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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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Figure 1:

(a)Surface salinity budget analysis in the western Ross Sea
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(b) Shelf water salinity in the western Ross Sea
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Figure 2: This is a caption




(a) Wind Velocity Climatology
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Figure 3:

(a) Surface Heat Flux Climatology
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(d)Sea Ice Advection Anomaly:2014-2017
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(b) Surface Heat Flux Anomaly: 2014-2017
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Text
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 Figureslb and 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 climate variability associated with the El
Nifio/La Nifia cycle and represents the dominant modes of climate 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 Sea ice production in the Ross Sea polynya

Large uncertainties exist in estimating sea ice production across the entire Ross Sea
continental shelf, primarily due to a scarcity of in-situ observations during the autumn-winter
period (Ackley et al., 2020). We thus compared our model results with the recent

reconstructed sea ice production in the Ross Sea polynyas, which are relatively better
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observed than other regions. This reconstructed data, sourced from the work of Nihashi et al.
(2023), provided a time series of ice production in the Ross Sea polynyas from 2002 (Figure
S10), derived using high spatial resolution satellite data from passive microwave sensors,
including the Advanced Microwave Scanning Radiometer for EOS and the Advanced
Microwave Scanning Radiometer 2. Ice production estimates in the Ross Sea polynya were
derived from heat flux calculations for the March—October period following the previous
studies (Nihashi & Ohshima, 2015; Nihashi et al., 2017; Tamura et al., 2008). And the

polynya was defined as an area comprising sea-ice pixels with a SIC of =30% and a

thickness of <20 cm.

1.4 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
Community Ice Code version 5.1.2 (CICES.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-
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). The atmospheric forcing derived from JRAS55-do (Tsujino et al., 2018), including
wind speed, air temperature and humidity, radiation, precipitation, 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). The Antarctic



calving and ice shelf basal meting are prescribed as a climatological runoff (Depoorter et al.,
2013) near the Antarctic “coast”. We should note that this “idealised” freshwater forcing
assumption might be suitable for basal melting that delivers freshwater along with a line
source close to the Antarctic coast but may not appropriately represent the non-uniform

drifting distribution of freshwater released by iceberg.

In ACCESS-OM2, there are no explicit tides, but the model does include mixing and
viscosity from parameterized internal and barotropic tidal processes. During the spin-up,
surface salinity was restored to the WOA 13 monthly climatology with a restoring time scale
of 21days over the top layer. This model does not include the ice shelf component, and the
meltwater from Greenland and Antarctica is replaced by a climatological runoff (Bamber et

al., 2012; Depoorter et al., 2013; Kiss et al., 2020).

Meanwhile, despite being a common technique to prevent multi-decadal drift in ocean
surface simulation (Griffies et al., 2009), surface relaxations to climatology would limit
ocean responses to the applied perturbation. To overcome this limitation, the restoring salt
fluxes were saved at 3 hourly intervals over the last 10 years of the spin-up. A new control
run was then conducted in a non-adaptive way (Lyu et al., 2023; Zhang & McPhaden, 2008;
Zika et al., 2018), in which surface restoring fluxes were prescribed from the above-saved
ones. By doing so, the model surface conditions are allowed to respond freely to the applied

surface flux perturbation.

The initial phase of our study involves a 200-year spin-up, which is driven by the repeat year
forcing from 1%t 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 (Tsujino et al.,

2018) from 1990 to 2018.
1.5 Experiment design:
- All-Fixed (09-10) and Wind-Vary (09-10) experiments

