
1.  Introduction
AABW formation is one of the main components of the Global Meridional Overturning Circulation (GMOC), 
a large-scale ocean circulation system that connects all ocean basins and controls global climate stability 
(Talley, 2013). 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 & Rintoul, 2014). Thus, by changing the rate of AABW formation, AIS melting can 
significantly affect the state of the global climate.

AABW is mainly formed at the Antarctic margins through interaction between the ocean, sea ice and ice shelves. 
Along the ice shelves, brine rejection and buoyancy loss in coastal polynyas forms the dense shelf water (DSW), 
a precursor water for AABW. DSW then flows through the continental shelf, forming AABW through further 
mixing with circumpolar deep water (CDW) along the continental shelf break (Carmack & Foster, 1975; Foster 
& 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 DSW, hindering the 
formation of AABW (Wijk & 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).

Abstract  Ice sheet melting into the Southern Ocean can change the formation and properties of the 
Antarctic Bottom Water (AABW). Ocean models often mimic ice sheet melting by adding freshwater fluxes 
in the Southern Ocean under diverse spatial distributions. We use a global ocean and sea-ice model to explore 
whether the spatial distribution and magnitude of meltwater fluxes can alter AABW properties and formation. 
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 increases in ice sheet melting above 
12% since 1958 can trigger AABW freshening rates similar to those observed in the Southern Ocean since 
1990,  suggesting that the increasing Antarctic meltwater discharge can drive the observed AABW freshening.

Plain Language Summary  Previous research suggests that increased Antarctic ice sheet (AIS) 
melting may be driving freshening 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. 
We show that correcting the spatial representation of the AIS melting results in abyssal waters with higher 
salinities, correcting 30% the ocean model fresh bias in the abyssal cells. We also show that a 12% increase 
in Antarctic ice melting can trigger freshening of the abyssal Southern Ocean at rates similar to the trends 
observed since the 1990s, thus suggesting that enhanced melting of Antarctic land ice may be the main driver of 
the recently observed AABW freshening.
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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 & 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, increased ocean surface stratification driven by ice shelf basal melting and 
calving are thought to increase sea-ice coverage (Bintanja et al., 2013). However, most climate and ocean models 
do not have interactive ice-shelves, making it difficult to understand the impact of ice sheet melting on AABW 
formation and sea ice area (Jongma et al., 2009).

Coupling ice sheet models to ocean and sea-ice models to simulate AIS melting is technically complex and 
requires considerable computational effort (Nowicki & Seroussi, 2018). An alternative approach is to add fresh-
water fluxes in the Southern Ocean. Climate models often estimate the AIS melting from the difference of 
precipitation minus evaporation over Antarctica (P-E) routed to the coast through the Antarctic drainage basin. 
This approach yields a valid estimate for the total AIS melting when the AIS is assumed to be under equilib-
rium surface mass balance. However, the spatial distribution of runoff fluxes derived from P-E over Antarctica 
will greatly differ across climate models, while AIS melting is mostly concentrated along the west Antarctica 
(Depoorter et al., 2013). For example, basal mass loss in the Amundsen Sea is estimated to be about 484 Gt yr −1, 
six times higher than in the Ross Sea shelf (79 Gt yr −1, based on surface mass balance for the Antarctic Ice Shelf 
from 2009 to 2012) (Depoorter et al., 2013). The representation of ice runoff from P-E freshwater fluxes could 
impose salinity biases under ice shelf cavities, changing the salinity of AABW and its source waters (Jongma 
et al., 2009). Therefore, it is important to assess how the spatial distribution of AIS melting impacts AABW 
properties. Furthermore, a significant freshening of the AABW over the last three decades has been reported 
(Anilkumar et al., 2021; Purkey & Johnson, 2012), 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 on AABW properties and transport in 
a global ocean and sea-ice model and further analyzes the potential response of AABW to an enhanced AIS 
melting.

