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Abstract

Intense atmosphere-ocean-ice interactions in the Ross Sea play a vital role in global overturning circulation by supplying saline
and dense shelf waters. Since the 1960s, freshening of the Ross Sea shelf water has led to a decline in Antarctic Bottom
Water formation. Since the early 2010s, however, the salinity of the western Ross Sea has rebounded. This study adopts an
ocean-sea ice model to investigate the causes of this salinity rebound. Model-based salinity budget analysis indicates that the
salinity rebound was driven by increased brine rejection from sea ice formation, triggered by the nearly equal effects of local
anomalous winds and surface heat flux. The local divergent wind anomalies promoted local sea ice formation by creating a thin
ice area, while a cooling heat flux anomaly decreased the surface temperature, increasing sea ice production. This highlights

the importance of understanding local climate variability in projecting future dense shelf water change.
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Abstract

Intense atmosphere-ocean-ice interactions in the Ross Sea play a vital role in global
overturning circulation by supplying saline and dense shelf waters. Since the 1960s,
freshening of the Ross Sea shelf water has led to a decline in Antarctic Bottom Water
formation. Since the early 2010s, however, the salinity of the western Ross Sea has
rebounded. This study adopts an ocean-sea ice model to investigate the causes of this salinity
rebound. Model-based salinity budget analysis indicates that the salinity rebound was driven
by increased brine rejection from sea ice formation, triggered by the nearly equal effects of
local anomalous winds and surface heat flux. The local divergent wind anomalies promoted
local sea ice formation by creating a thin ice area, while a cooling heat flux anomaly
decreased the surface temperature, increasing sea ice production. This highlights the
importance of understanding local climate variability in projecting future dense shelf water

change.
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Introduction

The Ross Sea provides the densest Dense Shelf Water (DSW, the precursor for Antarctic
bottom water (AABW), Figure 1a) on its continental shelf and contributes approximately
25% of all AABW formation on the Antarctic shelf (Orsi et al., 2002). Water in the western
Ross Sea shelf is particularly important for AABW formation due to its high salinity,
resulting from local salt inputs produced during sea ice formation (Rusciano et al., 2013;
Sansiviero et al., 2017; Aulicino et al., 2018), together with remote sources advected toward
the western Ross Sea by coastal currents (Assmann & Timmermann, 2005; Jendersie et al.,

2018).

In the western Ross Sea, sea ice is driven northward by the persistent, strong southerly
katabatic winds. During the austral winter (April- October), this results in vigorous sea ice
formation and brine release, which initiates the formation of high-salinity shelf water and
determines its properties (Fusco et al., 2009; Rusciano et al., 2013; Morrison et al., 2023).
Moreover, the ocean circulation on the Ross Sea continental shelf consists of two main
inflows from the east driven by the easterly wind, the Antarctic Coastal Current and Antarctic
Slope Current (Smith Jr et al., 2012). Thus, these westward inflows are essential in
transporting fresher water from the upstream Amundsen Sea to the Ross Sea (Figure 1a),
influencing the long-term variability of DSW salinity in the western Ross Sea (S. Jacobs et

al., 2022).

Ocean measurements in the western Ross Sea have shown a significant decrease (~0.03 psu
per dec) in DSW salinity from 1958 to 2008 (Jacobs & Giulivi, 2010), which is thought to be
driven by enhanced Antarctic melting in the Amundsen Sea (Nakayama et al., 2014).
Beginning in the early 2010s, however, the DSW salinity in the western Ross Sea
experienced a sharp rebound, with values in 2018 comparable to those in the mid-late 1990s

(Castagno et al., 2019). This salinity rebound contradicts the expectation that the ongoing
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increased ice-sheet mass loss in West Antarctica would continue to decrease rather than
increase DSW salinity in the western Ross Sea (Jacobs & Giulivi, 2010). Silvano et al.
(2020), based on in situ observations, linked this salinity recovery to the enhanced sea ice
formation driven by weakened easterly winds from the Amundsen Sea. However,
insufficient observations limit a more comprehensive analysis of the individual physical
interactions among the atmosphere, ocean, and sea ice that influence salinity variations in the
western Ross Sea. In this work, we used a well-tuned global ocean sea-ice model and
designed perturbation experiments to isolate the response of shelf water salinity to various
atmospheric forcing, aiming to unravel the cause of observed salinity rebound. Our study

highlights the importance of integrating observational data with model studies.
2 Model and experiment design
2.1 In situ hydrographic data

The observational data used in this study were sourced from in-situ salinity observations by
Castagno et al. (2019), covering the period from 1995 to 2018 with sampling during most
summers within this period. Hydrographic measurements in Terra Nova Bay (defined by
74.25°-75.50° S, 163°-166° E) with station depths deeper than 800 m have been used. The
region chosen is representative of DSW conditions in the western Ross Sea with a marked
rebound since the early 2010s (Figure 1b, red line). To compare with observations, model
results are sampled in the same area for those years in which the observation data were taken

(Figure 1b black line).
2.2 Model description

We adopted the Australian Community Climate and Earth System Simulator — Ocean Model
2 (ACCESS-OM2) (Kiss et al., 2020) with a configuration of 1-degree horizontal resolution

and 50 z* vertical levels covering from the surface to 5363.5m depth. The atmospheric
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forcing derived from JRAS55-do (Tsujino et al., 2018), including wind speed, air temperature
and humidity, radiation, precipitations, and sea level pressure, are used to diagnose air—sea
fluxes (wind stress, heat flux, and freshwater flux) through bulk formulae and interactive
coupling between ocean and sea ice. Freshwater flux and heat flux are defined as positive
downward (i.e., freshwater/heat gain by the ocean). In this study, ACCESS-OM?2 is
initialized from a state of rest, with temperature and salinity fields coming from the World
Ocean Atlas 2013 v2 monthly climatology (WOA13; (Locarnini et al., 2013; Zweng et al.,

2013)).

After a 200-year spin-up under repeated 1990-1991 JRAS55-do forcing (Tsujino et al., 2018),
the model reached quasi-equilibrium and was then forced with the 3-hourly JRAS55-do
interannual year forcing for 29 years from 1 January 1990 to 31 December 2018. Our analysis
focuses on the recent period 2000-2018. In this study, we used annual data from both model
simulations and observations to ensure a consistent comparison between the two of them.

