshening in
the Southern Ocean could be driven by increased AIS melting, we explored
the sensitivity of AABW transport and salinity to a 20% increase in AIS
melting (415Gt/year). The short-term (30 years) AABW freshening in CESM1
in response to the increased freshwater flux is similar to observed trends
in the Southern Ocean during the past decades. The average Southern
Ocean AABW freshening of 3.0±0.2×10-3 PSU/decade simulated in this
study lies within the range of freshening rates estimated from observations
(i.e., 1.0×10-3~5.0×10-3PSU/decade) since 1980 [Purkey and Johnson 2012;
Anikulmar et al., 2020]. Regional freshening rates also agree with observa-
tions. In particular, observations on the Indian and West Pacific sectors
show freshening rates of 4.0±1.0×10-3PSU/decade [Menezes et al., 2017]
and 3.1×10-3PSU/decade [Shimada et al., 2012], respectively, while simu-
lated freshening rates for these sectors are 4.8±0.4×10-3PSU/decade and
3.4±0.5×10-3PSU/decade, respectively. The agreement between the observed
and the simulated AABW freshening rates under a 20% increase in AIS melting
suggests that increased AIS melting could be a fundamental driver of the
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observed AABW freshening.

Observations also show that sea ice in the Southern Ocean has expanded since
1974 at a rate of 33×103km2/yr. In our experiments, a 20% increase in fresh-
water fluxes from AIS caused sea ice to expand by 22×103km2/yr, roughly in
agreement with observations. This similarity in sea-ice expansion rates suggests
that enhanced AIS melting could be at least partially responsible for the ob-
served sea-ice expansion trend. Although the mechanisms responsible to expand
sea ice in our simulations are not explored in this study, previous studies have
suggested that increases in meltwater fluxes from AIS can isolate the Southern
Ocean surface from warm deep waters, triggering sea ice expansion [Mackie et
al, 2020; Jeong et al, 2020].

It is important to highlight that the simulated impact of increased AIS melting
on AABW salinity, transport, and sea ice is not permanent. After 60 years of
enhanced AIS melting, both AABW salinity and GMOC transport are restored
to their initial values (Fig 3a), suggesting that observed AABW freshening could
yet be reversed by enhanced brine rejection from sea ice expansion. Nevertheless,
the agreement of the observed sea ice and AABW trends with the simulated ones
indicates that both of these trends could be triggered by a 415Gt/yr increase in
AIS melting. Indeed, previous studies report an increase in AIS melting between
180Gt/yr and 480Gt/yr since 1978 [Rignot et al, 2019; Adsumilli et al 2020].

It is important to highlight that these results are constrained by the specific
CESM1 configuration. For example, shelf overflow parameterizations had a
critical role in propagating the surface salinity anomalies to the bottom layer
in CESM1. Models without overflow parameterizations on the Antarctic coast
form AABW by shelf or open ocean deep convection, which can dampen the sur-
face freshening by mixing the surface freshwater with high-salinity deep waters.
Eddy compensation in CESM1 also maintained AABW transport stable in the
freshwater forcing experiments. However, the efficiency of eddy compensation
can change under eddy parameterization schemes other than the one used in
CESM1. Finally, ice shelves can reach up to 1 km down the water column, and
as such freshwater fluxes from basal melting are not restricted to the surface as in
our experiments. Ice shelf melting at deeper levels can cause coastal freshening
rates different from those in our surface freshwater flux experiments [Pauling et
al., 2016]. Further studies are necessary to assess if specific model settings, such
as eddy and shelf overflow parameterizations can determine AABW sensitivity
to AIS melting.
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