2.  Methods
2.1.  CESM1

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. The ocean 
component of CESM1 is the Parallel Ocean Program version 2, while sea ice is simulated by the Community 
Ice Code version 4 (CICE) (Danabasoglu et al., 2012). Ocean and sea ice were forced with surface fluxes from 
the European Center for Medium-Range Weather Forecast ERA5 reanalysis for the 1958–1980 period (Hersbach 
et al., 2020). A horizontal resolution of ∼1° was used for both ocean and sea-ice components. We chose to use 
the 1° low-resolution version of the CESM1 instead of an eddy-rich resolution (<10 km) so the simulations can 
be integrated over a long period of one thousand years to assure equilibrium in the deep branch of the overturn-
ing circulation. 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 from Lee et al. (2017, 2019) is 
followed here where each year in the model is forced with randomly chosen historic fields from ERA5.

Most of the widely used ocean and sea ice models inaccurately represent AABW formation. A possible reason 
for this misrepresentation is that most models' current horizontal and vertical resolutions are too coarse to repro-
duce the downslope flow of dense waters off the Antarctic shelf and its mixing along the way, an essential 
process to form AABW (Mensah et al., 2021). Coarse resolution models exhibit excessive mixing of DSWs as 
they flow over the shelf break and down the slope, decreasing the density and inhibiting AABW formation from 
shelf-sourced dense waters (Heuzé et al., 2013). Instead, these models create AABW through deep convection in 
the open ocean, resulting in bottom waters that are often too fresh (Heuzé, 2021). An overflow parameterization 
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is employed in CESM1 to better represent the downslope flow of AABW (Danabasoglu et al., 2012). It has been 
shown that the overflow parameterization significantly improves AABW formation in CESM2 (Heuzé, 2021), 
which shares the same ocean and sea ice components with CESM1. Therefore CESM1 was used in this study.

2.2.  Water Masses

We define AABW as the waters with a neutral density higher than 28.27 kg m −3 (Orsi & Wiederwohl, 2009). 
AABW salinity was calculated as the average salinity of AABW waters south of 60°S. The Southern Ocean was 
divided into five sectors (Figure 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 meas-
ured as the absolute value of the minimum of the streamfunction at 65°S 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 under both 
ice shelves and 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. Since the AIS runoff can differ between climate 
models, in the first experiment we chose to use a uniformly distributed freshwater flux, which is the simplest AIS 
melting distribution we can use as reference. The first experiment (UNIF, as in uniform) was forced with a fresh-
water flux of 2075 Gt/yr added uniformly in the ocean grid points closest to the Antarctic coast (Figure 1a; Table 
S1 in Supporting Information 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 Text S2 in Supporting Information S1. 
The freshwater flux field of UNIF does not account for the spatial variation in freshwater fluxes from calving or 
basal melting.

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. Plotted in (e) is the meridional distribution of the 
zonally integrated freshwater fluxes, as a function of the meridional distance from the Antarctic Coast.
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The second simulation (BM) was forced with zonally varying fluxes to mimic the horizontal variations in AIS 
basal melting (Figure 1c). The third simulation (VARI, Figure 1b) was forced with a freshwater flux that mimics 
the spatial variation of both ice shelf basal melting and calving (Text S1 in Supporting Information 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 (Text S2 in Supporting Information S1). VARI differs from BM in the meridional distribution of 
freshwater fluxes, that is, by having part of its freshwater fluxes displaced offshore, as seen by the higher melting 
fluxes offshore (Figure 1d, northward distances from coast larger than 3° of latitude), and lower melting fluxes 
along the coast (Figure 1d, distances lower than 3°) 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). All freshwater fluxes were applied at the surface of the ocean model. Although  ice shelf basal 
melting may occur down to 1 km in the water column, freshwater fluxes from basal melting are often added to 
the ocean surface by the modeling community (e.g., CORE2), as in (Farneti et al., 2015; Griffies et al., 2009). 
Therefore, we applied this approach for simplicity, and to assure applicability to other ocean models. Although 
the spatial distribution of freshwater fluxes in BM, VARI, and UNIF differs, the total freshwater flux is the same 
in all simulations. Additionally, we analyzed what we define here as the overflow salinity error, that is, the 
terrain-following salinity error along the southern most limit of the domain, from the continental shelf until  the 
abyssal plains. This overflow salinity error is calculated for the deepest cells at each longitude and latitude, using 
as a reference the World Ocean Atlas 2018 climatology for the period between 1955 and 1974, interpolated onto 
the CESM1 grid.