Applying a 10-year climatology may overlook events with high-frequency storms, potentially
leading to anomalies in heat flux. Therefore, a repeat year forcing using 2009-2010 (1% May
2009 to 30" April 2010) atmospheric condition (RYF-0910), which includes high-frequency
events, has been tested. The All-Fixed (09-10) and Wind-Vary (09-10) experiments, except
for the wind forcing in wind experiment, apply the repeated 2009-2010 atmospheric
conditions from 2010 to 2018 to simulate the ocean response after 2010, if atmospheric

conditions remain constant (Figure S2).
- Ross Sea-Only wind experiment

To ascertain the specific location of the wind responsible for the changes in sea ice, we
conducted another experiment called the Ross Sea-Only wind experiment. For simplicity, we
define the local western Ross Sea as a box area, Area 1 (Figure S5,160°E-170°W, 60-80°S),
while Area 2 encompasses the entirety of the Southern Hemisphere (south of 0°) excluding
Area 1. The Ross Sea-Only simulation employed climatological forcing as in the All-Fixed
experiment, except for the Area 1, where real-time wind forcing was implemented (Table
S1). We then compared the Wind-Vary and Ross Sea-Only wind experiments versus the All-

Fixed experiment to isolate the impact of local wind stress anomaly in the western Ross Sea.



Table S1 | Summary of experiment simulation settings

Experiment Wind forcing Wind forcing Other atmospheric
(Areal) (Area2) forcing

All-Vary Interannual Interannual Interannual

Wind-Vary Interannual Interannual Climatology

All-Fixed Climatology Climatology Climatology
All-Fixed (09-10) RYF-0910 RYF-0910 RYF-0910
Wind-Vary(09-10) Interannual Interannual RYF-0910

Ross Sea-Only Interannual Climatology Climatology

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

averaged atmospheric condition from 2000 to 2010, and ‘RYF-0910’ represents the repeat

year forcing from 1%t May 2009 to 30" April 2010. Area 1 is defined as a box area (Figure

S5,160°E-170°W, 60-80°S), and Area 2 encompasses the entirety of the Southern Hemisphere

(south of 0°) excluding Area 1.
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Time series of salinity in the western Ross Sea
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Figure S1 | Comparisons of salinity between model experiments and observations. Time
series of averaged DSW salinity measured (solid line) and model-simulated (dashed line)
near the seafloor at Terra Nova Bay (TNB, red line), Drygalski Trough mouth (DT, blue
line), Joides Trough (JT, yellow line) and Glomar Challenger Trough (GCT, grey line) from

2000 to 2018.



Time series of shelf water salinity in the western Ross Sea
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Figure S2 | All-Fixed (09-10) experiment. Same as Figure 2b, but instead of being forced
by a 10-year climatology, the All-Fixed and Wind-Vary (except wind forcing) models are
repeatedly forced by the atmospheric forcing from 2009-2010. The salinity from the Wind-

Vary and All-Fixed experiments in Figure 2b are overlaid (dashed red and blue lines).



(a)Net surface heat flux: All-Fixed (b)Net surface heat flux: Wind-Vary
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Figure S3 | Net surface heat flux. The averaged net surface heat flux (turbulent flux and
radiative flux) from 2014-2017 in All-Fixed experiment (a), Wind-Vary experiment (b), and

their difference (¢, Wind-Vary minus All-Fixed).

(a)Sea Ice Thickness Climatology

(b)Sea Ice Thickness Anomaly:2014-2017

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.



Wind Velocity in the Ross Sea Region: CLIMATOLOGY
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Figure S5 | Interannual variability of winds in the western Ross Sea. The Ross Sea-Only

70°S

simulation employed climatological forcing as in the All-Fixed experiment for the entire
Southern Hemisphere (south of 0°), except for the western Ross Sea (Area 1, 160°E-170°W,

60°S-80°S), where real-time wind forcing was implemented (Table S1).



Time series of shelf water salinity in the western Ross Sea
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Figure S6 | Simulated DSW salinity from further perturbation experiments. Time series
of averaged DSW salinity simulated by All-Fixed experiment (black line) from 2000 to 2018,
Wind-Vary (blue line) and Ross Sea-Only (cyan line) from 2010 to 2018 near the seafloor in

TNB (details in Supplementary Text 1.4. Ross Sea-Only wind experiment).
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Figure S7 | Density changes in surface heat flux experiment. Zonal averaged (163-170°E)

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 S8 | 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.



(a)Time series of SOI from 2011 to 2017
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Figure S9 | 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 (c¢), and anomaly in 2017 (d).



