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Abstract

The Southern Ocean is a critical component in the Earth system by dominating the global heat and anthropogenic
carbon uptake and supplying heat to melt the largest ice sheet. Variability and changes in the water masses of the
Southern Ocean are thus important to the global energy and water cycles, carbon cycling, and sea-level change. In this
article, we review the recent progress on understanding the variability and changes in the four major water masses in the
Southern Ocean, including Subantarctic Mode Water, Antarctic Intermediate Water, Circumpolar Deep Water and
Antarctic Bottom Water. Subantarctic Mode Water and Antarctic Intermediate Water show statistically significant
strong circumpolar shoaling, warming, and density reductions since 1970s, indicating that signals of global warming
have entered the interior ocean. Meanwhile, strong regional variability of Subantarctic Mode Water and Antarctic
Intermediate Water responding to surface buoyancy forcing and westerly winds is attracting more attention.
Circumpolar Deep Water is an important modulator of heat content and nutrient concentrations on continental shelves
around Antarctica and has made significant contributions to the basal melting of Antarctic ice shelves. Since the late
1950s, a long-term freshening trend in Antarctic Bottom Water in the Ross Sea and its downstream region has been
observed and is mainly attributed to the accelerated basal melting of ice shelves in West Antarctica. The shrinking of
Antarctic Bottom Water in the Weddell Sea during 1992-2020 has also been revealed and is attributed to reduced sea
ice production over the southern Weddell continental shelf related to the Interdecadal Pacific Oscillation and the
variability in the Amundsen Sea Low. Though significant advances have been achieved, there is an urgent need to
enhance and improve both observations and model performances for better understandings and projections of the
formation, transformation, and transport of the water masses in the Southern Ocean.

Foundation item: The Independent Research Foundation of Southern Marine Science and Engineering Guang-
dong Laboratory (Zhuhai) under contract Nos SML2023SP201 and SML2021SP306; the Natural Science Founda-
tion of Guangdong Province of China under contract No. 2024A1515012717; the Initial Research Foundation of
Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai) under contract Nos 313021004,
313022009, and 313022001; the National Natural Science Foundation of China under contract No. 41706225, the
National Key R&D Program of China under contract No. 2018YFA0605701; the Impact and Response of Antarc-
tic Seas to Climate Change under contract No. IRASCC 1-02-01B; the Shenlan Program funded by Shanghai Jiao
Tong University under contract No. SL2020MS021; the fund from Shanghai Frontiers Science Center of Polar Re-
search. http://www.aosocean.com
*Corresponding author, E-mail: meng.zhou@sjtu.edu.cn; weizx@fio.org.cn E-mail: ocean2@hyxb.org.cn



36

Wang Zhaomin et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 3, P. 35-56

Key words Southern Ocean, Subantarctic Mode Water, Antarctic Intermediate Water, Circumpolar Deep Water,
Antarctic Bottom Water, variability, trend, driver

Citation

Wang Zhaomin, Li Ying, Shi Jiuxin, Zhang Zhaoru, Liu Chengyan, Zhou Meng, Wei Zexun. 2025. Water

masses in the Southern Ocean: Variability, trends, and drivers. Acta Oceanologica Sinica, 44(3): 35-56, doi:

10.1007/s13131-024-2442-4

1 Introduction

The Southern Ocean comprises waters between the
Antarctic continent and its northern boundary at 60°S or
traditionally the Polar Front (PF). In this review paper, the
Southern Ocean refers to the waters extending to the south
of the subtropical gyres or Subtropical Front (STF) (Fig. 1).
Four major water masses, including Subantarctic Mode
Water (SAMW), Antarctic Intermediate Water (AAIW),
Circumpolar Deep Water (CDW), and Antarctic Bottom
Water (AABW), are formed or transformed in the South-
ern Ocean. Through its unique connections to the other
major oceans and interactions with the atmosphere and
cryosphere, the Southern Ocean is a critical component in
the Earth system. Both observations and model simula-
tions indicate that the Southern Ocean dominates the glob-
al oceanic heat uptake (Roemmich et al., 2015; Frélicher
et al., 2015). The Southern Ocean also constitutes a major
carbon reservoir in the Earth system (Sarmiento, 2006),
and hence plays a key role in the global carbon cycle. In
the modern era, the Southern Ocean is critically impor-
tant in taking up anthropogenic carbon from the atmo-
sphere (Frolicher et al., 2015; Sarmiento et al., 2004). The
Southern Ocean also has a dominant influence on the
Antarctic ice sheet, which contains ice of approximately