2.4.  Increased Ice Melting Experiment

Recent observational studies showed that AIS melting increased up to 40% from 1994 to 2018 (Adusumilli 
et al., 2020; Rignot et al., 2019). It has been suggested that this 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 three additional simulations with increases in the AIS freshwater flux according to observed historical 
ice discharge estimates (Rignot et al., 2019). Starting from the initial conditions, the simulation R12 is forced 
with the total ice discharge fluxes from 1978 until 2017 obtained from Rignot et al. (2019), with fluxes linearly 
extended back to the 1958 value of 2075 Gt/yr. This simulation amounts to a 12% increase in AIS melting over 
60 years (Figure S3 in Supporting Information S1). Two additional scenarios of increased ice sheet melting were 
designed based on the maximum ice discharge from Rignot et al. (2019) for 2017 and its standard deviation. First, 
a minimum increase scenario with a 5% increase in melting (R05), and second a maximum increase scenario with 
an 18% increase in melting (R18). Simulations R05, R12, and R18 were branched from year 901 of VARI. The 
only transience in the R simulations is due to the historically increasing AIS melting fluxes. The years 901–1000 
of the equilibrium simulation (VARI) were used to determine the natural variability of salinity in the model. 
VARI was linearly detrended to avoid models drifts to alter the measured natural variability. The same trend was 
removed from the R experiments for consistency. Finally, R5, R12 and R18 all share the non-uniform freshwater 
flux distribution from VARI.

For comparison with previous observations of AABW freshening, the bottom layer freshening in those experi-
ments was calculated in two ways. First, the increase in the freshwater column below 4,000 m depth and south 
of 60°S was converted in cm yr −1 unit to compare it with spatial observations from Purkey and Johnson (2012). 
Second, regionally mean profiles of salinity change were calculated for the Australian-Antarctic basin (AAB, 
between 80°E and 150°E), Weddell-Enderby basin (WEB, between 60°W and 80°E), and the Amundsen-Bell-
ingshausen basin (ABB, between 150°E and 60°W, Figure 3b). The computed basin-averaged freshening rates 
were compared to observations by Jullion et al. (2013), Menezes et al. (2017), Purkey and Johnson (2012), Purkey 
et al. (2019), and Shimada et al. (2012).

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, Figure 2) show significant salinity anomalies. At the surface, the Amundsen Sea coast 
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becomes 0.5 ± 0.12 fresher in VARI while the remaining Antarctic coast increases in salinity by up to 0.2 ± 0.07 
(Figure 2a), thus reflecting the concentration of the freshwater fluxes along the Amundsen Sea (Figure 1d). In 
the bottom layer, salinity in the Southern Ocean (i.e., poleward of 60°S) increases up to 0.1 ± 0.06 (Figure 2d) in 
VARI. The average AABW salinity increases by 1.9 ± 0.60 × 10 −3 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 (Figure 2c).

We constructed a transect along the southernmost limit of the domain to see how shelf salinity anomalies prop-
agate through the overflow path (Figure  2f). This terrain-following plot shows that positive surface salinity 
anomalies in the VARI experiment are advected downwards along the shelf to the bottom layer (Figure 2f). The 
downward advection of high salinity anomalies happens mostly where the shelf overflow is parameterized in 

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 65°S, 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. On panels (f) and (g) squares mark the source water locations, circles show entrainment locations and ×'s show the exit water locations for the shelf overflow 
parameterization (Text S3 in Supporting Information S1).
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CESM1 (circles in Figure 2f). Therefore, the 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 the AABW salinity across the Southern Ocean (Figure 2f).

