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Abstract

The Antarctic Slope Current (ASC) links the processes occurring in the coast area with the global ocean by modulating
the flow across the continental slope, which influences global overturning circulation and the mass balance of the
Antarctic ice shelves. This paper aims to explore the effects of wind and buoyancy fluxes on the long-term changes in
the ASC using observation and reanalysis datasets. From 1993 to 2022, the ASC accelerated in all seasons, particularly
in austral autumn, and was accompanied with the advancement of the strong flow. The positive buoyancy flux anomaly
generates a low-density anomaly, which is accumulated by the prevailing surface easterly, maintaining a sharp density
front along the continental slope. The heat flux intensifies the positive trend of buoyancy flux in summer and autumn,
increasing the input of the lighter density anomaly into the ocean and advancing the strong flow of ASC. Compared
with the annual mean, the additional acceleration of the ASC in autumn is mainly due to the contribution of the
barotropic component, which could be explained by the local momentum input from the weakly enhanced local surface
wind. The acceleration of the ASC is primarily driven by the positive trend of the buoyancy flux, while the influence of
the wind on its seasonal variability becomes more significant due to the contribution of the local surface wind in

autumn.
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1 Introduction

The Antarctic Slope Current (ASC) is a counterclock-
wise coupled circulation and frontal system and is located
on the Antarctic continental slope (Whitworth III et al.,
1985; Jacobs, 1991; Thompson et al., 2018). It delineates
the boundary between the cold and fresh Dense Shelf Wa-
ter (DSW) and the relatively warm and salty Circumpolar
Deep Water (CDW) (Carter et al., 2008) and acts as a dy-
namic barrier around the Antarctic continent (Jacobs,
1991). The ASC plays a pivotal role in modulating the
water exchange between the shelf and the open ocean of
the subpolar Southern Ocean (Thompson et al., 2018;
Beadling et al., 2022). On the polar side of the ASC, the
DSW has been continuously generating and migrating to-

ward the shelf break and ultimately exporting to the open
ocean (Thompson et al., 2018; Dawson et al., 2023), re-
sulting the formation of Antarctic Bottom Water (AABW),
which constitutes approximately 40% of the total volume
of the global oceans (Johnson, 2008; Gordon, 2009). Fur-
thermore, some scholars have pointed out that the ASC
serves as a crucial route for iron transport in the waters
around Antarctica, particularly exerting ecological effects
in high chlorophyll concentration areas such as the Scotia
Sea (Thompson and Youngs, 2013; Heywood et al.,
2014). Even though it plays a crucial role in global cli-
mate change, our understanding of the Antarctic Slope
Current remains limited and incomplete, primarily due to
sparse observations and numerical models (Thompson
et al., 2018; Auger et al., 2022; Beadling et al., 2022).
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Due to the observation of ASC is fraught with numerous
challenges (Armitage et al., 2018; Thompson et al., 2018;
Pauthenet et al., 2021), it is usually not considered to be a
true circumpolar circulation feature. On the western side
of the Antarctic Peninsula, there is still debate regarding
the presence of the ASC (Thompson et al., 2020; Huneke
et al., 2022). Hence, in this study, we focused on a rela-
tively well-defined region spanning from the western Ross
Sea (170°E) to the eastern side of the Antarctic Peninsula
(50°W).

The ASC is influenced by various factors such as
landforms, overflow, tidal action, sea ice melting and
mesoscale eddies (Meijers et al., 2010; Flexas et al., 2015;
Thompson et al., 2018, 2020; Stewart et al., 2019; Moor-
man et al., 2020; Huneke et al., 2022), but it is most sensi-
tive to wind stress and freshwater flux forcing (Thomp-
son et al., 2018; Beadling et al., 2022; Cai et al., 2023).
Many studies on the ASC in history have also focused on
the wind and buoyancy flux along with their variations
when investigating the dynamics of hydrography, circula-
tion patterns, and cross-slope transport near the continen-
tal slope (Gill, 1973; Whitworth III et al., 1985; Jacobs,
1991; Klinck and Dinniman, 2010; Armitage et al., 2018).
The seasonal cycle and variations in the ASC have been
predominantly ascribed to driving by the wind fields (Gill,
1973; Mathiot et al., 2011; Yang et al., 2024). The deep-
ening of the isopycnal toward the coast and sharpening of
the baroclinicity driven by the easterly wind induces most
of the seasonal variability of both the barotropic and
baroclinic components of the ASC (Nufiez-Riboni and
Fahrbach, 2009), while the interannual variability of the
ASC is related with the meridional gradient of absolute
dynamic topography (ADT) which induced by the wind
stress curl anomalies regulated by the southern annular
mode (SAM) (Yang et al., 2024). Under global warming,
the westerly winds in the Southern Hemisphere are
strengthening and shifting toward the pole (Spence et al.,
2014), but there is no strong evidence to support the re-
sulting long-term change trend detected in the polar east-
erly winds (Hazel and Stewart, 2019; Neme et al., 2022).
In addition to the changes associated with the westerly
winds in the southern hemisphere and the SAM, the polar
easterly winds also influenced by katabatic winds (Hazel
and Stewart, 2019), particularly near the coast of the
Antarctic continent (Harrison et al., 2022). Katabatic
winds are generated by the cooling of the upper atmo-
sphere over the Antarctic continent, resulting in signifi-
cant meridional gradient differences at the land-sea
boundary. These winds are then deflected and accelerated
by the Coriolis force and gravity due to terrain constraints
(Parish and Waight III, 1987), thus explaining the east-
ward low-level jet stream along the Antarctic coast is ex-
plained (Fulton et al., 2017). When a low-pressure system
intensifies near the Antarctic coast, it can lead to an inten-
sification of katabatic winds (Parish and Bromwich,
2007), potentially inducing stronger coastal easterly winds
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(Hazel and Stewart, 2019).