57.9 m global sea-level equivalent (Morlighem et al.,
2020). Thus, variability and changes in the water masses
in the Southern Ocean are critical to the global energy and
water cycles, carbon cycling, and sea-level change.
SAMW is located in the three Southern Hemisphere
ocean basins and distributed between the Subantarctic
Front (SAF) and STF, featured by relative uniform prop-
erties vertically and hence by low Potential Vorticity (PV)
(McCartney, 1977). SAMW origins from the formation of
a deep and thick mixed layer in austral wintertime, driven
by surface ocean heat loss and enhanced deep convection.
The physical processes of the SAMW subduction from the
mixed layer into the permanent pycnocline are associated
with momentum, heat and freshwater fluxes driven by air-
sea interactions, Ekman pumping, diapycnal mixing, and
cross-frontal water exchanges. SAMW shows distinct
properties dominated by its generation zone in different
oceanic basins. SAMW in each basin is then advected
northward, which is the major part of the upper limb of
the global overturning circulation, ventilating the lower
thermocline waters in the Southern Ocean (Herraiz-
Borreguero and Rintoul, 2011; Sloyan and Rintoul, 2001).
Consequently, SAMW has a vital contribution to the
global heat, salt, nutrients, and carbon budget. Under-
standing the dynamics of SAMW is critical to properly
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projecting global climate changes.

Denser than SAMW, AAIW is identified by a low
salinity layer at about 500 m to 1 500 m depth in the sub-
tropical gyres of the Southern Hemisphere and the tropics
of the Pacific and Atlantic (Talley et al., 2011). AAIW is
mostly originated from the Antarctic Surface Water
(AASW) subducting across SAF (Deacon, 1937) and the
SAMW formed by winter deep convection in the Sub-
antarctic Zone (McCartney, 1977). AAIW then spreads to
the north with the subtropical gyres as a gradually weak-
ening salinity-minimum layer (McCartney, 1977; Talley,
1996). Part of AAIW finally enters the north Atlantic to
balance deeper export of the North Atlantic Deep Water
(NADW) (Gordon et al., 1992). The formation and sub-
duction of AAIW constitute the upper branch of the glob-
al overturning circulation (Sloyan and Rintoul, 2001), by
which AAIW plays a vital role in Earth’s climate system
in effecting the global-scale uptake, storage and oceanic
transport of heat, salt and carbon (Li et al., 2023b).

CDW is the largest water mass by volume transported
by the Antarctic Circumpolar Current (ACC), which can
approach the Antarctic continental shelves by the proximi-
ty of the ACC to the shelf. CDW can upwell to a depth
comparable to the shelf and then intrude onto shelf re-
gions via troughs, eddies, topographic Rossby waves, and
buoyancy-driven baroclinic currents (Klinck and Dinni-
man, 2010; St-Laurent et al., 2013; Liu et al., 2017; Wang
et al., 2024). Once reaching ice shelves, the heat supplied
by CDW could cause significant ice shelf basal melting,
which may further result in thinning and calving of ice
shelves that buttress glaciers to suppress ice flows into the
ocean (Dinniman et al., 2012; Cook et al., 2016). In this
sense, CDW plays an important role in Antarctic ice sheet
mass balance and thus the global sea level rise. CDW is
also a nutrient-rich water mass that can promote the bio-
logical production of Antarctic shelf ecosystems (Zhang
et al., 2020).

AABW is the densest water mass occupying the abyss
in the Southern Ocean. AABW mainly originates from
Dense Shelf Water (DSW) on the Antarctic continental
shelf. Strong brine rejection in winter leads to the forma-
tion of High Salinity Shelf Water (HSSW) in the coastal
polynyas. The mixing between HSSW and other shelf wa-
ters generates DSW (Foldvik et al., 2004; Orsi and
Wiederwohl, 2009). During its cascading in the slope re-
gions, DSW mixes with its ambient waters and sinks to
the abyssal oceans to form AABW. AABW occupies
much of the world ocean floor by its northward spreading.
The formation and transport of AABW drive the lower
limb of the global overturning circulation (Lumpkin and
Speer, 2007; Talley, 2013), supplying oxygen (Gordon,
2013) to the abyssal ocean and storing heat and carbon in
the abyssal ocean for centuries or longer (de Lavergne
et al., 2017; Holzer et al., 2021). The variability of
AABW greatly influences global climate through its con-
nection to the circulation in the Atlantic, Pacific, and Indi-