More detailed information on the model setup can be found in the Supporting Information.
2.3 Surface salinity budget analysis

To quantify the processes driving surface salinity anomalies in our simulation, we use the
surface salinity budget terms diagnosed in the model. At the surface, the ocean salinity
budget in a grid cell is given by:

(E-P-R)S N p,1(S-S)
h poh

(1

S
E =-V- (uS) +V. (Keddys) + V- (KsmallS) +

where S is sea surface salinity, 0S/ct is the salinity tendency, h is the grid cell thickness, and
u is the three-dimension velocity. Keaqy is the diffusion tensor for mesoscale mixing, and
Ksman represents vertical diffusion and other mixing processes smaller than eddies. E and P

are the rates of evaporation and precipitation (positive upward), and R is river runoff and
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meltwater from Antarctica and Greenland. I is the rate of sea ice formation while S; is sea ice

salinity. po and pr are the reference seawater density and sea ice density, respectively.

In ACCESS-OM2 model, ocean salt content is conserved in each grid cell within the
expected numerical precision. The salinity budget in Eq. 1 states that the time tendency of
salinity (left-hand side) equals all contributing terms (right-hand side), including salt
convergences due to the oceanic processes (advection, the first term, and diffusion, the
second and third term), evaporation minus precipitation, runoff and meltwater, and sea ice.
We use these salinity budget terms to isolate the respective contributions of these processes to

the salinity rebound in our perturbation experiment.
2.4 Experiment design

In this study, we designed three perturbation experiments to investigate the role of
atmospheric forcing in the rebound of shelf water salinity in the western Ross Sea (Table in
the Supporting Information). In the first experiment, the All-Vary experiment, the ACCESS-
OM2 model is forced with prescribed atmospheric conditions taken from the JRA55-do 3-
hourly forcing from 2010 to 2018. In the second experiment from 2010 to 2018, the Wind-
Vary experiment, the wind forcing is the same as in the All-Vary experiment, and the rest of
the atmospheric forcing is replaced by the 3-hourly climatological forcing (derived over the
2000-2010 base period). In the third experiment from 2010 to 2018, the All-Fixed
experiment, all the atmospheric forcing is replaced by the climatological forcing (derived
over the 2000-2010 base period). In ACCESS-OM2, the ocean and sea ice models are forced
by the surface heat flux, freshwater flux, and wind stress calculated on-the-fly from
prescribed atmospheric conditions and model states. The ongoing increased Antarctic
meltwater is not expected to explain the observed rapid salinity rebound (Adusumilli et al.,
2020). Other freshwater flux, including precipitation, evaporation, and runoff, has a minimal

impact on the salinity in the western Ross Sea (Jacobs & Giulivi, 2010; Porter et al., 2019).



142 Therefore, changes in atmospheric forcing in the study region, are mainly from surface heat
143 flux and wind stress. We then compared the Wind-Vary experiment versus the All-Fixed

144  experiment to isolate the impact of wind stress and compared the All-Vary experiment versus
145  the Wind-Vary experiment to isolate the shelf water salinity response to surface heat flux

146  anomaly.
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148  Figure 1 | Recent Recovery of DSW salinity in the Wester n Ross Sea. (a) Map of the
149  Ross Sea and the study area in Terra Nova Bay (TNB, solid box). Bottom topography (m) is
150  shown in color (Amante & Eakins, 2009). White and black dashed lines represent the general
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currents along the shelf break and on the shelf, referred to Smith et al. (2014). (b) Time series
of averaged DSW salinity measured (solid red line) and simulated (solid black line) near the
seafloor, as well as detrended model simulations at different depth ranges from surface to 700

m (dashed lines) and their leading correlations with salinity near the seafloor. Simulated

zonal-averaged salinity trends from 2000-2010 (¢) and 2011-2018 (d).

3. Results

3.1 Observed salinity variations in the western Ross Sea reproduced by model simulations

Figure 1 shows the map of the study area, and the observed and modelled salinities over
different depth ranges in the western Ross Sea. The decreasing trend of DSW salinity near the
seafloor before the early 2010s is estimated to be -0.05 psu/dec (Figure 1b, red line), slightly
larger than the long-term trend of -0.03-0.04 psu/dec estimated by Jacobs et al. (2002) and
Jacobs and Giulivi (2010). However, after reaching a minimum in the early 2010s, the
freshening trend appears to reverse with a rapid salinity rebound (Figure 1b, red line). The
DSW salinity in Terra Nova Bay (TNB) had rebounded up to 2018, reaching its value in the
mid-late 1990s, indicating a recent recovery of DSW salinity in the western Ross Sea
(Castagno et al., 2019). The observed decrease of DSW salinities between 2000 and the early
2010s followed by the sharp rebound is reproduced well by our model simulation based on

ACCESS-OM2 (Figure 1b, red and black lines).

This recent sharp salinity rebound is simulated throughout the entire water column from
surface to the bottom (Figures 1b, 1c,1d, and Figure S1 in Supporting Information),
supported by a strong correlation, with surface salinity leading seafloor salinity at a
maximum of 16 months (r = 0.69, p<0.05). We then discuss the drivers of the recent DSW

salinity rebound since the early 2010s based on our model simulation.
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(a)Surface salinity budget analysis in the western Ross Sea (b) Shelf water salinity in the western Ross Sea
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Figure 2 | Recent Recovery of DSW salinity induced by atmospheric forcing. (a) Time
series of detrended model simulated surface salinity (red line) in western Ross Sea (162°E-
168°E, 74°S-78°S), and time integrated surface salinity changes due to sea ice (bule line), net
precipitation plus runoff (grey line) and oceanic process (green line) from 2000 to 2018. (b)
Time series of averaged DSW salinity simulated by All Vary (black line) from 2000 to 2018,
Wind Vary (blue line) and All Fixed (red line) and their trends (dashed lines) from 2011 to

2018 near the seafloor in TNB. Trend values are given in the legend in Psu per decade.

3.2 The effects of atmospheric forcing on recent salinity rebound through sea ice formation

A surface salinity budget analysis based on our model simulation (Figure 2a) reveals that
increased brine rejection from sea ice production largely drives the recent salinity rebound
over the western Ross Sea between 2010 and 2018. Oceanic processes counteract the salinity
tendency implied by sea ice brine rejection. Other freshwater sources, such as precipitation
minus evaporation, runoff, and Antarctic meltwater, exert minimal impact and cannot explain
the observed rapid DSW salinity rebound. This is substantiated by hydrographic
measurements that neither support a reduced net precipitation over the Ross Sea continental
shelf (Porter et al., 2019) nor evidence of a decline in freshwater inflow from the Amundsen

Sea (Adusumilli et al., 2020).
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To further determine which atmospheric forcing is responsible for the recent salinity rebound,
we conduct three perturbation experiments: All-Fixed, Wind-Vary, and All-Vary (see Table
in Supporting Information). In the All-Fixed experiment, with atmospheric forcing remaining
fixed to its climatology from 2000 to 2010, a negative trend in the salinity of the DSW is
simulated (-0.062 psu/dec from 2011 to 2018, red line in Figure 2b), which is roughly
consistent with the declining trend observed from the 1990s to the early 2010s (Jacobs &
Giulivi, 2010; Castagno et al., 2019). The All-Fixed experiment suggests that a continued
decrease in DSW salinity would be expected in the absence of changes in atmospheric
conditions. The Wind-Vary experiment suggests that incorporating real-time wind forcing
could basically stop the gradual decrease trend in salinity observed previously over 2000-
2010 and stabilize without any obvious trends over 2010-2018 (blue line in Figure 2b). It is
important to note that besides wind stress, other atmospheric factors also play a role in sea ice
formation. Sea ice formation is closely connected to surface air temperature and sea surface
temperature, which, in turn, is influenced by various types of surface heat flux from the

atmosphere (Turner et al., 2015; Alekseev et al., 2022).