In the subpolar Southern Ocean, due to the significant
baroclinicity of the ocean, buoyancy flux, which is domi-
nated by salinity, also significantly affects the gyre and
ASC (Snow et al., 2016; Beadling et al., 2022). In recent
decades, the Antarctic ice sheet has been experiencing an
accelerated volume loss (Paolo et al., 2015). Further, re-
cent studies have indicated that this loss is not confined to
the western Antarctic, which is the traditional understand-
ing, but also extends to several regions in the eastern
Antarctic which protected by the ASC (Thompson et al.,
2018; Stokes et al., 2022; Wang et al., 2024). Even in re-
cent years, the sea ice extent around the Antarctic has
shown a downward trend (Hao et al., 2021). As the seawa-
ter in the subpolar region is close to the freezing point,
where its coefficient of thermal expansion is close to zero
(Nycander et al., 2015), the net buoyancy flux is primari-
ly influenced by the freshwater flux (Abernathey et al.,
2016; Pellichero et al., 2018). In addition, the changes in
heat flux from the atmosphere are an often overlooked but
important aspect of surface buoyancy flux (Snow et al.,
2016). The increase in the net heat flux of the ocean un-
der global warming is mainly attributed to downward long
wave radiation (Stephens et al., 2012; Zelinka and Hart-
mann, 2012), which also plays a significant role in the re-
sponse of the subpolar Southern Ocean to climate change
(Taylor et al., 2013). Contrary to the slight changes in the
easterly winds, the long-term changes in the buoyancy
flux are quite evident, exhibiting a positive trend in the
subpolar Southern Ocean (Pellichero et al., 2018), which
further intensifies the density gradient between the shelf
and open ocean, causing steepening of isopycnals at shelf
break and giving the possibility of the accelerating the
ASC (Snow et al., 2016; Moorman et al., 2020). As the
buoyancy flux is becoming increasingly important in the
subpolar Southern Ocean under the global warming, the
baroclinic components of the seasonal variability of the
ASC are primarily driven by the thermohaline forcing
across the shelf break (Hattermann, 2018), and the accu-
mulation of meltwater and low-density water on shelf
break as a result of buoyancy flux could change the tim-
ing of the peak baroclinic component of the ASC (Lauber
et al., 2024).

When a slightly strengthening wind field meets an
increasing buoyancy flux field, our question naturally
arises: What are their roles in the changes that the ASC
is undergoing? Are they still playing the same role in
these changes? The purposes of this study are to investi-
gate the long-term changes of the ASC in the past few
decades, and to answer its response to the changing sur-
face forcing from the perspective of wind and buoyancy
flux. Based on the observations and reanalysis data, we
analyzed the velocity of the ASC, the polar easterly wind,
and the net buoyancy flux anomaly in the subpolar South-
ern Ocean. In Section 2, we present the data and methods
used in this paper respectively. Section 3.1 provides an
overview of long-term changes in the velocity of the
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ASC. Section 3.2 discusses how the buoyancy flux and
wind drive the acceleration of ASC. Section 3.3 describes
the dominant role of wind in additional acceleration of
ASC in autumn. Finally, in Section 4, we summarize the
main conclusions of this study based on the existing
knowledge.

2 Data and methods

2.1 Data

The Global Ocean Data Analysis Project (GLODAP,
v2.2023) is a synthesis activity for ocean surface to bot-
tom data collected through analysis of water samples, and
it contains data from 1 108 scientific cruises, including
multiple repeated meridional cruises near the subpolar
Southern Ocean (Olsen et al., 2016; Key et al., 2015). The
majority of the sections of the dataset have undergone rig-
orous secondary quality control to ensure reliability and
internal consistency, and including the systematic bias as-
sessment (Olsen et al., 2016). Furthermore, in this paper,
we reference and discuss Argo data for 2013 to 2022 as a
supplement. These data were collected and made freely
available by the International Argo Program and the na-
tional programs that contribute to it (https://argo.ucsd.edu,
https://www.ocean-ops.org). The Argo Program is part of
the Global Ocean Observing System. The floating depth
of Argo floats can reach up to 2 000 x 10 Pa, and the av-
erage observation period is approximately 10 d (Jayne
et al., 2017). Given that over 90% of the time, the Argo
floats drift in accordance with the ocean currents at the
designated depth, they serve as effective tools for La-
grangian observations of oceanic currents (Wong et al.,
2020). The expocode of scientific cruises and the float
unique identifiers of the Argo floats used in this paper are
presented in Table 1.

Ocean Re-Analysis System 5 (ORASS) is a global ed-
dy-permitting, gridded monthly mean ocean-sea ice en-
semble reanalysis system prepared by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) (Zuo
et al., 2019). This dataset, which is based on the NEMO
model, incorporates subsurface temperature, salinity, sea
ice intensity and sea level anomaly through the Nucleus
for European Modelling of the Ocean VARiational
(NEMOVAR) assimilation system, and it is forced by
ECMWF Re-Analysis-Interim (ERA-Interim) atmospher-
ic reanalysis data. In this study, the monthly temperature,
salinity, current and surface flux fields were used to ex-
amine the changes in the ASC since 1993 to 2022, with a
spatial resolution of 0.25° x 0.25° (equivalent to approxi-
mately 9.5 km at 70°S). The three-dimensional variables
cover the entire water column from the sea surface to a
depth of 5.9 km, with a total of 75 horizontal layers with
unequal intervals.