an Ocean basins on a variety of time scales. The forma-
tion of AABW also affects the nutrient cycling and prima-
ry production on the Antarctic continental shelf and even
globally (Marinov et al., 2006). Variability and changes in
the AABW formation are thus able to influence the glob-
al overturning circulation, carbon cycling, and marine
ecosystem, on time scales from decadal to millennial (Sig-
man and Boyle, 2000; Ferrari et al., 2014; Marzocchi and
Jansen, 2019).

The water masses mentioned above are closely linked
together by the Southern Ocean overturning circulation
(Fig. 1). Under the forcing of surface winds and major to-
pographic features in the Southern Ocean, the upwelling
of CDW brings deep water to the surface and poleward
along tilted density surfaces. A significant portion of the
upwelled water is transformed to lighter water by precipi-
tation and sea ice melt and is then pushed equatorward by
westerly winds to produce SAMW and AAIW, forming
the upper cell of the Southern Ocean overturning circula-
tion. The poleward portion of the upwelled water further
intrudes onto the continental shelf around Antarctica and
is transformed to DSW by cooling and sea ice formation.
The transformation of DSW during its sinking in the slope
regions leads to the formation of AABW, driving the low-
er cell of the Southern Ocean overturning circulation. In
this article, we review the recent progress on understand-
ing the spatial patterns and temporal variations of these
water masses and major driving processes, to facilitate the
understanding of the changes in the Southern Ocean and
their global impacts.

2 Subantarctic Mode Water

SAMW is generated by subduction of the winter deep
mixed layer into the interior ocean, which leads to a weak-
stratified and well-ventilated subsurface water mass. Con-
necting the surface with the interior ocean, SAMW con-
tributes to renewing the lower thermocline waters in the
three subtropical gyres of the Southern Hemisphere.
Therefore, main forcings such as air-sea momentum and
buoyancy fluxes, diapycnal mixing, and mesoscale eddies
play important roles in the generation and evolution of
SAMW (Fig. 2). However, the relative impact of each
process on the SAMW formation is expected to exhibit
variability across different formation sites (Iudicone et al.,
2011). In the past, observations were much sparse in the
Southern Ocean, which limited our knowledge of the vari-
ation of the SAMW, and even led to conflicting views
(Bryden et al., 2003; Naveira Garabato et al., 2009; Her-
raiz-Borreguero and Rintoul, 2010). Based on the continu-
ous observations and the improved climate models, recent
studies have significantly quantified the formation, distri-
bution, variability of SAMW in recent years (e.g., Her-
raiz-Borreguero and Rintoul, 2011; Gao et al., 2018; Qiu
et al., 2024).
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Fig. 2. Schematic of Subantarctic Mode Water (SAMW)
formation and variation mechanisms in the Southern
Ocean [modified from Wang et al. (2022)]. Here air-sea
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2.1 Spatial pattern and formation processes of
SAMW

SAMW is widely found at intermediate depths, within
200 m to 800 m in the Southern Ocean. SAMW has dif-
ferent temperature, salinity, and density characteristics in
the Indian, Pacific, and Atlantic sectors, followed by an
unevenly spatial distribution of this water mass in the
Southern Ocean, with thicker and cooler SAMW in the
eastern Indian and Pacific sectors but thinner and warmer
SAMW in the western Indian and Atlantic sectors (Her-
raiz-Borreguero and Rintoul, 2011).