The All-Vary experiments provide compelling evidence that including all the real-time
atmospheric forcing results in a notable rebound in DSW salinity in the western Ross Sea of
+0.050 psu/dec over 2010- 2018, close to observations (Figure 2b, black line). Therefore, our
model experiments suggest that the dynamic effect (sea ice formation driven by wind stress
anomaly) and thermodynamic effect (sea ice formation driven by surface heat flux anomaly)
have comparable impacts on the recent rebound in DSW salinity, contributing ~ 0.050

psu/dec each to the rebound (Figure 2b).

We next show the processes and mechanisms that how wind forcing (as revealed by

comparing Wind-Vary and All-Fixed experiments) and surface heat flux (as revealed by



218 comparing All-Vary and Wind-Vary experiments) cause increased sea ice production that

219  further induces the recent rebound of DSW salinity in the western Ross Sea.
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220 Figure 3 | Increased sea ice production due to sea ice divergence induced by wind

221  anomalies. Climatology and 2014-2017 anomalies of winds (a,b, vectors, with colour

222  shading represents wind divergence; negative values denote divergent), sea ice advection [-
223 Veuh)] (c,d, sea ice motion and sea ice mass advection), and sea ice production (e,f) induced

224 by wind forcing.
225

226 3.3 Increased sea ice formation driven by anomalous wind forcing

227  Seaice dynamical processes, such as a changed sea ice motion in response to changing

228  surface wind stress, play an important role in the redistribution of sea ice (Holland & Kwok,
229  2012; Turner et al., 2015). Ice motion is described by ice velocity, whereas sea ice advection
230 s described here by sea ice convergence [-V. (uk)] (Figures 3c and 3d), where u is sea ice

231  velocity and /4 is sea ice thickness (Zhang et al., 2010). Thus, changes in ice thickness (mass
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gain or loss) due to ice advection quantitatively describe the impact of wind-driven ice

motion on sea ice spatial redistribution.

Mass loss due to sea ice advection generally occurs in the south region of the western Ross
Sea, and ice gain occurs in the north (Figure 3c¢), indicating a sea ice motion from south to
north in the Western Ross Sea (Comiso et al., 2011; Holland & Kwok, 2012; Turner et al.,
2015). Such a sea ice advection pattern is attributed to strong northward ice motion driven by
the coastal currents and strong southerly winds prevailing in winter (Holland & Kwok, 2012;
Turner et al., 2016). During the period of 2014-2017, however, a local wind stress anomaly in
the western Ross Sea displayed a divergent pattern (Figure 3b, blue shading). This anomaly
had a notable impact on the motion of sea ice, particularly in impeding its northward motion,
resulting in ice loss in the western Ross Sea (Figure 3d, blue shading, change in ocean
circulation is negligible in our Wind-Vary experiment) and concurrent ice gain in the Ross
Sea polynya near the coast (Figure 3d, red shading). Consequently, local changes in ice
thickness (gain and loss) due to this reduced northward ice transport can be up to 0.2 cm/day,
leading to the expansion of a larger area of thin ice in the north and a narrow area of thick ice
near the coast (Figure S4). This increased presence of thin ice contributes to enhanced ice
growth and brine rejection (Figure 3f), as growth rates of thin ice are higher compared to

thick ice (Zhang et al., 2010).

The significant negative spatial correlation between the simulated anomalies of sea ice
advection and sea ice production (Figures 3d, 3f, r =-0.73, p<0.01) further highlights the
close relationship between wind-driven sea ice mass advection and ice production.
Additionally, the sea ice loss (gain) resulting from sea ice mass advection exhibits a
significant correlation with the wind divergence anomaly over the western Ross Sea (Figures
3band 3d, r=0.67, p<0.01). These findings suggest that, in the Wind-Vary experiment, wind

forcing plays a dominant role in the formation of ice in the Ross Sea, primarily through ice
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mass advection processes. To identify the region where the wind forcing is responsible for
the changes in sea ice in the Western Ross Sea, we conducted further experiments
(Supporting Information 1.4 and Figure S2). Our investigation reveals that only when
applying real-time wind forcing in the western Ross Sea region (160°E-170°W, 60°S-80°S)
the model is able to successfully simulate the increased salinity of DSW driven by wind
(Figures S2 and S3). This suggests that the wind-driven component of the simulated increase
in DSW salinity is primarily driven by local wind anomalies rather than non-local wind
originating from distant regions. Thus, during the period of 2014-2017, the amplified sea ice
production and brine rejection observed in the Wind-Vary experiment in the western Ross

Sea can be attributed to the thinning of sea ice caused by local divergent wind anomalies.
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Figure 4 | Increased sea ice production due to lower temperatures induced by surface
heat flux anomalies. Climatology and 2014-2017 anomalies of surface heat flux (Wm;
positive downward) (a,b), sea surface temperature (°C) (¢,d) and sea ice production (cm/day)

(e,f) induced by atmospheric forcing other than wind.
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3.4 Increased sea ice formation driven by surface heat flux

In addition to the dynamical processes induced by wind, thermodynamic processes can also
play an important role in the production of sea ice. During the sea ice growth season, the
surface heat flux plays a crucial role in influencing sea ice production by affecting the sea
surface temperature (Turner et al., 2015; Alekseev et al., 2022). During the period of 2014-
2017, a comparison between All-vary and wind-vary model experiments reveals that with a
decrease in surface heat flux from the atmosphere, there is a corresponding decrease in upper-
ocean temperature (Figures 4b and 4d) in the western Ross Sea. This decrease in temperature
promotes an increase in sea ice growth, resulting in increased brine rejection from the new ice
and subsequently contributing to an increased salinity from surface to seafloor in the western
Ross Sea (Figures 2b and 4f). The significant spatial correlation between the anomalies of
surface heat flux and sea surface temperature (Figures 4b and 4d, r = 0.68, p<0.01), and sea
ice production (Figures 4b and 4f, r = 0.63, p<0.01) further highlights the strong connection

between surface heat flux and sea ice production.