Finally, adding a spatially varying freshwater flux at the surface (Figures 2d and 2f) has an important role in 
correcting the AABW salinity biases in CESM1. Under the uniform surface freshwater forcing, the overflow 
salinity error (see Section 2.4) is up to −0.034 (Figure S6 in Supporting Information S1, z = 4,100 m). This error 

Figure 3.  Effects of increased Antarctic ice sheet melting. In (a) are plotted time series of mean ocean salinity anomaly below 4,000 m depth and South of 60°S for 
the scenarios R05 (blue), R12 (green), R18 (red), and for the equilibrium simulation VARI (black). The curly bracket corresponds to the amplitude of the salinity natural 
variability in VARI of 4.8 × 10 −3, and the shading shows are the AABW salinity anomaly in each simulation ±4.8 × 10 −3. (b, c) show the rate of change in freshwater 
content below 4,000 m depth for the experiments R18 and R12. Southern Ocean basins are separated by the 60°W, 80°E, 150°E meridians, and correspond to the 
Weddell-Enderby basin, Australian-Antarctic basin, and Amundsen-Bellingshausen basin. (d–f) are the average rate of salinity change in each basin as a function of 
depth. Gray shadows represent the minimum rate of salinity change required to surpass the signal of natural variability.
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is reduced to −0.024 under the spatially varying freshwater flux (Figure S6 in Supporting Information S1), which 
is a 30% reduction in salinity error at the continental margins of the Southern Ocean.

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 to UNIF (Figure 1d). These lower freshwater fluxes may increase surface salini-
ties along most of the Antarctic coast compared to UNIF-except in the Amundsen Sea where larger freshwater 
fluxes may decrease the surface waters' salinity (Figures 2a and 2f). Second, surface freshwater fluxes in VARI 
are also redistributed meridionally to represent both ice shelf basal melting and icebergs melting away from the 
coast (Figures 1b and 1e). In other words, a portion of the freshwater flux applied along the coast in UNIF was 
redistributed offshore in VARI (Figure 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 melting (Figure 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 (Figure 2b). This surface signal is carried into bottom waters (Figure 2e) through 
shelf overflow (Figure 2g). The Southern Ocean overturning in BM also maintains its strength, similar to the 
VARI case (Figure 2c). Therefore, zonally varying freshwater fluxes (Figures 1c and 1d, 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 (Text S5 in 
Supporting Information S1). This result suggests that zonal variation in freshwater input along the Antarctic coast 
is primarily 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 (Figure 2d).

3.2.  AABW Response to Increased AIS Melting

To investigate the transient response to an increase in AIS melting fluxes, we evaluated how AABW responds 
to three historical scenarios of increased ice sheet melting. In the R12 and R18 scenarios, increased AIS melting 
resulted in decreasing of the AABW salinity from 1974 until 2017 at a magnitude higher than the natural vari-
ability threshold (Figure 3a). For the low freshwater increase scenario (R05) all the AABW salinity anomaly is 
contained within the natural variability of the model, and therefore they cannot be attributed to changes in the 
surface freshwater fluxes. The mean AABW freshening in the R12 and R18 scenarios are 0.5 × 10 −3 dec −1 and 
0.4 × 10 −3 dec −1 respectively. Zonal means of salinity anomalies for R12 and R18 show waters with negative 
anomalies at the source and exit depths of the shelf overflow parameterization (Figure S4 in Supporting Infor-
mation S1). This consistent bottom and shelf waters freshening under increased AIS melting suggests that the 
negative salinity anomalies on the Antarctic shelf in the R12 and R18 experiments are propagated to the bottom 
layer by the shelf overflow parameterizations. R18 exhibits a weaker freshening rate of bottom waters compared 
to R12, even though the surface freshwater flux in R18 is larger than in R12. However, the salinity timeseries 
of R12 and R18 overlap when considering the natural variability range (Figure 3a). Therefore, the difference in 
freshening rates between R12 and R18 is likely due to the natural variability of AABW salinity.

The increase in freshwater content below 4,000 m depth is only present in the WEB and the AAB-Figures 3b 
and 3c. For these sectors, the increase in the freshwater content is up to 1 cm yr −1 since 1978 for either simulation. 
This rate is similar to the freshwater column trends observed by Purkey and Johnson (2012) for the WEB (up to 
1 cm yr −1) and AAB (up to 1.5 cm yr −1).