The SAMW formation regions are highly related to
the winter mixed layer depth (MLD) distribution from
west-north to east-south in each sector. The strongest sub-
duction rate and the largest volume of SAMW are found
in the southern Indian Ocean and the southern Pacific
Ocean (Sallée et al., 2006; Cerovecki et al., 2013). A
deeper MLD leads to a larger subduction rate of mode wa-
ter. It is worth noting that the local MLD maxima are lo-
cated around major topographic features where the flow is
steered southward. Thick SAMW layers are hence gener-
ated around major topographic features (Aoki et al.,
2007). Meanwhile, numerous subduction processes are
highly related to the MLD, which is dominated by wind
forcing, buoyancy flux, diapycnal mixing and mesoscale
eddies. The MLD has significant positive correlation with
wind stress curl but negative correlation with the buoyan-
cy flux (Wang et al., 2022). The wind stress drives cold
surface water northward from the south of the SAF (Gao
et al., 2018). The formation of SAMW is dominated by
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the buoyancy loss that drives the subduction of SAMW
from the mixed layer into the permanent pycnocline. Lo-
cal subduction and diapycnal mixing are demonstrated to
be responsible for the SAMW volume variations in the
South Indian and South Pacific Oceans (Portela et al.,
2020; Li et al., 2021). Mesoscale eddies are incredibly ac-
tive in the Southern Ocean, and eddy activities could be
enhanced by rough topography. Mesoscale features influ-
ence the properties of SAMW, which can lead to cold or
warm anomalies in SAMW (Herraiz-Borreguero and Rin-
toul, 2010).

It is found that air-sea fluxes, density advection, and
diapycnal mixing have similar contributions to SAMW
formation and destruction by analyzing the results from
the Southern Ocean State Estimate (SOSE) (Cerovecki
et al., 2013). It is, however, necessary to identify the rela-
tive impact of each process at each formation site (Iudi-
cone et al., 2011).

SAMW formation has also been found to be strongly
correlated with changes in sea ice meltwater area in the
northern Ross Sea and northern Amundsen/Belling-
shausen seas, because of meridional sea ice advection in-
to the formation region (Sanders et al., 2023). During the
past decades, the Southern Annular Mode (SAM) has
shown a significant trend of shift toward its positive
phase, which leads to the poleward shift and enhance-
ment of westerly winds (Sallée et al., 2010). The SAMW
formation and transformation are modulated by the SAM-
induced MLD changes and the outcrop zone affected by
wind stress changes.

2.2 Temporal variations of SAMW and drivers

Due to the limited observational data, previous stud-
ies treated SAMW in the Southern Ocean as a whole to
analyze the variation of SAMW, which is obviously
meaningful for estimating the impact of SAMW on heat
and carbon exchanges. Using the definition of SAMW in
a certain density range, the variations of thickness, vol-
ume, and heat content were quantified in many studies
(e.g., Gao et al., 2018; Meijers et al., 2019; Portela et al.,
2020; Qu et al., 2020). During the Argo era, it has been
shown that SAMW was thickened, deepened, and warmed
significantly, and its spatial variation was highly correlat-
ed with the change of wind stress (Gao et al., 2018; Qu
et al., 2020). Numerical models were used to prove the
above changes in SAMW volume and showed an increase
of 11% between 1950 and 2017 (Jing and Luo, 2021).
More studies define SAMW by PV minimum in each
ocean basin to provide much greater detail in SAMW spa-
tial variation (e.g., Hong et al., 2020; Xu et al., 2021). Be-
sides, extra constraints such as density, temperature, and
salinity were applied to identify SAMW (Li et al., 2021;
Wang et al., 2022).

The volume variation of SAMW could remain incon-
sistent within different density layers in the same region.
For example, a 10% volume reduction mostly occurs in
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the dense SAMW at 1 026.8-1 026.9 kg/m3, while a
small increase occurs in the lighter SAMW at 1026.6—
1026.8 kg/m3 in the southern Indian Ocean during
2004-2018 (Hong et al., 2020), which is caused by weak-
ening Mascarene High (MH) (also called Indian Ocean
subtropical high) and westerly wind anomaly. Due to the
seasonal migration of the outcrop window, the formation
and destruction of SAMW shift over a large meridional
range. The strongest formation occurs equatorward of the
SAF in wintertime because of surface ocean heat loss, and
occurs in the polar gyres in spring and summer through
the freshening of water (Cerovecki and Mazloff, 2016).
For example, the changes of Southeast Indian SAMW
spreading into the subtropical gyre or ACC are different in
three different density layers, which is associated with
changes of formation regions due to the meridional shift
of the outcrop zone (Qiu et al., 2024).

Due to subduction and ventilation processes, periodic
temporal variation of formation and evolution of SAMW
are sensitive to the atmosphere-ocean interaction. As men-
tioned above, seasonal, interannual, and decadal SAMW
variability are not spatially uniform across the Southern
Ocean (e.g., Cerovecki et al., 2019; Portela et al., 2020).