It is essential to note that contrary to a simplistic inverse correlation, the relationship between
sea surface temperature and net sea ice production is more intricate (Zhang, 2007). Our
simulations indicate that in the upper 200 meters of the western Ross Sea, an increase in
salinity and a decrease in temperature lead to increased ocean density (Figure S5). This
increased upper-ocean density in turn reduces stratification (the denser layer above the lighter
layer) and enhances vertical heat exchange, leading to a greater upward ocean heat transport
available to melt the sea ice (Zhang, 2007; Turner et al., 2015). The pivotal balance of sea ice
thus lies between the initial sea ice growth driven by surface cooling and the sea ice melt
induced by vertical heat flux from the subsurface. In line with this, our model exhibits a
positive anomaly in local net ice production of 0.2 cm/day (Figure 4f), primarily driven by a

more pronounced increase in ice growth compared to ice melt (Figure S6). Hence, the overall
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increase in net sea ice production and brine rejection due to the thermodynamic process is
driven by the rate of ice growth—induced by lower surface temperatures— surpassing the
rate of ice melt, which itself is influenced by increased convective overturning and resultant

upward ocean heat transport.
4. Discussion and conclusions

This study presents results from a model study of the recent rebound of DSW salinity in the
western Ross Sea. Sea surface salinity budget analysis shows that the recent salinity rebound
is dominated by increased brine rejection from sea ice formation, which further propagates
and extends the whole water column from surface to seafloor (0-900 m). We further conduct
three model perturbation experiments and find that this increased sea ice formation is driven
by the combined effect of anomalous local wind stress and surface heat flux, which have
nearly equal impacts on shelf water salinity rebound through dynamic and thermodynamic
processes. During 2014-2017, the local wind anomalies induced a divergent motion in sea
ice, reducing sea ice thickness and promoting local sea ice formation. Meanwhile, cooling
heat flux anomaly from the atmosphere cools the surface, increasing sea ice production in

winter.

The Southern Oscillation Index (SOI) captures variability associated with the ENSO events,
influencing the low-pressure system over the Amundsen Sea (Amundsen Sea Low, ASL)
through the atmospheric teleconnection (Lee & Jin, 2023). A negative SOI (corresponding to
an El Nifio event) over 2014-2017 (Figure S7a) influenced an eastward and northward shift of
the ASL central (Figure S7b) (Raphael et al., 2016), leading to a reduction in the meridional
sea level pressure gradient in the western Ross Sea (Figures S7 c,d) (Coggins & McDonald,
2015), thus weakening southerlies and reducing surface heat flux in the western boundary
(Clem et al., 2017), ultimately leading to the recent rebound of DSW salinity through sea ice

formation.
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Long-term observations have recorded a freshening AABW over the past 60 years (Jacobs &
Giulivi, 2010; Silvano et al., 2018), as a result of increased Antarctic meltwater (Lago &
England, 2019; Johnson, 2022). Our study reveals that climate variability can temporally
counteract this long-term freshening by enhancing sea ice formation and brine rejection.
Future climate projections show an increased frequency of extreme El Nifio events due to the
greenhouse warming (Cai et al., 2014), therefore possibly enhancing AABW formation that
potentially offsets or even surpasses the meltwater-induced freshening on different time
scales. Thus, the experiment design and salinity budget analysis conducted here provide an
essential reference for identifying the major drivers of the shelf water salinity variations from

interannual to decadal time scales.
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Abstract

Intense atmosphere-ocean-ice interactions in the Ross Sea play a vital role in global
overturning circulation by supplying saline and dense shelf waters. Since the 1960s,
freshening of the Ross Sea shelf water has led to a decline in Antarctic Bottom Water
formation. Since the early 2010s, however, the salinity of the western Ross Sea has
rebounded. This study adopts an ocean-sea ice model to investigate the causes of this salinity
rebound. Model-based salinity budget analysis indicates that the salinity rebound was driven
by increased brine rejection from sea ice formation, triggered by the nearly equal effects of
local anomalous winds and surface heat flux. The local divergent wind anomalies promoted
local sea ice formation by creating a thin ice area, while a cooling heat flux anomaly
decreased the surface temperature, increasing sea ice production. This highlights the
importance of understanding local climate variability in projecting future dense shelf water

change.
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Introduction

The Ross Sea provides the densest Dense Shelf Water (DSW, the precursor for Antarctic
bottom water (AABW), Figure 1a) on its continental shelf and contributes approximately
25% of all AABW formation on the Antarctic shelf (Orsi et al., 2002). Water in the western
Ross Sea shelf is particularly important for AABW formation due to its high salinity,
resulting from local salt inputs produced during sea ice formation (Rusciano et al., 2013;
Sansiviero et al., 2017; Aulicino et al., 2018), together with remote sources advected toward
the western Ross Sea by coastal currents (Assmann & Timmermann, 2005; Jendersie et al.,

2018).

In the western Ross Sea, sea ice is driven northward by the persistent, strong southerly
katabatic winds. During the austral winter (April- October), this results in vigorous sea ice
formation and brine release, which initiates the formation of high-salinity shelf water and
determines its properties (Fusco et al., 2009; Rusciano et al., 2013; Morrison et al., 2023).
Moreover, the ocean circulation on the Ross Sea continental shelf consists of two main
inflows from the east driven by the easterly wind, the Antarctic Coastal Current and Antarctic
Slope Current (Smith Jr et al., 2012). Thus, these westward inflows are essential in
transporting fresher water from the upstream Amundsen Sea to the Ross Sea (Figure 1a),
influencing the long-term variability of DSW salinity in the western Ross Sea (S. Jacobs et

al., 2022).