Regarding local salinity change, the maximum freshening happens around 4,600 m deep in AAB, at a rate of 
2.2 × 10 −3 dec −1 for R12 and 1.3 × 10 −3 dec −1 for R18. Based on observations in the AAB, Menezes et al. (2017) 
found a mean freshening of 2 ± 1 × 10 −3 dec −1 (from 1994 to 2001), Shimada et al. (2012) found a mean AABW 
freshening rate of 2.7 ± 0.4 × 10 −3 dec −1 (from 1990 to 2000). Purkey and Johnson (2012) found AABW (defined 
in their study as waters colder than 0°C) freshening ranging between 0.5 × 10 −3 dec −1 and 4.1 × 10 −3 dec −1 using 
several transects with the earliest observations in 1991 and latest in 2007. Therefore, the simulated and observed 
AABW freshening trends are similar in the AAB sector.
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In the WEB, the maximum freshening for R12 occurs at around 5,200  m (1.5  ×  10 −3  dec −1), while for R18 
occurs around 4,900 m (1.3 × 10 −3 dec −1). These trends in the WEB are below the observed AABW freshen-
ing of 4 ± 2 × 10 −3 dec −1 in the western Weddell Sea (from 1993 to 2011) obtained by Jullion et al. (2013). 
Purkey and Johnson  (2012) observed a water mass freshening rates in WEB between 0.5  ×  10 −3  dec −1 and 
1 × 10 −3 dec −1, that is, of the same magnitude as the ones simulated in R12 and R18. On the other hand, Purkey 
and Johnson (2012) found that this water mass freshening was fully compensated by heaving isopycnals, causing 
no net salinity changes in mean AABW salinity. Nevertheless, for AAB and WEB, the increase in surface fresh-
water flux applied at CESM1 produced an AABW freshening at rates comparable to observations since 1990, 
suggesting that the observed freshening of AABW in these sectors could be driven by the historical increase in 
AIS melting.

In the ABB, no consistent salinity trend between simulations is found either spatially or in the spatial mean 
(Figures 3b, 3c, and 3f). Purkey and Johnson (2012) did not find a statistically significant basin wide AABW 
freshening for the ABB either. In contrast, local AABW freshening trends at a transect just outside the Ross Sea 
suggest a strong freshening rate of 4 × 10 −3 dec −1 (Purkey et al., 2019). Possible reasons for this discrepancy are 
discussed in Section 4.

Finally, the sea ice area in the Southern Ocean expanded in R12 from 1978 until 2005 at a rate of 2.4 × 10 3 km 3 yr −1 
(Figure S5a in Supporting Information  S1). This expansion is much smaller than the observed value of 
33 × 10 3 km 3 yr −1 from 1979 to 2015 (Sun & Eisenman, 2021). Furthermore, no sea ice expansion is present 
in R05 or R18 in the same period, suggesting that the small increase in the Southern Ocean sea ice area in R12 
does not arise from increased AIS melting. AABW transport at 65°S also exhibits no clear trend (Figure S5b in 
Supporting Information S1). The lack of consistent response of sea ice area and AABW transport to the increased 
freshwater flux suggests that the current increase in AIS melting is likely not large enough to cause substantial 
changes in the strength of the Southern Ocean overturning and sea ice production.

4.  Discussion and Conclusions
Climate models often infer AIS meltwater fluxes through the difference between precipitation and evaporation on 
land, yielding spatial distributions of freshwater fluxes that do not match the observed AIS melting distribution 
(Rignot et al., 2013, 2019). This spatial misrepresentation can create surface salinity biases that can propagate 
into AABW properties (Jongma et al., 2009). In this study, five different freshwater flux experiments were carried 
out 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 observations 
(VARI, Figures 1b and 1d) produces a 1.9 ± 0.6 × 10 −3 increase in AABW salinity compared to a uniform melt-
water flux. In VARI, the freshwater flux is the largest in the Amundsen sector (Figure 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 to UNIF (Figures 2a, 2d, and 2f). The positive salinity anomalies in the Weddell and Ross 
Seas propagate to the bottom layer by the shelf overflow. The higher AABW salinity found in the experiment 
with spatially varying freshwater fluxes (VARI) has important implications for the representation of AABW in 
CESM1. Specifically, to reduce the AABW fresh bias in the CESM1 ocean component, arising from uniform 
AIS melting, a better practice is to force CESM1 with zonally varying fluxes that mimic the observed basal 
melting and calving distribution as in VARI. Although spatially varying, the P-E approximation of AIS melting in 
climate models do not account for the concentration of melting fluxes along the Amundsen and Bellingshausen 
seas (Figure 1d). Therefore, spatially distributing this runoff according to AIS melting patterns (e.g., in VARI) 
can help reduce the fresh bias found in climate model's abyssal waters (Heuzé et al., 2013). Further assessment 
should be done to identify if the same AABW fresh biases and correction can be applied in other ocean and sea 
ice models. This practice is also consistent with the surface meltwater flux protocol suggested in OMIP phase 2 
(Tsujino et al., 2020).