Sea Ice Production in the Ross Sea Polynas (Volume, km3)
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Figure S10 | Sea ice production in the Ross Sea polynya. Time series of observed (solid
black line) and simulated (solid red line, All-Vary experiment) annual ice production
(cumulative ice production during March—October, volume in km?) and their trends (dashed

lines) from 2003-2010 and 2010-2018 in the Ross Sea polynya.
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Key Points

e Using a global ocean-sea ice model, we simulate the recent rebound of Dense Shelf
Water salinity in the western Ross Sea during 2012-2018.

e A model-based salinity budget analysis reveals increased sea ice formation as the
primary driver of the observed salinity rebound.

e Experiments indicate that this increased sea ice formation is triggered by the

combined effect of local wind stress and surface heat flux.
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. However, during 2012-2018, salinity of the western Ross Sea has rebounded. This
study adopts a global ocean-sea ice model to investigate the causes of this salinity rebound.
Model-based surface salinity budget analysis indicates that the salinity rebound was driven by
increased brine rejection from sea ice formation, triggered by 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 cooling heat flux anomaly decreased the
surface temperature, increasing sea ice production as well. This highlights the importance of

understanding local climate variability in projecting future dense shelf water change.
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Plain Language Summary

Previous research linked the recent salinity increase in the western Ross Sea to weakened
easterly winds from the Amundsen Sea. However, insufficient observations limit the further
investigation of the linkage and underlying mechanisms between atmospheric forcing and
shelf water salinity changes. In this study, we use a global ocean-sea ice coupled model to
investigate the factors affecting the recent western Ross Sea shelf water salinity increase.
Based on a surface salinity budget analysis, we show that the recent salinity increase was
supplied by brine rejection induced by increased sea ice formation, triggered almost equally
by local anomalous winds and surface heat flux. The local wind anomalies induced a
divergent motion in sea ice, reducing sea ice thickness and promoting local sea ice formation.
Meanwhile, a negative heat flux anomaly from the atmosphere cools the surface, increasing
sea ice production as well. Our study highlights the impact of local climate variability on
dense shelf water. Moreover, the model experiment design and salinity budget analysis
undertaken here provide an essential reference for identifying the major drivers of the shelf

water salinity variations.
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1. Introduction

The Ross Sea provides the densest Dense Shelf Water (DSW), the precursor for Antarctic
bottom water (AABW) on its continental shelf and contributes approximately 25% of AABW
formation to the global ocean (Figure 1a; 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 (Sansiviero et al., 2017), together with
remote sources advected toward the western Ross Sea by coastal currents (Jendersie et al.,

2018).

In the western Ross Sea, sea ice is driven northward by the persistent, strong southerly 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 (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 (Jacobs et al., 2022).

Ocean measurements in the western Ross Sea have shown a significant decrease (~0.03
psu/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). During
2012-2018, 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 ongoing increased Antarctic meltwater, which would
continue to decrease rather than increase DSW salinity in the western Ross Sea (Jacobs et al.,

2022). Silvano et al. (2020), based on in-situ observations, linked this salinity recovery to the
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enhanced sea ice formation driven by weakened easterly winds from the Amundsen Sea.
Jacobs et al. (2022) discussed the short-term variability related to the Interdecadal Pacific
Oscillation, zonal winds, and ice shelf melting in 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 recent salinity variations in the
western Ross Sea. In this work, we used a well-tuned global ocean sea-ice model and
perturbation experiments to isolate the response of shelf water salinity in Terra Nova Bay
(TNB, 74.25-75.50° S, 163—166° E; Figure 1a) to various surface forcing, aiming to unravel
the cause of the 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

This study used in-situ salinity observations from Castagno et al. (2019) for 1995-2018, that
were primarily obtained during summer. Hydrographic measurements in TNB and other
nearby regions (Supplementary Text 1.1 and Figure S1) with station depths deeper than
800m have been used. These regions chosen are representative of DSW conditions in the
western Ross Sea with a marked rebound in salinity during 2012-2018 (Figures 1b, S1). To
compare with observations, model results are sampled in the same area for those years in

which the observation data were taken.