The majority of the reanalyzed atmospheric data effec-
tively captures the near-surface wind speed over the
Antarctic margin and mainland. Among these, the fifth-
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Table 1. Expocode of the scientific cruises and the iden-
tifiers of the Argo floats

Scientific cruise
06AQ19980328 (0°E, 1998)
06AQ20050122 (0°E, 2005)
06AQ20071128 (0°E, 2007)
06AQ20080210 (0°E, 2008)
06AQ20101128 (0°E, 2010)
35MFCIVA 1 (30°E, 1993)
35MF19960220 (30°E, 1996)
09AR20060102 (30°E, 2006)
33RR20080204 (30°E, 2008)
09AR19940101 (80°E, 1994)
09AR19960119 (80°E, 1996)
09AR20030103 (80°E, 2003)
09AR20041223 (80°E, 2004)
09AR20060102 (80°E, 2006)
33RR20070204 (80°E, 2007)
33RR20160208 (80°E, 2016)
09AR19940101 (140°E, 1994)
09AR19960119 (140°E, 1996)
09AR20080322 (140°E, 2008)
09AR20110104 (140°E, 2011)
096U20180111 (140°E, 2018)

Argo float
7900378 (b-1, 2013)
7900319 (b-1, 2018)
5905993 (b-1, 2019)
7900998 (b-1, 2022)
7900334 (b-2, 2016)
7900934 (b-2, 2022)
7900394 (b-3, 2015)
7900389 (b-3, 2018)
7900624 (b-3, 2019)

generation ECMWF reanalysis of the global climate
ECMWF Re-Analysis version 5 (ERAS) stands out due to
its ability to describe the monthly averaged wind speed
magnitude and the interannual variability of the near-sur-
face wind speed (Dong et al.,, 2020). To assess the
changes in the wind field over the subpolar Southern
Ocean, this study utilizes ERAS5’s monthly averaged data
on single levels (Hersbach et al., 2020). The variables se-
lected are the eastward and northward components of the
10 m wind, with a spatial resolution of 0.25° x 0.25° cov-
ering a duration of 360 months from 1993 to 2022. It is
important to highlight that the atmospheric variables uti-
lized in this study differ from the forcing fields (ERA-
Interim) of reanalysis datasets. The ERA-Interim data are
included as a reference to ensure that these differences do
not introduce errors into our analysis. Given that ECMWF
has ceased the interactive download service for ERA-
Interim, we sourced the monthly mean 10 m zonal wind
speed for the period 1993 to 2017 from the Oceanograph-
ic Data Center, Chinese Academy of Sciences.

The sea-ice concentration (SIC) data selected in this
study were obtained from the National Snow and Ice Da-
ta Center (NSIDC), and the monthly mean National
Oceanic and Atmospheric Administration (NOAA)/
NSIDC sea-ice concentration climate data record (CDR)
data are utilized (Comiso and Nishio, 2008). The spatial
resolution of the data is 25 km x 25 km. To facilitate com-
parison, a linear interpolation method was employed to
convert the data into an Ocean Reconfigurable Computa-
tional Architecture 0.25-degree (ORCAO025) mesh (0.25°
horizontal resolution), which aligns with the ORASS in
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the horizontal plane. The time span is from January 1993
to December 2022. This dataset exhibits minimal devia-
tion from the observed data for Antarctica when com-
pared to other sea ice intensity datasets (Kern et al., 2019).

2.2 Methods

While the zonal component of the velocity effectively
represents the ASC in most regions, this zonal approxima-
tion is more suitable for relatively sparse observations.
For the gridded reanalysis data, the meridional and zonal
components of the velocity (represented by u, v) are usu-
ally transformed into the along-slope and across-slope ve-
locity components and use the along-slope component of
the velocity is used to more accurately characterize the
flow of the ASC (Stewart et al., 2019; Huneke et al.,
2022; Yang et al., 2024). The along-slope component of
velocity (uaong) 18 derived from the projection of the tan-
gent to the velocity of climatological state of the ASC
within the Cartesian coordinate system. Sysc represents
the climate trajectory curve of the ASC.

OySasc  0xSasc

. 1
[VSscl  [VSscl M

Ualong = (u,v)-

We assumed that the Argo floats maintain a constant
velocity in a straight trajectory along the horizontal plane
at their working depths during the intervals between their
ascent to the surface for signal transmission, and that the
sole driving force behind the horizontal displacement is
ocean currents (Park et al., 2005). Based on the Lagran-
gian measurements, in order to conduct a simple estima-
tion of the flow velocity of the Argo floats drifting (o),
we assumed that the flow velocity is equal to the drifting
displacement (AL) is divided by the time interval (A?):

o = 2+ @

A narrow belt of easterly winds is set over the Antarc-
tic continental margin in order to emphasize the effect of
the wind on the changes of the ASC. In the study area, the
local surface wind is defined as the wind at a height of
10 m within a latitude range of 2° north and south of the
Antarctic slope. Characterized by the contour represent-
ing the minimum wind speed, the wind field in the subpo-
lar Southern Ocean is classified into northern westerlies
and southern polar easterlies. However, these contours do
not consistently lie on the northern side of the continental
slope and intersect land at the Antarctic Peninsula (Neme
et al., 2022). Consequently, to concentrate on the effect of
the local surface winds on the ASC, the northern bound-
ary for local wind is established at 2° north of the shelf
break, which coinciding closely with the contours repre-
senting minimum wind speed in the climatological state.
Meanwhile, the southern boundary is set at 2° south of the
continental shelf break, approximately coincides the
coastline. In this paper, the eastward winds are defined as
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negative values of zonal winds in accordance with estab-
lished conventions.

The freshwater and heat fluxes are combined to ob-
tain the net surface buoyancy flux:

Fj
B =2 [a—“ +ﬁ(Ffwso)], 3)
pl G

where F, and F, denote the net surface heat flux and sur-
face freshwater flux, g is the acceleration due to gravity
(9.8 m/s?), p is the density of seawater (1.027 x 103 kg/m3),
a is the coefficient of thermal expansion (3.529 x 105 K1),
C, is the specific heat capacity of seawater [3.89 X
103 (kg'J)/m3], g is the shrinkage coefficient of brine
(7.846 x 10~ kg/g), and S, is the sea surface salinity from
the ORASS reanalysis data.

In this paper, we used multiple linear regression analy-
sis to discuss the quantitative relationship between buoy-
ancy flux, wind, and ASC. Pearson correlation is used to
estimate the degree of similarity between the time series.
In this study, the multi-year monthly trend and the long-
term trends are all classified as the long-term changes.