Both observational and modeling studies have demon-
strated the important roles of buoyancy forcing and wind
stress in driving the subduction through the mixed layer
into the permanent pycnocline. The seasonal variations of
SAMW are governed by both buoyancy fluxes and wind
forcing (Gao et al., 2018). Wind stress curl and buoyancy
fluxes that affected SAMW variations are related to
anomalies in the westerly winds. However, wind stress
curl dominate the changes in SAMW in the Indian sector,
while buoyancy fluxes have more important effect in the
Pacific and Atlantic sectors (Wang et al., 2022). By sepa-
rating SAMW into two components within the mixed
layer and in the interior ocean, Li et al. (2021) quantified
that SAMW volume in the mixed layer dominated the sea-
sonal variability of SAMW volume, with contributions
from air-sea buoyancy fluxes (45%), entrainment (35%),
and northward Ekman transport across the Subantarctic
Front (10%).

Recent efforts have focused on investigating the links
between SAMW variability and large-scale climate phe-
nomena. The interannual variability in SAMW is mostly
affected by the variations in buoyancy fluxes (Cerovecki
et al., 2019; Xu et al., 2021). The SAMW volume changes
in the Indian Ocean are controlled by surface forcing re-
lated to MH with a lag of about three years (Hong et al.,
2020). During the Global Warming Hiatus period
(1998-2016), the MH intensity has been confirmed to be
weakened (Vidya et al., 2020). And then associated sur-
face buoyancy flux, Ekman pumping and westerly winds
changed the SAMW volume variability. Composites of
mixed layer depth anomalies during positive and negative
SAM phases show that the MLDs have different respons-
es to wind anomalies over the SAMW subduction regions

in the Indian and Pacific Oceans (Sallée et al., 2010). For
SAMW in the Pacific Ocean, low-frequency variability of
wind speed is dominated mainly by the Interdecadal Pa-
cific Oscillation and to a lesser extent by the SAM (Jing
et al., 2024).

It was observed that the SAMW in the Southern
Ocean became warmer, fresher, lighter, and less ventilat-
ed during 2004-2019, but the core of the SAMW re-
mained at a constant depth (Xu et al., 2021). This is due to
a balance between increased wind stress curl and in-
creased buoyancy fluxes. The lightening of SAMW and
reducing ventilation are mainly due to increased surface
buoyancy forcing due to warming, while the stronger
westerly winds play a weaker role and slow down the
lightening trend. The temporal trend of SAMW also show
different features in different ocean basins (Wang et al.,
2022). Results show that the subduction rate of SAMW
tends to increase in the South Pacific but to decrease in
the Southern Indian Ocean during 1958-2016 (Qiu et al.,
2021). The volume of SAMW in the Southern Indian
Ocean decreased by 10% from 2004 to 2018 (Hong et al.,
2020), and the shrinking mainly occurred in the denser
lower layer, owing to surface forcing changes caused by
weakening MH and westerly winds. However, the vol-
ume of the less dense upper SAMW increases slightly
(Hong et al., 2020). During the same period, SAMW
showed increasing trends in temperature and salinity
(Zhang et al., 2021), and the trends were also different be-
tween the upper and lower layers. The volume of the
warmer and saltier lower-density SAMW in the upper lay-
er increased, while the volume of the colder and fresher
SAMW in the lower layer decreased. These changes were
caused by the deepening of the isopycnal interface of
SAMW and were also ultimately attributed to changes in
wind and surface buoyancy forcing.

3 Antarctic Intermediate Water

As one of the major water masses discovered at the
beginning of the oceanographic survey in the Southern
Ocean, AAIW is believed to be formed primarily by cir-
cumpolar cross-frontal mixing and subsequent subduction
of low-salinity AASW and SAMW according to its cir-
cumpolar distribution and its typical core feature of salini-
ty minimum in vertical profiles (e.g., Deacon, 1937). This
traditional circumpolar view of AAIW formation had nev-
er been doubted until McCartney (1977) noticed that the
SAMW formed in the region around southern South
America are identical in temperature and salinity to the
South Pacific and South Atlantic varieties of AAIW, and
suggested that AAIW is formed primarily in the southeast
Pacific and Atlantic Ocean sectors of the Subantarctic
Zone, as the coldest and freshest variety of SAMW. With
more observational evidences, including an oxygen maxi-
mum associated with the AAIW core, the view is
strengthened that AAIW formation is dominated in the
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southeast Pacific Ocean sector while AAIW in the At-
lantic and Indian Ocean sectors is derived from advection
of the southeast Pacific AAIW through Drake Passage
with additional modification in that region (Talley, 1996).
The presence of distinctly different AAIWSs in the three
sectors of the Southern Ocean is attributed to the regional
mixings along the AAIW transport path rather than new
ventilation (Piola and Georgi, 1982; Hanawa and Talley,
2001).