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° horizontal resolution. The
atmospheric forcing was derived from JRA55-do (Tsujino et al., 2018). While this model

does not include the ice shelf component, the Antarctic calving and ice shelf basal meting are
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prescribed (Depoorter et al., 2013) as a climatological runoff at the surface. After a 200-year
spin-up under repeated 1990-1991 JRAS55-do forcing, 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. All the experiments used a non-adaptive salinity
relaxation scheme which prevents model mean state from drifting too much but still allows
free responses to the applied surface forcing perturbations (Zhang & McPhaden, 2008; Lyu et
al., 2023). Refer to Supplementary Text 1.4 for details. Our analysis focuses on the recent
period 2000-2018, using annual data from model simulations and observations for

comparison.
2.3 Surface salinity budget analysis

At the surface, the ocean salinity budget in a grid cell is given by:

[7]
= = V- (uS)+V- (KogayS) + V- (K

(E-P—R)S 1(5-5S.)
smallS) + Res + ———+ o s D
o

where S is sea surface salinity, 0S/0t is the salinity tendency, h is the grid cell thickness, and
u is the three-dimension velocity. Keady is the diffusion tensor for mesoscale mixing, and
Ksman represents vertical diffusion and other mixing processes smaller than eddies. Res is the
surface salinity relaxation. E and P are the rates of evaporation and precipitation respectively
(positive upward), and R is river runoff and meltwater from Antarctica and Greenland. I is
the rate of sea ice formation while Sj is sea ice salinity. p, and pr are the reference seawater

density and sea ice density, respectively.

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 combined oceanic
processes and salinity relaxation (i.e., advection, the first term; diffusion, the second and third
term; and relaxation, the forth term), net precipitation, runoff and meltwater, and sea ice.

Since the focus of this research is on the recent salinity rebound, the linear trend from 2000 to
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2018 has been removed from each term on both sides prior to the budget analysis calculation.
We then 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

We designed three perturbation experiments over 2010 to 2018 to investigate the role of
surface forcing in the rebound of shelf water salinity (Supplementary Table S1). In the first
experiment, the All-Vary experiment, the ACCESS-OM2 model is forced with prescribed
atmospheric conditions taken from the JRAS55-do 3-hourly forcing from 2010 to 2018. In the
second experiment, the Wind-Vary experiment, the wind forcing is the same as in the All-
Vary experiment, but the rest of the atmospheric forcing is replaced by the 3-hourly
climatological forcing (derived over the 2000-2010 base period) in the Southern Hemisphere
(south of 0°). In the third experiment from, the All-Fixed experiment, all the atmospheric
forcing is replaced by the 2000-2010 climatological forcing in the Southern Hemisphere.
Applying a 3-hourly climatology out of a 10-year base period may suppress high-frequency
storm forcing. To test this, we have also conducted another fixed-forcing experiment using
2009-2010 (1% May 2009 to 30" April 2010) repeat year forcing (All-Fixed 09-10), which
preserves high-frequency forcing and shows similar results as the All-Fixed experiment

(Supplementary Text 1.5 and Figure S2).

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 (Adusumilli et al., 2020) can
not explain the observed rapid salinity rebound (Jacobs et al., 2022; Yan et al., 2023). Other
freshwater flux, including precipitation, evaporation, and runoff, has a minimal impact on the
salinity in the western Ross Sea (Porter et al., 2019). Therefore, changes in surface forcing in

the study region are mainly from surface heat flux and wind stress. We then compared the
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Wind-Vary experiment versus the All-Fixed experiment to isolate the impact of wind stress ,
and similarly compared the All-Vary experiment versus the Wind-Vary experiment to isolate
the shelf water salinity response to surface heat flux anomaly. Note that wind anomalies can
lead to anomalies in turbulent heat flux. However, we have checked the difference between
Wind-Vary and All-Fixed experiments and found that the wind-induced heat flux anomalies
are relatively small compared to the heat flux anomalies between All-Vary and Wind-Vary
experiments (Figure S3). Furthermore, we found that decomposition of total salinity changes
into wind-driven and heat flux-driven components achieves a good closure, i.e., the sum of

the two components is nearly equal to the total signal.