Finally, observations show that AABW salinity decreased since the 1980s (Menezes et  al.,  2017; Purkey & 
Johnson, 2012). To investigate if AABW freshening in the Southern Ocean could be driven by increased AIS 
melting, we explored the sensitivity of AABW salinity to increases in meltwater fluxes of 5%, 12%, and 18% 
from 1958 until 2017, based on historical estimates of AIS melting from Rignot et al. (2019). For freshwater flux 
increase scenarios above 12%, AABW steadily freshens after 1978 in response to the increased freshwater  flux. 
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The maximum AABW freshening rate simulated in this study occurs in the AAB (2.2  ×  10 −3  dec −1 and 
1.3 × 10 −3 dec −1 at 4,600 m in the ABB) and is consistent with freshening rates previously obtained by several 
observational studies (Menezes et al., 2017; Purkey & Johnson, 2012; Shimada et al., 2012). Increasing the fresh-
water fluxes by 12% or above triggered AABW freshening mostly in WEB and AAB basins, in agreement with 
observations reported by Purkey and Johnson (2012). The similarity of the AABW freshening rates simulated in 
the Australian-Antarctic and WEBs when forcing the ocean model with historically increased freshwater fluxes 
suggests that the observed AABW freshening in these sectors are likely triggered by the increase in AIS melting 
since 1990.

However, salinity trends in the abyssal ABB are inconsistent between the simulations (Figures 3b, 3c, and 3f). 
A possible reason for this discrepancy could be due to the advection route of the bottom waters formed along 
the Antarctic shelf. A high-resolution modeling study with accurate non-parameterized DSW formation shows 
that 98% of the bottom waters in ABB originate from DSW formed in the Ross Sea and Adelie Land (Solodoch 
et al., 2022), highlighting that lateral advection is essential for AABW to reach this basin. In CESM1, the shelf 
overflow parameterizations inject newly formed and fresher AABW on the slope directly below the formation site 
in the Weddell and Ross Sea shelves (Figures 2f and 2g). This direct vertical piping can hinder zonal advection 
of the newly formed AABW toward the deep ABB, therefore precluding this basin from exhibiting a consistent 
freshening signal.

In contrast with the simulated changes in AABW salinity, the AABW transport and the sea ice area in the South-
ern Ocean were insensitive to either the spatial distribution or to increases in AIS melting. Therefore, our simu-
lations suggest that the historical increases in AIS melting cannot explain the sea ice expansion since 1980s nor 
imply that observed AABW freshening is accompanied by weaker AABW formation. This result should be taken 
with caution since AABW formation in the ocean component of CESM1 is conditioned by the shelf overflow 
parameterizations.

It is important to highlight that these results are constrained by the specific CESM1 configuration. For example, 
shelf overflow parameterizations play a critical role in propagating the surface salinity anomalies to the bottom 
layer in CESM1. Models with similar resolutions than CESM1 (∼1°) often form AABW by open ocean deep 
convection, which can dampen the surface freshening by mixing the surface freshwater with high-salinity deep 
waters. Finally, ice shelves can reach down to 1 km in the water column and as such the freshwater fluxes from 
basal melting are not restricted to the surface as in our experiments. Ice shelf melting at deeper levels can induce 
coastal freshening rates different from those in our experiments (Pauling et al., 2016). Further studies are neces-
sary to assess how specific model settings, such as eddy and shelf overflow parameterizations impact the AABW 
sensitivity to AIS melting.

Data Availability Statement
All the simulation's data used in this study are openly available at the Zenodo database, via https://doi.org/10.5281/
zenodo.7416287, with unrestricted access conditions.
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