Ocean measurements in the western Ross Sea have shown a significant decrease (~0.03 psu
per dec) in DSW salinity from 1958 to 2008 (Jacobs & Giulivi, 2010), which is thought to be
driven by enhanced Antarctic melting in the Amundsen Sea (Nakayama et al., 2014).
Beginning in the early 2010s, however, the DSW salinity in the western Ross Sea
experienced a sharp rebound, with values in 2018 comparable to those in the mid-late 1990s

(Castagno et al., 2019). This salinity rebound contradicts the expectation that the ongoing
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increased ice-sheet mass loss in West Antarctica would continue to decrease rather than
increase DSW salinity in the western Ross Sea (Jacobs & Giulivi, 2010). Silvano et al.
(2020), based on in situ observations, linked this salinity recovery to the enhanced sea ice
formation driven by weakened easterly winds from the Amundsen Sea. However,
insufficient observations limit a more comprehensive analysis of the individual physical
interactions among the atmosphere, ocean, and sea ice that influence salinity variations in the
western Ross Sea. In this work, we used a well-tuned global ocean sea-ice model and
designed perturbation experiments to isolate the response of shelf water salinity to various
atmospheric forcing, aiming to unravel the cause of observed salinity rebound. Our study

highlights the importance of integrating observational data with model studies.
2 Model and experiment design
2.1 In situ hydrographic data

The observational data used in this study were sourced from in-situ salinity observations by
Castagno et al. (2019), covering the period from 1995 to 2018 with sampling during most
summers within this period. Hydrographic measurements in Terra Nova Bay (defined by
74.25°-75.50° S, 163°-166° E) with station depths deeper than 800 m have been used. The
region chosen is representative of DSW conditions in the western Ross Sea with a marked
rebound since the early 2010s (Figure 1b, red line). To compare with observations, model
results are sampled in the same area for those years in which the observation data were taken

(Figure 1b black line).
2.2 Model description

We adopted the Australian Community Climate and Earth System Simulator — Ocean Model
2 (ACCESS-OM2) (Kiss et al., 2020) with a configuration of 1-degree horizontal resolution

and 50 z* vertical levels covering from the surface to 5363.5m depth. The atmospheric
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forcing derived from JRAS55-do (Tsujino et al., 2018), including wind speed, air temperature
and humidity, radiation, precipitations, and sea level pressure, are used to diagnose air—sea
fluxes (wind stress, heat flux, and freshwater flux) through bulk formulae and interactive
coupling between ocean and sea ice. Freshwater flux and heat flux are defined as positive
downward (i.e., freshwater/heat gain by the ocean). In this study, ACCESS-OM?2 is
initialized from a state of rest, with temperature and salinity fields coming from the World
Ocean Atlas 2013 v2 monthly climatology (WOA13; (Locarnini et al., 2013; Zweng et al.,

2013)).

After a 200-year spin-up under repeated 1990-1991 JRAS55-do forcing (Tsujino et al., 2018),
the model reached quasi-equilibrium and was then forced with the 3-hourly JRAS55-do
interannual year forcing for 29 years from 1 January 1990 to 31 December 2018. Our analysis
focuses on the recent period 2000-2018. In this study, we used annual data from both model
simulations and observations to ensure a consistent comparison between the two of them.

More detailed information on the model setup can be found in the Supporting Information.
2.3 Surface salinity budget analysis

To quantify the processes driving surface salinity anomalies in our simulation, we use the
surface salinity budget terms diagnosed in the model. At the surface, the ocean salinity
budget in a grid cell is given by:

(E-P-R)S N p,1(S-S)
h poh

(1

S
E =-V- (uS) +V. (Keddys) + V- (KsmallS) +

where S is sea surface salinity, 0S/ct is the salinity tendency, h is the grid cell thickness, and
u is the three-dimension velocity. Keaqy is the diffusion tensor for mesoscale mixing, and
Ksman represents vertical diffusion and other mixing processes smaller than eddies. E and P

are the rates of evaporation and precipitation (positive upward), and R is river runoff and
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meltwater from Antarctica and Greenland. I is the rate of sea ice formation while S; is sea ice

salinity. po and pr are the reference seawater density and sea ice density, respectively.

In ACCESS-OM2 model, ocean salt content is conserved in each grid cell within the
expected numerical precision. The salinity budget in Eq. 1 states that the time tendency of
salinity (left-hand side) equals all contributing terms (right-hand side), including salt
convergences due to the oceanic processes (advection, the first term, and diffusion, the
second and third term), evaporation minus precipitation, runoff and meltwater, and sea ice.
We use these salinity budget terms to isolate the respective contributions of these processes to

the salinity rebound in our perturbation experiment.
2.4 Experiment design

In this study, we designed three perturbation experiments to investigate the role of
atmospheric forcing in the rebound of shelf water salinity in the western Ross Sea (Table in
the Supporting Information). In the first experiment, the All-Vary experiment, the ACCESS-
OM2 model is forced with prescribed atmospheric conditions taken from the JRA55-do 3-
hourly forcing from 2010 to 2018. In the second experiment from 2010 to 2018, the Wind-
Vary experiment, the wind forcing is the same as in the All-Vary experiment, and the rest of
the atmospheric forcing is replaced by the 3-hourly climatological forcing (derived over the
2000-2010 base period). In the third experiment from 2010 to 2018, the All-Fixed
experiment, all the atmospheric forcing is replaced by the climatological forcing (derived
over the 2000-2010 base period). In ACCESS-OM2, the ocean and sea ice models are forced
by the surface heat flux, freshwater flux, and wind stress calculated on-the-fly from
prescribed atmospheric conditions and model states. The ongoing increased Antarctic
meltwater is not expected to explain the observed rapid salinity rebound (Adusumilli et al.,
2020). Other freshwater flux, including precipitation, evaporation, and runoff, has a minimal

impact on the salinity in the western Ross Sea (Jacobs & Giulivi, 2010; Porter et al., 2019).



142 Therefore, changes in atmospheric forcing in the study region, are mainly from surface heat
143 flux and wind stress. We then compared the Wind-Vary experiment versus the All-Fixed

144  experiment to isolate the impact of wind stress and compared the All-Vary experiment versus
145  the Wind-Vary experiment to isolate the shelf water salinity response to surface heat flux

146  anomaly.
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148  Figure 1 | Recent Recovery of DSW salinity in the Wester n Ross Sea. (a) Map of the
149  Ross Sea and the study area in Terra Nova Bay (TNB, solid box). Bottom topography (m) is
150  shown in color (Amante & Eakins, 2009). White and black dashed lines represent the general
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currents along the shelf break and on the shelf, referred to Smith et al. (2014). (b) Time series
of averaged DSW salinity measured (solid red line) and simulated (solid black line) near the
seafloor, as well as detrended model simulations at different depth ranges from surface to 700

m (dashed lines) and their leading correlations with salinity near the seafloor. Simulated

zonal-averaged salinity trends from 2000-2010 (¢) and 2011-2018 (d).

3. Results

3.1 Observed salinity variations in the western Ross Sea reproduced by model simulations

Figure 1 shows the map of the study area, and the observed and modelled salinities over
different depth ranges in the western Ross Sea. The decreasing trend of DSW salinity near the
seafloor before the early 2010s is estimated to be -0.05 psu/dec (Figure 1b, red line), slightly
larger than the long-term trend of -0.03-0.04 psu/dec estimated by Jacobs et al. (2002) and
Jacobs and Giulivi (2010). However, after reaching a minimum in the early 2010s, the
freshening trend appears to reverse with a rapid salinity rebound (Figure 1b, red line). The
DSW salinity in Terra Nova Bay (TNB) had rebounded up to 2018, reaching its value in the
mid-late 1990s, indicating a recent recovery of DSW salinity in the western Ross Sea
(Castagno et al., 2019). The observed decrease of DSW salinities between 2000 and the early
2010s followed by the sharp rebound is reproduced well by our model simulation based on

ACCESS-OM2 (Figure 1b, red and black lines).