3. Results

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

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 2010 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 around 2012, the freshening trend
appears to reverse with a rapid salinity rebound (Figure 1b, red line). The DSW salinity in
TNB had rebounded up to 2018, 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
2010 followed by the sharp rebound is reproduced well by our model simulation based on

ACCESS-OM2 (Figure 1b, red and black lines, r=0.73, p<0.05).

This recent sharp salinity rebound is simulated throughout the entire water column from

surface to the bottom (Figures 1b,c,d,S1), supported by a strong correlation, with surface
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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 based on our model simulation.

3.2 The effects of surface 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 and salinity relaxation
counteract the salinity tendency implied by sea ice brine rejection. Other freshwater sources,
such as net precipitation and runoff, 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).

To further determine which surface forcing is responsible for the recent salinity rebound, we
conduct three perturbation experiments: All-Fixed, Wind-Vary, and All-Vary. 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 2011-2018, red
line in Figure 2b), which is roughly consistent with the declining trend observed from the
1990s to the early 2010s. 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 (Figure 2b, blue line). It is important to note that
besides wind stress, surface heat flux also plays a significant 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. Our model
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experiments thus indicate that the dynamic process (sea ice formation driven by wind stress
anomaly) and thermodynamic process (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 explain how wind forcing (comparing
Wind-Vary and All-Fixed experiments) and surface heat flux (comparing All-Vary and
Wind-Vary experiments) cause increased sea ice production that further induces the recent

rebound of DSW salinity in the western Ross Sea.

3.3 Increased sea ice formation driven by anomalous wind forcing

Sea ice dynamical processes, such as a changed sea ice motion in response to changing
surface wind stress, play an important role in the redistribution of sea ice (Holland & Kwok,
2012). Ice motion is described by ice velocity, whereas sea ice advection is described here by
sea ice convergence [-V. (uk)] (Figures 3c,d), where u is sea ice velocity and /4 is sea ice
thickness (Zhang et al., 2010). Thus, changes in ice thickness (mass 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 3¢), indicating a sea ice motion from south to
north in the Western Ross Sea. 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 (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,
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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 m, 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 an
overall increased ice production in the western Ross Sea continental shelf (0.17cm/day in
162-168°E, 73-78°S, 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.f, 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 3b,d, 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 mass advection
processes. To further identify the region where the wind forcing is responsible for the
changes in sea ice, we conducted a specific Ross Sea-Only wind experiment (Supplementary
Text 1.5 and Figure S5). 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 can successfully
simulate the increased salinity of DSW driven by wind (Figures S5,S6). 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 from distant regions, distinguishing our
work from the previous study by Silvano et al. (2020). Thus, during the period of 2014-2017,

the amplified sea ice production and brine rejection observed in the Wind-Vary experiment in
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the western Ross Sea can be attributed to the thinning of sea ice caused by local divergent

wind anomalies.

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 (Holland et al., 2010). 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,d) 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,4f). The significant spatial correlation between the anomalies of surface heat flux
and sea surface temperature (Figures 4b,d, r = 0.68, p<0.01), and sea ice production
(Figures 4b,f, 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 S7). 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). 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
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net ice production of 0.2 cm/day (163-170°E, 72-78°S, Figure 4f), primarily driven by a more
pronounced increase in ice growth compared to ice melt (Figure S8). Hence, the overall
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. Based on a well-tuned global ocean-sea ice model, 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 through the whole water column
from surface to seafloor (0-900 m). We further conduct three main model perturbation
experiments and two additional ones, finding 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 climate variability associated with the ENSO
events, influencing the low-pressure system over the Amundsen Sea (Amundsen Sea Low,
ASL) through atmospheric teleconnections (Lee & Jin, 2023). A negative SOI (El Nifo
event) over 2014-2017 (Figure S9a) influenced an eastward and northward shift of the ASL
center (Figure S9b) (Raphael et al., 2016), leading to a reduction in the zonal sea level

pressure gradient in the western Ross Sea (Figures S9¢,d) (Coggins & McDonald, 2015),
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thus weakening southerlies and reducing surface heat flux in the western boundary (Clem et
al., 2017), which likely contributed to the recent rebound of DSW salinity through sea ice

formation.