3 Results and discussion

3.1 Long-term changes of Antarctic Slope Current

Figure 1a illustrates the average zonal velocity in the
subpolar Southern Ocean during 1993-2022, as well as
the climatological state location of the ASC. The solid line
delineates the ASC region of concern in this paper. The
four green solid lines labeled with Roman numerals indi-
cate the locations of the GLODAP scientific cruise sec-
tions, and the three black fan-shaped boxes denote the
tracks of Argo floats in Figs 1a and b.

Both the observations and the reanalysis data indicate
an acceleration of the ASC. Due to the proximity of the
ASC to the continental shelf, the complex terrain and sea
ice cause all of the flow axes from the scientific cruise
sections to be predominantly located at or slightly beyond
the southernmost part of each section (Fig. 2a). These
zonal component of the baroclinic geostrophic currents is
computed using the thermohaline. The velocity of the
ASC increases from east to west, reaching its maximum
velocity at 0° (the Weddell Sea) and minimum velocity at
140°E (the Dumont d’Urville Sea) (Table 2). While the
velocity variation characteristics near the continental slope
differ across the sections, the trend of westward accelera-
tion is universal except for at 140°E (Fig. 2a). The reanal-
ysis data for the aforementioned sections, demonstrate
that the acceleration occurred during 1993 to 2022 in all
of these sections. The strongest accelerating occurred in
the South Atlantic Ocean, and the trend in the southern In-
dian Ocean is relatively weak (Fig. 2b). In conclusion, the
observation and reanalysis data indicate that in most re-
gions of the east Antarctic margin, the ASC exhibited a
strengthening trend. However, it should be noted that be-
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(a), and tracks of Argo floats that approximately form repeated sections in the subpolar Southern Ocean between 2013
to 2022 (b). The shading in a indicates that the trend at this grid passes the 95% confidence test, the brown line repre-
sents the climatological location of the ASC, and the green solid line denotes the GLODAP scientific cruise sections.
The trajectory of the Argo floats (b-1, b-2, and b-3) correspond to the three fan-shaped boxes in a.

Table 2. Velocity and trend of the ASC in mixed layer at different sections

Velocity/(cms) Trend 9/[(cm-s1)/a]

Longitude (corresponding sea area)

GLODAP ORAS5? Zonal mean? GLODAP ORASS5 Zonal mean
0° (Weddell Sea) -21.1 -16.2 -9.6 -0.17 —0.13** —0.08**
30°E (Cosmonaut Sea) -14.9 -85 -8.6 -0.24 —0.10%* —0.07**
80°E (Prydz Bay) -13.2 -11.5 -7.1 -0.41 —0.03** —0.04*
140°E (Dumont d’Urville Sea) -12.9 -7.5 -6.9 0.16 —0.04** —0.05*

Note: DThe depth averaged flow in the mixing layer, positive represents eastward. 2The temporal range of the average and trend
values of the reanalysis data presented in this table corresponds to the period during which all observed data for the same section
were collected. ¥Based on ORASS reanalysis, the zonal mean from the regions in heading parentheses. ¥Due to the relatively sparse
observed data, all trends calculated based on observed data are not suitable for confidence test, while **(*) represents passing the

95% (90%) confidence test.

cause the observations are relatively sparse, the analysis
of the long-term trends may be disturbed by seasonal
changes, and exist errors due to sensitivity to the length
of data.

The ASC is accelerating in all seasons, particularly in
austral autumn. Figure 3 provides a more detailed repre-
sentation of the ASC velocity from the ORASS reanalysis
data. During 1993 to 2022, the average flow velocity in
the mixed layer in the ASC is measured at —7 cm/s, with a
negative trend of —0.04 (cm-s~!)/a (passing the 95% confi-
dence test). Except for the Southeast Indian Ocean sector,
the velocity trend of the ASC is almost consistent above
2 000 m (Fig. 3a). The trend exhibits strong baroclinicity
vertically, and the contribution of the geostrophic compo-
nent explains about 51% of the overall trend in the mixed
layer (Fig. 3b). The average flow velocity in the mixed

layer in the ASC accelerate in most months, and the most
significant acceleration occurs in austral autumn
(March—May) which is also the strongest season in the
ASC (Fig. 3c). The average flow velocity in the upper
2 000 m is —4 cm/s, and there is also a weak accelerated
trend [-0.02 (cm-s1)/a, passing the 95% confidence test].
At the depth of 2 000 m, the seasonal cycle and the multi-
year monthly trend of ASC are similar to those in the
mixed layer; however, the trend of velocity passing the
95% confidence test is only occurred during autumn (not
be shown). The significant accelerating in autumn increas-
es the seasonal range of ASC. The black solid line in Fig.
3d represents the seasonal variations in the ASC flow ve-
locity, which is calculated as the absolute value of the dif-
ference between the strongest (autumn) and the weakest
(spring) seasons, indicating a strengthening trend
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Fig. 2. Observed zonal geostrophic current velocity trends from the four GLODAP cruise sections (shading) (a), with
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area represent missing measured values; the velocity anomalies of ASC derived from observations and reanalysis data
in different sections (b). In b, blue line indicates ORASS and green dot indicates GLODAP.

[0.03 (cm's!)/a, passing the 95% confidence test]. The
event that deviates from the mean by one standard devia-
tion (gray shaded area represents the one standard devia-
tion from the mean seasonal range on left axis) in the flow
velocity time-series is classified as an anomaly of the sea-
sonal range (Fig. 3d). The red (blue) solid circles indicate
abnormal events that are above (below) the mean, and
their corresponding years are referred to as strong (weak)
flow years. After 2017, the strong flow years have oc-
curred frequently; while the weak flow years mainly oc-
curred before 2003, with only one occurrence in 2013.
Furthermore, compared with the acceleration of the annu-
al, the additional acceleration in autumn is mainly mani-
fested as significant barotropic feature (Fig. 3b).