This recent sharp salinity rebound is simulated throughout the entire water column from
surface to the bottom (Figures 1b, 1c,1d, and Figure S1 in Supporting Information),
supported by a strong correlation, with surface salinity leading seafloor salinity at a
maximum of 16 months (r = 0.69, p<0.05). We then discuss the drivers of the recent DSW

salinity rebound since the early 2010s based on our model simulation.
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(a)Surface salinity budget analysis in the western Ross Sea (b) Shelf water salinity in the western Ross Sea
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Figure 2 | Recent Recovery of DSW salinity induced by atmospheric forcing. (a) Time
series of detrended model simulated surface salinity (red line) in western Ross Sea (162°E-
168°E, 74°S-78°S), and time integrated surface salinity changes due to sea ice (bule line), net
precipitation plus runoff (grey line) and oceanic process (green line) from 2000 to 2018. (b)
Time series of averaged DSW salinity simulated by All Vary (black line) from 2000 to 2018,
Wind Vary (blue line) and All Fixed (red line) and their trends (dashed lines) from 2011 to

2018 near the seafloor in TNB. Trend values are given in the legend in Psu per decade.

3.2 The effects of atmospheric forcing on recent salinity rebound through sea ice formation

A surface salinity budget analysis based on our model simulation (Figure 2a) reveals that
increased brine rejection from sea ice production largely drives the recent salinity rebound
over the western Ross Sea between 2010 and 2018. Oceanic processes counteract the salinity
tendency implied by sea ice brine rejection. Other freshwater sources, such as precipitation
minus evaporation, runoff, and Antarctic meltwater, exert minimal impact and cannot explain
the observed rapid DSW salinity rebound. This is substantiated by hydrographic
measurements that neither support a reduced net precipitation over the Ross Sea continental
shelf (Porter et al., 2019) nor evidence of a decline in freshwater inflow from the Amundsen

Sea (Adusumilli et al., 2020).
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To further determine which atmospheric forcing is responsible for the recent salinity rebound,
we conduct three perturbation experiments: All-Fixed, Wind-Vary, and All-Vary (see Table
in Supporting Information). In the All-Fixed experiment, with atmospheric forcing remaining
fixed to its climatology from 2000 to 2010, a negative trend in the salinity of the DSW is
simulated (-0.062 psu/dec from 2011 to 2018, red line in Figure 2b), which is roughly
consistent with the declining trend observed from the 1990s to the early 2010s (Jacobs &
Giulivi, 2010; Castagno et al., 2019). The All-Fixed experiment suggests that a continued
decrease in DSW salinity would be expected in the absence of changes in atmospheric
conditions. The Wind-Vary experiment suggests that incorporating real-time wind forcing
could basically stop the gradual decrease trend in salinity observed previously over 2000-
2010 and stabilize without any obvious trends over 2010-2018 (blue line in Figure 2b). It is
important to note that besides wind stress, other atmospheric factors also play a role in sea ice
formation. Sea ice formation is closely connected to surface air temperature and sea surface
temperature, which, in turn, is influenced by various types of surface heat flux from the

atmosphere (Turner et al., 2015; Alekseev et al., 2022).

The All-Vary experiments provide compelling evidence that including all the real-time
atmospheric forcing results in a notable rebound in DSW salinity in the western Ross Sea of
+0.050 psu/dec over 2010- 2018, close to observations (Figure 2b, black line). Therefore, our
model experiments suggest that the dynamic effect (sea ice formation driven by wind stress
anomaly) and thermodynamic effect (sea ice formation driven by surface heat flux anomaly)
have comparable impacts on the recent rebound in DSW salinity, contributing ~ 0.050

psu/dec each to the rebound (Figure 2b).

We next show the processes and mechanisms that how wind forcing (as revealed by

comparing Wind-Vary and All-Fixed experiments) and surface heat flux (as revealed by



218 comparing All-Vary and Wind-Vary experiments) cause increased sea ice production that

219  further induces the recent rebound of DSW salinity in the western Ross Sea.
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220 Figure 3 | Increased sea ice production due to sea ice divergence induced by wind

221  anomalies. Climatology and 2014-2017 anomalies of winds (a,b, vectors, with colour

222  shading represents wind divergence; negative values denote divergent), sea ice advection [-
223 Veuh)] (c,d, sea ice motion and sea ice mass advection), and sea ice production (e,f) induced

224 by wind forcing.
225

226 3.3 Increased sea ice formation driven by anomalous wind forcing

227  Seaice dynamical processes, such as a changed sea ice motion in response to changing

228  surface wind stress, play an important role in the redistribution of sea ice (Holland & Kwok,
229  2012; Turner et al., 2015). Ice motion is described by ice velocity, whereas sea ice advection
230 s described here by sea ice convergence [-V. (uk)] (Figures 3c and 3d), where u is sea ice

231  velocity and /4 is sea ice thickness (Zhang et al., 2010). Thus, changes in ice thickness (mass
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gain or loss) due to ice advection quantitatively describe the impact of wind-driven ice

motion on sea ice spatial redistribution.

Mass loss due to sea ice advection generally occurs in the south region of the western Ross
Sea, and ice gain occurs in the north (Figure 3c¢), indicating a sea ice motion from south to
north in the Western Ross Sea (Comiso et al., 2011; Holland & Kwok, 2012; Turner et al.,
2015). Such a sea ice advection pattern is attributed to strong northward ice motion driven by
the coastal currents and strong southerly winds prevailing in winter (Holland & Kwok, 2012;
Turner et al., 2016). During the period of 2014-2017, however, a local wind stress anomaly in
the western Ross Sea displayed a divergent pattern (Figure 3b, blue shading). This anomaly
had a notable impact on the motion of sea ice, particularly in impeding its northward motion,
resulting in ice loss in the western Ross Sea (Figure 3d, blue shading, change in ocean
circulation is negligible in our Wind-Vary experiment) and concurrent ice gain in the Ross
Sea polynya near the coast (Figure 3d, red shading). Consequently, local changes in ice
thickness (gain and loss) due to this reduced northward ice transport can be up to 0.2 cm/day,
leading to the expansion of a larger area of thin ice in the north and a narrow area of thick ice
near the coast (Figure S4). This increased presence of thin ice contributes to enhanced ice
growth and brine rejection (Figure 3f), as growth rates of thin ice are higher compared to

thick ice (Zhang et al., 2010).