The controversy about the AAIW formation source
origins has never been resolved even after new research
methods except for in situ observations were applied. The
results from an inverse box model reveal both the outcrop-
ping of SAMW around the Drake Passage and the circum-
polar cross-frontal transport and transformation play im-
portant roles in the renewal of AAIW (Sloyan and Rin-
toul, 2001). Investigation of the intensity and regional
variability of the ventilation process confirms that most of
the water in the AAIW density class subducts in Drake
Passage (Sallée et al., 2010). Most numerical simulations
support the local view of AAIW formation (England et al.,
1993; Marsh et al., 2000; Saenko et al., 2003), while less
models support the circumpolar view (Santoso and Eng-
land, 2004) or their combination (Serensen et al., 2001).

Recently, three sub-types of AAIW are identified by
applying a machine learning approach to individual Argo
profiles (Xia et al., 2022). In addition to the two tradition-
ally known sub-types, the Southeast Pacific AAIW and
the circumpolar AAIW, a new sub-type of AAIW formed
along the SAF in the South Pacific Ocean is also identi-
fied. This unsupervised classification result reflects a
complicated pattern of AAIW formation, modification and
circulation.

3.1 Transformation and circulation of AAIW

As a water mass sandwiched between overlying ther-
mocline and underlying deep water and circulating in both
the Southern Ocean and all adjacent subtropical oceans,
AAIW is an active member in the closure of the deep and
thermocline circulation in the Southern Ocean and/or the
adjacent subtropical oceans (Sloyan and Rintoul, 2001).
Before subducting into the intermediate layer, surface wa-
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(Li et al.,, 2022). Ekman pumping upwells the denser
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vected northward by Ekman transport into the subduction
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of less dense AAIW occurs mainly by lateral advection in
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dominantly by mesoscale mixing near the SAF and verti-
cal mixing in the South Pacific Ocean, while AAIW is
further replenished by transformation from upper Circum-
polar Deep Water (UCDW) by vertical mixing. The re-
sults suggest that the distribution of AAIW is set by its
formation due to subduction and mixing, and its circula-
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tropical gyres.
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circulation cells (Fig. 3) associated with the global over-
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1977). The formation rates of AAIW (defined in a
potential density range of 27.06-27.40 kg/m3) from PF to
20°N in the South Pacific Ocean was quantified as
(5.8 £ 1.7) x 10° m3/s based on ChloroFluoroCarbon
(CFC) inventories (Hartin et al., 2011). The AAIW pro-
duced in the southeast Pacific is then subducted north-
ward into the South Pacific subtropical gyre (Talley,
1996). The resulting low-salinity layer is apparent
throughout the Pacific Ocean up to the southern boundary
of the subtropical gyre in the North Pacific Ocean
(Hanawa and Talley, 2001). The circulation and mixing of
AAIW in the South Pacific Ocean were reviewed using
evidence from physical and geochemical tracers and Ar-
go float trajectories (Bostock et al., 2013). This study con-
firms that the main formation region of AAIW is the
southeast Pacific Ocean, where fresh, cold, high oxygen,
low nutrient, and intermediate waters are created. Then,
this AAIW is transported north and mixes with Equatorial
Pacific Intermediate Waters. Other two sub-types of
AAIW are “Tasman” AAIW found in the Coral and Tas-
man Seas, and “Southern Ocean” AAIW most likely a
mixture of AAIW formed locally at the SAF and AATW
formed along the SAF in the southeast Pacific or Indian
oceans and transported by ACC. A transition type be-
tween these two sub-types AAIW can be identified in the
region east to the Tasmania (Yao and Shi, 2017).