The occurrence of strong flow is advancing earlier.
The maximum monthly mean velocity of the ASC occurs
in May, with the flow velocity can reach —8 cm/s in the
mixed layer, while the minimum monthly mean velocity
occurs in December and is —5 cm/s (Fig. 3¢). In this paper,
the maximum ASC velocity in the seasonal cycle is called
strong flow, while the minimum velocity is called weak
flow. The ASC not only exhibits a significant accelerat-
ing trend in autumn but the month of strong flow occur-
rence advances at a rate of 1 month per decade (passing
the 95% confidence test). Between 1993 and 2001, the
median month for the occurrence of maximum velocity
was July. From 2014 to 2022, the median occurrence time
of the strong flow has shifted to May, advancing by ap-

proximately two months (Fig. 4). Simultaneously, there is
virtually no discernible changes in the advance or lag of
the month in which the ASC occurs its weak flow veloci-
ty (Fig. 4), as well as statistically significant trend.

Furthermore, as a supplement to the scientific cruises,
in this study, we utilized data for the Argo floats that mea-
sured repeated sections in the subpolar Southern Ocean
between 2013 to 2022 (Fig. 1b). According to their drift-
ing tracks, the Lagrange method can be used to calculate
their drifting velocities, which are considered to approxi-
mate the flow of the ASC during the observation period of
the floats. Compared with the other two datasets, the ve-
locities measured by the Argo floats are found to be slow-
er, and the highest velocity observed in Prydz Bay instead
of the Weddell Sea (Table 3). In addition, the Argo floats
also observed the velocity of ASC exhibited an accelerat-
ing towards the west.

3.2 Acceleration of the ASC is driven by buoyan-
cy flux and local surface wind

The acceleration of ASC could be attributed to the ef-
fects of the local surface wind enhancement and the posi-
tive trend of net buoyancy flux. Due to the long-term
change of ASC flow velocity is most significant in au-
tumn. Consequently, this study focuses on comparing the
differences in wind and buoyancy fluxes in autumn be-
tween the strong and weak flow years. There is a signifi-
cant correlation between the velocity of ASC in autumn



108

Ji Mingjie et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 3, P. 102-116

0 e —
0.10 b =3
— 500
500 005 2
e £
E E £ 1000
= = O
£ 1000 | 0 s A — ASC
2 =
a 2
z o 1500k
1500 | s
B
2000 U . -
-0.10 —0.06 —0.03 0
2000 Sloc N smeg 1) g
30°W 0° 30°E 60°E 90°E 120°E 150°E Velocity trend/[(cm-s ")-a™']
Latitude
-0.01 4

1 —0.02

1 —0.03

1 —0.04

1 —0.05

Depth-averaged velocity/(cm's™)

1 —0.06

Seasonal range of the velocity/(cm's™)

Trend of depth-averaged velocity/[(cm-s")-a™']

-0.07
Jun.

==u= spring

Velocity in spring and autumn/(cm-s™")

[\ w

|
®©

Trend = 0.03 (cm's")/a (p = 0.03)

1993 2003 2013 2022

Year

Fig. 3. Zonal and vertical spatial distributions of velocity trend of the ASC velocity during 1993-2022 (a); vertical ve-
locity feature of the ASC (b); the seasonal cycle (black) and multi-year monthly trends (blue) of the flow velocity aver-
age in the mixed layer of the ASC (dashed: geostrophic) (c); the seasonal range of the velocity of the ASC (black solid
line) and the flow velocity in spring (green dashed line) and autumn (yellow dashed line) (d). In a, the purple line repre-
sents the mixed layer depth. In b, the blue solid (dashed) line represents the annual mean total (geostrophic) flow, and
the black dashed line represents the difference between the trend in autumn (gold solid line) and the annual mean (blue

solid line). In c, the pentagrams on the blue line indicate

that the trend for the month has passed the 95% confidence

test. In d, the gray dashed line indicates a linear trend, and the gray shaded area represents the one standard deviation

from the mean seasonal range.

May

Feb. P

Nov.
weak flow

May

strong flow

Feb. L L
1993 2003 2013

2022
Year

Fig. 4. Occurrence month of ASC weak flow velocity
and strong flow velocity.

and the local surface wind speed as well as the heat flux
(Fig. 5a). Through composite analysis, it is found that the
heat flux (local surface wind) exhibits a significant posi-
tive anomaly (negative anomaly) in the years when the

Table 3. Flow velocity and trend of Antarctic Slope Cur-
rent observed by Argo floats

Area Velocity/(cm's™!)  Trend/[(cm-s1)/a]
Eastern Weddell -6.0 -0.42
Sea (b-1)
West side of Cape -5.9 -0.26
Darnley (b-2)
Outside Prydz -7.9 -0.97
Bay (b-3)

Note: b-1, b-2, and b-3 correspond to the sea areas marked
in Fig. 2a.

seasonal range exceeds one standard deviation from the
mean. Conversely, these features will reverse when the
seasonal variation falls below the mean (Figs 5b and c).
By comparing the local surface wind and heat flux during
autumn under these two types of seasonal range anoma-
lies, it is found that the Weddell Sea, the Prydz Bay and
the Dumont d’Urville Sea are the key areas where the heat
flux is most significant, while the Weddell Sea, the Cos-
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monaut Sea and the Southern Indian Ocean sector are the
key areas of the local surface wind.

Local surface wind is anticipated to exhibit a weak en-
hancement during austral autumn, with the area of en-
hancement showing high spatial consistency with key ar-
eas identified through the corresponding composite analy-
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sis. Figure 6a illustrates the specific spatial range of the
local surface wind that effects on the ASC. There are spa-
tially heterogeneous variations in the local surface wind
near the shelf break, with the weak enhancement in easter-
ly winds over the Atlantic sector and a decrease over the
Indian Ocean sector (Fig. 6b). Focusing on autumn specif-
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Fig. 6. Spatial range of the local surface wind in this study (magenta dotted line), with the wind speed (U,,,,, shading),
ASC (brown line), and the contour line of the minimum wind speed (black thin solid line) (a); trends of local surface
wind speed along the shelf break in annual mean (b) and austral autumn (c). The latitude recorded on the vertical axis
corresponds only to the bottom curve (ERAS), and the curve shape represents the flow axis of the ASC.
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ically, the local surface wind intensifies from the Weddell
Sea to the Cosmonaut Sea west of 40°E, with a weak
strengthening trend also observed in the Dumont d’Urville
Sea (Fig. 6¢). Additionally, the enhancement of the easter-
ly wind over the Weddell Sea may persist from spring to
autumn, while the most significant enhancement of the
easterly wind on the Prydz Bay mainly occurs in winter
(not be shown). The results of ERA-Interim support the
ERAS5-based findings regarding the easterly wind trends,
despite the minor differences in data length (ERA-Interim
covers only 1993 to 2017), suggesting that the influence
of the local surface winds on the ASC is genuine instead
of model errors. Enhanced local surface wind not only
accelerate ASC by directly inputting momentum into the
ocean, but also contribute to that by facilitating the
baroclinic adjustment process in the ocean via Ekman
transport.