The significant negative spatial correlation between the simulated anomalies of sea ice
advection and sea ice production (Figures 3d, 3f, r =-0.73, p<0.01) further highlights the
close relationship between wind-driven sea ice mass advection and ice production.
Additionally, the sea ice loss (gain) resulting from sea ice mass advection exhibits a
significant correlation with the wind divergence anomaly over the western Ross Sea (Figures
3band 3d, r=0.67, p<0.01). These findings suggest that, in the Wind-Vary experiment, wind

forcing plays a dominant role in the formation of ice in the Ross Sea, primarily through ice
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mass advection processes. To identify the region where the wind forcing is responsible for
the changes in sea ice in the Western Ross Sea, we conducted further experiments
(Supporting Information 1.4 and Figure S2). Our investigation reveals that only when
applying real-time wind forcing in the western Ross Sea region (160°E-170°W, 60°S-80°S)
the model is able to successfully simulate the increased salinity of DSW driven by wind
(Figures S2 and S3). This suggests that the wind-driven component of the simulated increase
in DSW salinity is primarily driven by local wind anomalies rather than non-local wind
originating from distant regions. Thus, during the period of 2014-2017, the amplified sea ice
production and brine rejection observed in the Wind-Vary experiment in the western Ross

Sea can be attributed to the thinning of sea ice caused by local divergent wind anomalies.
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Figure 4 | Increased sea ice production due to lower temperatures induced by surface
heat flux anomalies. Climatology and 2014-2017 anomalies of surface heat flux (Wm;
positive downward) (a,b), sea surface temperature (°C) (¢,d) and sea ice production (cm/day)

(e,f) induced by atmospheric forcing other than wind.
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3.4 Increased sea ice formation driven by surface heat flux

In addition to the dynamical processes induced by wind, thermodynamic processes can also
play an important role in the production of sea ice. During the sea ice growth season, the
surface heat flux plays a crucial role in influencing sea ice production by affecting the sea
surface temperature (Turner et al., 2015; Alekseev et al., 2022). During the period of 2014-
2017, a comparison between All-vary and wind-vary model experiments reveals that with a
decrease in surface heat flux from the atmosphere, there is a corresponding decrease in upper-
ocean temperature (Figures 4b and 4d) in the western Ross Sea. This decrease in temperature
promotes an increase in sea ice growth, resulting in increased brine rejection from the new ice
and subsequently contributing to an increased salinity from surface to seafloor in the western
Ross Sea (Figures 2b and 4f). The significant spatial correlation between the anomalies of
surface heat flux and sea surface temperature (Figures 4b and 4d, r = 0.68, p<0.01), and sea
ice production (Figures 4b and 4f, r = 0.63, p<0.01) further highlights the strong connection

between surface heat flux and sea ice production.

It is essential to note that contrary to a simplistic inverse correlation, the relationship between
sea surface temperature and net sea ice production is more intricate (Zhang, 2007). Our
simulations indicate that in the upper 200 meters of the western Ross Sea, an increase in
salinity and a decrease in temperature lead to increased ocean density (Figure S5). This
increased upper-ocean density in turn reduces stratification (the denser layer above the lighter
layer) and enhances vertical heat exchange, leading to a greater upward ocean heat transport
available to melt the sea ice (Zhang, 2007; Turner et al., 2015). The pivotal balance of sea ice
thus lies between the initial sea ice growth driven by surface cooling and the sea ice melt
induced by vertical heat flux from the subsurface. In line with this, our model exhibits a
positive anomaly in local net ice production of 0.2 cm/day (Figure 4f), primarily driven by a

more pronounced increase in ice growth compared to ice melt (Figure S6). Hence, the overall
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increase in net sea ice production and brine rejection due to the thermodynamic process is
driven by the rate of ice growth—induced by lower surface temperatures— surpassing the
rate of ice melt, which itself is influenced by increased convective overturning and resultant

upward ocean heat transport.
4. Discussion and conclusions

This study presents results from a model study of the recent rebound of DSW salinity in the
western Ross Sea. Sea surface salinity budget analysis shows that the recent salinity rebound
is dominated by increased brine rejection from sea ice formation, which further propagates
and extends the whole water column from surface to seafloor (0-900 m). We further conduct
three model perturbation experiments and find that this increased sea ice formation is driven
by the combined effect of anomalous local wind stress and surface heat flux, which have
nearly equal impacts on shelf water salinity rebound through dynamic and thermodynamic
processes. During 2014-2017, the local wind anomalies induced a divergent motion in sea
ice, reducing sea ice thickness and promoting local sea ice formation. Meanwhile, cooling
heat flux anomaly from the atmosphere cools the surface, increasing sea ice production in

winter.

The Southern Oscillation Index (SOI) captures variability associated with the ENSO events,
influencing the low-pressure system over the Amundsen Sea (Amundsen Sea Low, ASL)
through the atmospheric teleconnection (Lee & Jin, 2023). A negative SOI (corresponding to
an El Nifio event) over 2014-2017 (Figure S7a) influenced an eastward and northward shift of
the ASL central (Figure S7b) (Raphael et al., 2016), leading to a reduction in the meridional
sea level pressure gradient in the western Ross Sea (Figures S7 c,d) (Coggins & McDonald,
2015), thus weakening southerlies and reducing surface heat flux in the western boundary
(Clem et al., 2017), ultimately leading to the recent rebound of DSW salinity through sea ice

formation.
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Long-term observations have recorded a freshening AABW over the past 60 years (Jacobs &
Giulivi, 2010; Silvano et al., 2018), as a result of increased Antarctic meltwater (Lago &
England, 2019; Johnson, 2022). Our study reveals that climate variability can temporally
counteract this long-term freshening by enhancing sea ice formation and brine rejection.
Future climate projections show an increased frequency of extreme El Nifio events due to the
greenhouse warming (Cai et al., 2014), therefore possibly enhancing AABW formation that
potentially offsets or even surpasses the meltwater-induced freshening on different time
scales. Thus, the experiment design and salinity budget analysis conducted here provide an
essential reference for identifying the major drivers of the shelf water salinity variations from

interannual to decadal time scales.
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Overview

We present here additional information related to oceanography data, model simulation setup,
summary of perturbation experiment settings, and the additional experiment and analysis

(Figures S1 to S7).
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28 3. Figures

Time series of salinity in the western Ross Sea
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29  Figure S1 | Comparisons of salinity between model experiments and observations. Time
30 series of averaged DSW salinity measured (solid line) and model-simulated (dashed line)