The model’s 1° resolution might not be able to fully resolve ocean-sea ice interactions,
especially in the Ross Sea polynyas (Kurtakoti et al., 2021). While the model does simulate
the overall trend shift quite well, it tends to slightly underestimate the mean sea ice
production in the Ross Sea compared to observations (Figure S10). Moreover, in the absence
of a quantitative estimate of upstream freshwater flux, we are unable to conduct a detailed
budget analysis to accurately assess the contribution of Antarctic meltwater. Nonetheless,
recent studies suggested an acceleration in freshwater flux in the upstream Ross Sea and
Amundsen Sea in the past decades (Adusumilli et al., 2020; Jacobs et al., 2022), likely
contributing to lower, rather than higher, surface salinity in the western Ross Sea. Therefore,
this further indicates the significant contribution of sea ice production driven by local surface

forcing to the recent DSW salinity rebound.

Long-term observations have recorded a freshening AABW in the Ross Sea over the past 60
years (Jacobs et al., 2022), likely as a result of increased Antarctic meltwater (Lago &
England, 2019). Our study reveals that climate variability and local surface forcing can
temporally counteract this long-term freshening by enhancing sea ice formation. With
Antarctic sea ice setting several record lows in recent years (Purich & Doddridge, 2023), the
salinity rebound discussed here is unlikely to be sustained and has the possibility of reverting
to the freshening trend (Jacobs et al., 2022). However, future climate projections show an
increased frequency of extreme El Niflo events (Cai et al., 2014). Based on the mechanism
demonstrated here, this is likely to influence a north-eastward shift of the ASL center, thereby
enhancing AABW formation that potentially offsets or even surpasses the meltwater-induced

freshening on different time scales. Moreover, our experiment design and salinity budget
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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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Figure 1 | Recent Recovery of DSW salinity in the Western Ross Sea. (a) Map of the Ross
Sea and the study area in TNB (solid box). Bottom topography (m) is shown in color
(Amante & Eakins, 2009). White and black dashed lines represent the general currents along
the shelf break and on the shelf, referred to in Smith et al. (2014). (b) Time series of averaged
DSW measured salinity (solid red line) and simulated salinity (solid black line) near the
seafloor, as well as the simulated salinity anomalies at different depth ranges from surface to
700 m (dashed lines) and their leading correlations with salinity near the seafloor. Simulated

zonal-averaged (163-170°E) salinity trends from 2000-2010 (¢) and 2011-2018 (d).

Figure 2 | Recent Recovery of DSW salinity induced by atmospheric forcing. (a) Time
series of model simulated surface salinity anomalies (red line) in western Ross Sea (162°E-
168°E, 74°S-78°S), and time-integrated surface salinity changes due to sea ice (blue line), net
precipitation plus runoff (grey line), and the combined oceanic process and relaxation (green
line). Linear trends over 2000-2018 are removed to focus on the variability. (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.

Figure 3 | Increased sea ice production due to sea ice divergence induced by wind
anomalies. Climatology and 2014-2017 anomalies of winds (a,b, vectors, with colour
shading represents wind divergence; negative values denote divergent), sea ice advection [-
Veu/] (c,d, sea ice motion and sea ice mass advection), and sea ice production (e,f) induced

by wind forcing. Left panel: All-Fixed, right panel: Wind-Vary minus All-Fixed.

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 (Wm2;

positive downward) (a,b), sea surface temperature (°C) (¢,d) and sea ice production (cm/day)
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(e,f) induced by atmospheric forcing other than wind. Left panel: Wind-Vary, right panel:

All-Vary minus Wind-Vary.
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