In addition to changes in the local surface wind, the
wind stress curl field along the Antarctic continental mar-
gin in the southeastern Indian Ocean sector could gener-
ate significant positive anomalies during the positive
phase of the SAM. These anomalies also reduce the
meridional sea surface height gradient near the slope (Ar-
mitage et al., 2018; Auger et al., 2022), to suppress the ac-
celeration of the geostrophic circulation of the ASC,
thereby influencing the three-year significant period in the
interannual variability of ASC velocity (not be shown).

The buoyancy flux exhibits an overall positive trend in
the subpolar Southern Ocean, with the areas displaying
the positive trend of heat flux showing a high spatial con-
sistency with key areas identified through the correspond-
ing composite analysis. The previous section discussed
the significant baroclinic characteristics of the accelera-
tion in the ASC, and the geostrophic component plays a
significant role in it (Fig. 3). Therefore, the change of
buoyancy flux is concerned in this study as it significant-
ly influences the density field variations near the slope. In
the subpolar Southern Ocean, the buoyancy flux anomaly

30°  WOE  30°  60°  90°
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is generally influenced by the contribution of the freshwa-
ter flux and exhibits an overall positive trend (Fig. 7a). In
the austral autumn, when the acceleration of the ASC
reaches its peak, the contribution of the heat flux be-
comes particularly pronounced and dominates the spatial
variations in the buoyancy flux near the shelf break.
Figure 7b shows the trends of the buoyancy flux, freshwa-
ter flux, and heat flux in autumn within the same spatial
range. The spatial distribution of the trend of the freshwa-
ter flux near the shelf break is relatively consistent,
whereas the heat flux exhibits a significant positive trend
in the eastern Weddell Sea, the Cosmonaut Sea, and the
Dumont d’Urville Sea, which are same as the key areas in
Fig. 5b. The spatial difference characteristics of the net
surface buoyancy flux trend near the continental slope is
dominated by the heat flux in autumn, which modulates
the spatial characteristics of the ASC acceleration.

The buoyancy flux induces baroclinic adjustments
through the introduction of low-density anomalies into the
ocean, dominating the acceleration of the ASC and ad-
vancing the strong flow. The season variations in the
buoyancy flux near the shelf break within a range of 2° to
the north and south from 1993 to 2022 are depicted in
Fig. 8a. In terms of the seasonal cycle, there are two peaks
in the buoyancy flux in December and March. The
strongest peak in the buoyancy flux occurs in December.
This is closely associated with the melting of the sea ice in
summer and primarily is driven by the freshwater flux. In
contrast, the peak in March, which is dominated by the
heat flux, is a sub-peak within the seasonal cycle and
mainly resulting from the expansion of the open ocean
following the melting of the sea ice in summer, which
promotes the absorption of heat from the atmosphere by
the ocean. Figure 8b illustrates the monthly trends of the
buoyancy flux. There are two evident peaks in summer
(January) and autumn (April), and the peak value in sum-
mer almost equal to that in autumn, about 1.3 (W-m2)/a
(passing the 95% confidence test). The trend of the heat
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Fig. 7. Trends of the net surface buoyant flux near the Antarctic shelf break in annual mean (a) and austral autumn (b).
The blue solid lines represent the location of ASC, and the gray dashed lines are the contours that pass the 95% confi-
dence test. The latitude recorded on the vertical axis corresponds only to the bottom shading (corresponded by the heat
in subplot), and the position of other shadows is obtained by shifting the bottom shading up by 6° in latitude in turn.

MAM: March, April, and May.
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flux is positive in summer and autumn, and negative in
winter and spring. This seasonal reversal of the trend of
the heat flux further amplifies the positive trend of the
buoyancy flux in summer and autumn. Although the net
buoyancy flux near the ASC is primarily influenced by the
freshwater flux, it is essential to acknowledge the signifi-
cant contribution of the heat flux in autumn (Figs 7, 8a
and b), particularly pronounced in shaping its spatial char-
acteristics. The buoyancy flux in the key region shown in
Fig. Sc exhibits the strongest correlation (0.50) with the
ASC velocity lagged by one month (synchronous correla-
tion coefficient is 0.44). Additionally, the occurrence of
the maximum acceleration of the ASC in the seasonal cy-
cle also lags behind the peak lightening of the density in-
duced by buoyancy flux variations during the seasonal cy-
cle. Dynamically, the positive trend of the buoyancy flux
has introduced more low-density anomalies into the
ocean, which accumulate onshore under the influence of
prevailing easterly winds over the continental slope, ulti-
mately resulting in a significant lightening of the poten-
tial density in the mixed layer south of the slope (Fig. 8c).
And these processes steepen the isopycnal surface near
the slope leading to the baroclinic adjustment, which ac-
celerated the ASC (Fig. 8d), while simultaneously ex-
plain the lag of the velocity trend relative to the buoyancy
flux trend. Meanwhile, due to the significant low-density
trend in the mixed layer south of the slope in summer and
autumn, the slope of the isopycnal surface continues to
become steeper during the same period, and advancing the
strong flow of ASC by promoting the baroclinic adjust-
ment. The low-density anomalies entering the ocean will

continue to increase and accumulate across the seasons
near the slope, leading to a steeper trend in late winter
(October, Fig. 8d), prolonging the period of isopycnal sur-
face is steep.