31 near the seafloor at Terra Nova Bay (TNB, red line), Drygalski Trough mouth (DT, blue

32 line), Joides Trough (JT, yellow line) and Glomar Challenger Trough (GCT, grey line) from
33 2000 to 2018.
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Wind Velocity in the Ross Sea Region: CLIMATOLOGY
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Figure S2 | Interannual variability of winds in the western Ross Sea. The Ross Sea-Only
simulation employed a fixed wind forcing and real-time other atmospheric forcing approach

for the entire Southern Ocean, except for the western Ross Sea (160°E-170°W, 60°S-80°S),

where real-time wind forcing was implemented.
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Time series of salinity in the western Ross Sea
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Figure S3 | Simulated DSW salinity from further perturbation experiments Time series
of averaged DSW salinity simulated by All Vary (black line) from 2000 to 2018, Wind Fix
(Ross Sea Wind Vary) + Heat Vary (cyan line) and Wind Fix + Heat Vary (blue line) from
2010 to 2018 near the seafloor in TNB (details in Supplementary 1.4. Ross Sea-only wind

experiment).
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Figure S4 | Sea ice thickness in wind experiment. Climatology (a, All-Fixed) and 2014-

2017 anomaly (b, Wind-Vary minus All-Fixed) of sea ice thickness induced by wind forcing.



66

67

68

69

70

71

72
73
74

75

76

200 A

400 A

Depth

600 -

800 -

1000 T T T
-80.0 -77.5 -75.0 =72.5 -70.0 —-67.5

Latitude

(a)Density CLIMATOLOGY 11.037e3

Depth

1000

(b)Density ANOMALY: 2014-2017

200 A

400 A

600 -

800 -

280.0 —77.5 —75.0 —72.5 —70.0 —67.5
Latitude

0.09

0.06

0.03

0.00

kg/m3

—0.03

—0.06

-0.09

Figure S5 | Density change in surface heat flux experiment. Zonal averaged climatology

(a, Wind-Vary) and 2014-2017 anomaly (b, All-Vary minus Wind-Vary) of ocean density in

heat flux experiment.
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Figure S6 | Sea ice growth and melt in surface heat flux experiment. Averaged sea ice

anomalies (All-Vary minus Wind-Vary) in growth (a) and melt (b) between 2014 to 2017 in

heat flux experiment.
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Figure S7 | Wind forcing, and surface heat flux driven by climate anomalies. (a) Time
series of SOI between 2011 to 2018. The period from 2014-2017 is characterized by negative
SOL. (b) Time series (solid line) and trends (dashed line) of ASL central latitude (black line)
and longitude (red line) from 2014-2018, within the ASL sector (170°E-298° E, 80°S-60° S).
Sea level pressure in 2014 (¢), and anomaly in 2017 (d).
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28 2. Table | Summary of experiment simulation settings

Simulation Wind forcing Other atmospheric forcing
All Vary Interannual Interannual

Wind Vary Interannual Climatology

All Fixed Climatology Climatology

29

30 Note that ‘Interannual’ represents real-time atmospheric forcing, and ‘Climatology’

31 represents the averaged atmospheric condition from 2000 to 2010.
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1. Method

1.1 Oceanography data

The oceanographic data utilized in this study were sourced from the work of Castagno et al.
(2019). To capture the salinity changes in the Deep Shelf Water (DSW) of the Ross Sea,
specific regions were selected for analysis. The time series in Fig.1a and Supplementary S1
were obtained by averaging the salinity in the 30 dbar layer from 870 to 900 dbar for TNB
(74.25°S-75.50°S and 163.00°E—166.00°E), and in the bottom 20 dbar for Drygalski Trough
mouth (DT, 72.00°S and 72.67°S and 171.50°E and 174.50°E), Joides Trough (JT, 73.90°S—
74.10°S and 174.20° E-176.00°E) and Glomar Challenger Trough (GCT, 75.80°S-76.20°S

and 178.00°W-177.10°W).
1.2 Climate indices

The Southern Oscillation Index (SOI) captures variability associated with the El Nifio/La
Nina cycle and represents the dominant modes of atmospheric variability in the Pacific sector
of the Southern Ocean. We used monthly SOI provided by NCAR

(https://climatedataguide.ucar.edu/climate-data/southern-oscillation-indices-signal-noise-and-

tahitidarwin-slp-soi). The monthly location of ASL central was also used in this study,

sourced from (https://scotthosking.com/asl_index). The location of ASL central, which is the

minimum sea surface pressure, is defined using an ASL detection methodology, described in

(Hosking et al., 2016).
1.3 Model simulation setup

ACCESS-OM2 is a global model with coupled ocean and sea-ice components driven by
prescribed atmosphere forcing. The ocean component is the Modular Ocean Model version
5.1 (MOMS5.1; (Griffies, 2012) from the National Oceanic and Atmospheric Administration

Geophysical Fluid Dynamics Laboratory (NOAA-GFDL). The sea-ice component is the
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Community Ice Code version 5.1.2 (CICES5.1.2;(Hunke et al., 2015)). The coupling of these
two components is achieved by the model coupling toolkit from CERFACS and CNRA
through the Ocean Atmospheric Sea Ice Soil version 3 (OASIS3; (Valcke, 2006)). ACCESS-
OM2 simulation is initialized from rest with zero sea level and with temperature and salinity
from the World Ocean Atlas 2013 (WOA13). Surface salinity was restored to the WOA13

monthly climatology with a restoring time scale of 21days over the top layer.

The initial phase of our study involves a 200-year spin-up, which is driven by the repeat year
forcing from 1% May 1990 through 30™ April 1991 (RYF-9091, repeat-year forcing 1990-
1991). This repeat year forcing is chosen due to its neutral characteristics with respect to
major climate variability modes. Following this spin-up, the ACCESS-OM2 model is then
forced with interannually varying atmospheric variables based on the Japanese 55-Year
Reanalysis (JRA-55) dataset for driving ocean—sea ice models version 1.4 (hereafter referred

to as JRAS55-do v1.4; (Tsujino et al., 2018)) from 1990 to 2018.
1.4 Experiment design: Ross Sea-only wind experiment

To ascertain the specific location of the wind responsible for the changes in sea ice, we
conducted further experiments called the Ross Sea-only wind experiment. The Ross Sea-only
simulation employed a fixed wind forcing (climatology) and real-time other atmospheric
forcing approach for the entire Southern Ocean, except for the western Ross Sea (160°E-
170°W, 60°S-80°S), where real-time wind forcing was implemented. We then compared the
Ross Sea-only wind experiment versus the heat-vary experiment (climatological wind forcing
and real-time other atmospheric forcing) to isolate the impact of local wind stress anomaly in

the western Ross Sea.
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