While the contributions of the local surface wind and
the buoyancy flux to ASC are significant, it does not im-
ply that the ASC is solely influenced by these factors
(Thompson et al., 2018). To comprehensively assess po-
tential contributions from other factors to the long-term
change of the ASC, we established a multiple linear re-
gression model incorporating several standardized factors
based on the previous researches (Meijers et al., 2010;
Thompson et al., 2018, 2020; Stewart et al., 2019; Moor-
man et al., 2020; Huneke et al., 2022): the buoyancy flux
(B), the local surface wind (W), the topography effect (P),
the dense water overflow (D), the sea ice concentration
(0), and the southern annual model index (SAM). The
terms B, W, S, and SAM represent the timeseries or index
of the corresponding factors, respectively. D denotes the
maximum potential density within each grid water col-
umn where bottom density exceeding 27.8 kg/m3 on the
continental slope, while the P corresponds to the time-
series of potential vorticity at the slope. Finally, we ob-
tain a predictive equation that passing the regression test-
ing, and the coefficient of determination (R?) is 0.54:

Z=(-0.6583 B+0.434 1 W+0.2143 D-0.079 6 C) x Uga + U,
)

where Z at the left of the Eq. (4) is the prediction of the
ASC velocity, while the Uyy and U represent the variance
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and mean of the velocity timeseries, respectively. During
the regression analysis, we filtered out the seasonal varia-
tions of the aforementioned factors and found that both
the topography and SAM contributed minimally to the
ASC velocity, neither of which passed the confidence test.
This may be attributed to the fact that topographic influ-
ences on the ASC primarily in morphological and spatial
characteristics (Baines, 2009), while the influence of
SAM on the ASC are predominantly seasonal (Armitage
et al., 2018; Auger et al., 2022) and interannual. The over-
flow enhances oceanic stratification by restricting the
downward transport of the cooling and freshening, gener-
ating a meridional density gradient with lower (higher)
value in the north (south), thereby suppressing the
geostrophic velocity of the westward ASC. However, the
overflow is limited by the spatially constrained, occurring
in the dense shelf where the DSW exists. Additionally, in
areas of anomalously increased winter sea ice along the
East Antarctica, the sea ice concentration modulates the
ASC by impeding the response of ocean to atmospheric
momentum input processes, acting more as a damping ef-
fect rather than an active dynamic process. Therefore, we
attribute the acceleration of the ASC to the result of the
local surface wind and buoyancy flux, especially the con-
tribution of buoyancy flux.

3.3 Local surface wind causes the additional ac-
celeration of ASC in austral autumn

However, the seasonal variation of low-density
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anomaly at the slope caused by buoyancy flux is not ex-
actly the same as ASC (Figs 3 and 8), especially the low-
density anomaly cannot explain the additional accelera-
tion of the ASC in autumn. In Fig. 9a, a depiction is pre-
sented for multi-year monthly mean speeds of the local
surface winds at 10 m, as well as their trends. The black
line denotes the multi-year monthly mean of the local
surface winds. Meanwhile, the orange solid line illus-
trates trends for local surface winds spanning from 1993
to 2022 in different months calculated by ERAS, while the
orange dashed line is from the ERA-Interim (1993 to
2017) (Fig. 9a). Months passing the 75% confidence test
are marked by black hollow pentagrams. The multi-year
monthly trend of the wind speed from ERA-Interim data
is highly similar to that from the ERAS data, and the ob-
tained seasonal variations in the wind trend are nearly
identical, particularly during autumn and winter. The re-
sults from ERAS and ERA-Interim strengthen the confi-
dence in the phenomenon of the weak enhancement of the
local surface wind in autumn. The multi-year monthly
trends of the wind speed are depicted in Fig. 9a, only
March, April, June, and September passing the 75% confi-
dence test; none passing the 95% confidence test, which
further underscores the complexities associated with the
polar easterly alterations. By comparing the meridional
gradient of the 1 000 hPa geopotential height between the
Antarctic coast and the subpolar trough, we infer that the
primary positive trend of the Katabatic wind occurs in au-
tumn (April and May, Fig. 9b). Therefore, the enhance-
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Fig. 9. Seasonal cycle and multi-year monthly trends of the local surface wind speed (U,,,, a) (solid line: ERAS,
dashed line: ERA-Interim), the meridional gradient of the 1 000 hPa geopotential height (Diff G, b), the SIC (c) and the
wind stress (d). The blue (white) shading below the images indicates that the SIC in the month is below (above) 0.85.
The pentagram on the colored solid line represents the trend for the month passes the 75% confidence test. In b, gpm is

the abbreviation for geopotential meter.
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ment of local surface wind in autumn could be attributed
to the positive anomaly trend of the meridional gradient of
the geopotential height over the Antarctic continental mar-
gin. Moreover, it is certain that the local zonal wind speed
can reach 4.0 m/s in June and 2.8 m/s in January, indicat-
ing the easterly wind which driving the ASC is still robust.

Local surface wind accelerates the ASC by increasing
the direct momentum input to the ocean, and explains the
most significant characteristics of the flow trend of the
ASC in autumn from the barotropic perspective. Firstly,
Fig. 9c shows the seasonal cycle of SIC and its multi-year
monthly trend in the range of 2° north and south of the
Antarctic shelf break. The seasonal variations in SIC play
an important role in the effect of local surface wind on
ASC, as the open water resulting from sea ice melting fa-
cilitates the wind momentum transfer to the ocean during
strong easterly wind, whereas high SIC hinders the re-
sponse of ocean to the weakening easterly wind. Slight
variations in the long-term change of SIC have kept this
period relatively stable. Since polar easterlies are strongest
and stronger in autumn (April-May; Fig. 9a), although
this does not correspond exactly to the period of the open
water, changes in the zonal wind stress near the slope sug-
gest that the stronger easterlies are still able to input more
momentum directly into the ocean (Fig. 9d). The syn-
chronous correlation coefficient between autumn wind
speed and the time series of the flow velocity average in
the mixed layer can reach 0.39 (p = 0.03). Especially in
the eastern Weddell Sea and the Cosmonaut Sea, where
easterly intensities are most significant (Fig. 6). In the
flow field, the average depth flow is usually taken as the
barotropic component, while the momentum input of the
wind to the ocean greatly affects the barotropic flow on
the slope (Nufiez-Riboni and Fahrbach, 2009; Auger et al.,
2022). The long-term trend of ASC in autumn is the most
significant, and its additional acceleration compared to the
annual mean is also mainly characterized by barotropic
(Fig. 3b). Therefore, while buoyancy flux dominates the
annual mean acceleration of the ASC, the additional ac-
celeration of ASC in autumn is attributed to the barotrop-
ic adjustment caused by local surface wind.

4 Conclusions
In this study, observation reanalysis data are used to

examine the effects of the local surface wind and net
buoyancy flux anomaly on the long-term changes of the
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ASC. Over the past 30 years, the average flow velocity
in the mixed layer in the ASC increased by approximate-
ly 1 cm/s, i.e., about 10% of the climatological mean ve-
locity. Based on the seasonal variations in the long-term
changes, the acceleration of ASC is most pronounced dur-
ing austral autumn. The trend is nearly twice as much as
the annual mean (Fig. 3c) and significantly contributing to
the increase in seasonal range (Fig. 3d). The additional ac-
celeration of ASC in autumn, compared with the trend of
the annual mean, is mainly characterized by barotropic
(Fig. 3b). Furthermore, the strong flow of the ASC is ad-
vancing, by about 2 months over the statistical time peri-
od (Fig. 4).

The surface forcing that dominates the acceleration of
ASC is the buoyancy flux rather than the wind, and the
positive trend of the buoyancy flux predominantly con-
trols the acceleration of the ASC and the advancement of
the strong flow. The positive buoyancy flux introduces the
formation of a lighter density anomaly in the ocean, lead-
ing to the accumulation of lighter density signals on the
shelf and potential density loss in the mixed layer south of
the slope (Fig. 8c). It subsequently increases the baroclin-
icity (Fig. 8d) and ultimately accelerates the ASC. Regres-
sion analysis demonstrates that the buoyancy flux term
explains 55% of the variance in the predicted variable and
contributes 56% to the value of flow velocity trends
(Table 4). The net surface buoyancy flux is primarily in-
fluenced by freshwater flux, while the contribution of heat
flux cannot be overlooked in seasonal cycle (Figs 8a and
b). In spring and summer, heat flux further strengthens the
positive trend of the buoyancy flux (Fig. 8b), leading to
advancement of baroclinic adjustment process induced by
the buoyancy flux and the early occurrence of strong flow.
Additionally, the geostrophic component of the ASC does
not exhibit sharp acceleration during autumn (Fig. 3c),
which implies that this trend may be attributed to non-
geostrophic components such as the local surface wind.

There are closely related between the most significant
acceleration of the ASC in austral autumn and the local
surface wind, which further enhances the dominant role of
the wind on the seasonal cycle and variation of the ASC.
The additional acceleration of the ASC in autumn comes
mainly from the contribution of local surface winds, and
the additional trend caused by local surface wind increas-
es significantly more than the buoyancy flux in autumn
(Table 4). The local surface wind exhibits the most sub-
stantial contribution to the velocity trend of the ASC dur-

Table 4. Contribution of each factor to the velocity in the mixed layer in the ASC

Contribute to the velocity

Statistical metric Period
Buoyancy Local surface wind Overflow Sea ice concentration
Value of trendV /[(cm-s1)/a] annual 56% (—0.027) 26% (—0.013) —7% (0.003) 2% (—0.001)
autumn? 46% (—0.034) 39% (—0.023) 5% (—0.003) 1% (—0.001)
Variance annual 29% 19% 5% 2%

Note: D The proportion of the corresponding term in the flow velocity in the mixed layer in the ASC, which minus the seasonal

variation. The numbers in parentheses are specific values. 2 Include March, April, and May.
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ing autumn, accounting for 39% of the velocity trend val-
ue, which significantly surpasses the annual average of
26%. The easterly wind slightly enhancement is mainly
concentrated in the Weddell Sea, the Cosmonaut Sea, and
the Southeast Indian Ocean sector in autumn (Fig. 6). The
local surface wind which is dominated by the meridional
gradient between the Antarctic coast and the subpolar
trough, exhibits only a slightly acceleration of the trend of
less than 0.2 (m-s~!)/a (passing the 75% confidence test)
in April and May. Due to the relatively low SIC in au-
tumn, the enhanced local surface wind inputs of more mo-
mentum to the ocean, leading to the ASC accelerates most
significantly in autumn, and explaining the barotropic
character of the additional acceleration of ASC in autumn.
In addition, the wind stress curl field affected by the SAM
also influence the three-year period of the interannual
variation in the ASC by modulating the sea surface height
gradient.

From the perspective of wind and buoyancy flux, we
try to explain the response mechanism of the ASC to
changing surface forcing in the long-term changes. It is
hypothesized that global warming will bring more posi-
tive buoyancy flux anomalies in subpolar Southern Ocean
in the future, which will further promote the acceleration
of ASC. This speculation may contribute to improve the
understanding of the less sensitivity of the East Antarctic
ice sheet to climate change from circulation perspective.
As a critical dynamical barrier along the Antarctic conti-
nental slope, a stronger ASC would likely suppress cross-
slope intrusions of CDW while inducing significant sub-
surface cooling over the continental shelf. Furthermore,
with the continued warming of the Southern Ocean, the
reduction in sea ice cover may not only enhance wind-
driven momentum transfer to the ocean but also intensify
tidal mixing processes, facilitating exchanges between
CDW and shelf water and altering the density driven
mechanism of the ASC (Thompson et al., 2018). Howev-
er, it should be noted that this study is rather idealistic as
it averages the entire ASC while ignoring detailed differ-
ences brought about by different shelf types along the
way, and does not consider the connection between the
ASC and the rest sectors of the subpolar Southern Ocean.
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