While the less dense AAIW is carried back into the
South Pacific subtropical gyre by a regional circulation
loop, the denser AAIW is mostly carried away into the At-
lantic Basin (Sallée et al., 2010). The South Atlantic
AAIW originates from surface waters in northern Drake
Passage and the Falkland Current loop (Talley, 1996). An
oxygen maximum is associated with the AAIW through
much of the South Atlantic Ocean (Hanawa and Talley,
2001). Cool AAIW enters the South Atlantic Ocean and
moves northward adjacent to the South American coast
with the Malvinas Current, then meets the southward
Brazil Current, forming the Brazil-Malvinas confluence,
which moves eastward across the Atlantic Ocean as the
South Atlantic Current, and then is transported southeast-
ward over the mid-Atlantic ridge (Sloyan and Rintoul,
2001). The North Atlantic thermohaline circulation is
closed primarily by intermediate water that enters the At-
lantic Ocean through Drake Passage (Gordon et al., 1992;
Sloyan and Rintoul, 2001),

There is a significant inter-ocean exchange of AAIW
between the South Atlantic and Indian oceans. The South
Atlantic water loops back to the Atlantic Ocean within the
Indian Ocean, perhaps mostly within the Agulhas recircu-
lation cell of the southwest Indian Ocean (Gordon et al.,
1992). Most of the westward flow south of Africa enters
the Atlantic Ocean in the Benguela Current (Sloyan and
Rintoul, 2001).

AAIW in the Indian Ocean had ever been thought
originating from the South Atlantic Ocean (Talley, 1996).
CFC and hydrographic data indicate that the most recent-

ly ventilated AAIW is observed in a compact anticyclonic
gyre west of 72°E for its eastward extent and is deflected
and limited by the Kerguelen Plateau (Fine, 1993). Argo
data show that the salinity minimum associated with
AAIW in the South Indian Ocean is centered on an isopy-
cnal with potential density of 27.2 kg/m3 and fresh AATW
is injected northward into the subtropical gyre at about
65°-85°E (Wong, 2005).

Tracers are consistent with an inter-ocean flow from
the South Pacific Ocean into the Eastern Indian Ocean,
similar to the linkage between the South Atlantic Ocean
and the Indian Ocean (Fine, 1993). Several currents get
together to complete the connection between the South
Pacific Ocean and the Indian Ocean, including the East
Australia Current in the Southwest Pacific Ocean, the Tas-
man Leakage, and the Flinders Current in the South Aus-
tralian Basin, and the extension of Flinders Current in the
southeast Indian Ocean (Yao and Shi, 2017).

3.2 Temporal variations of AAIW

Long-term trends of AAIW have been identified by
comparisons of hydrographic data collected along the
World Ocean Circulation Experiment (WOCE) repeat
transects since the end of last century.

By comparing historical hydrographic data collected
between 1930 and 1980 with trans-oceanic hydrographic
transects during 1985-1994 in the Pacific (17°S, 43°S be-
tween Tasmania and New Zealand) and Indian oceans
(32°S), a coherent basin-wide freshening of AAIW is
found and is attributed to the freshening of surface waters
in the high latitude Southern Ocean (Wong et al., 1999,
2001).

An analysis of hydrographic data collected along 24°S
transect in the South Atlantic Ocean show that AAIW sig-
nificantly warmed from 1958 to 2009, with a significant
salinification from 1958 to 1983 and a subsequent period
of smaller change in salinity (McCarthy et al., 2011).
Changes in the salinity of AAIW are shown to be linked
with the Indian Ocean influence by the increased Agulhas
leakage rather than the intensification of the hydrological
cycle.

As a choke point, Drake Passage is the most frequent-
ly observed region of the Southern Ocean. A time series
of the physical and biogeochemical properties during
1969-2005 constructed using 24 transects of measure-
ments across the passage indicates that AAIW had experi-
enced substantial variability on interannual to interdecadal
time scales (Naveira Garabato et al., 2009). Changes in
AAIW are mainly forced by variability in Winter Water
(the minimum temperature layer in AASW) properties re-
sulting from fluctuations in wintertime air-sea turbulent
heat fluxes and spring sea ice melting, both of which are
linked to predominantly ENSO-driven variations in the in-
tensity of meridional winds to the west of the Antarctic
Peninsula. For the interdecadal variability, AAIW under-
went a net freshening (by about 0.05) between the 1970s
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and the twenty-first century, which were seemingly forced
by an interdecadal trend in the SAM and regional positive
feedbacks in the air-sea ice coupled climate system.

The availability of Argo data with higher temporal
and spatial resolution enhances the studies of AAIW
variability. A 50-year (1960-2010) time series repro-
duced from historical hydrographic data and Argo data
confirms that the freshening trend of AAIW at the 32°S
transect in the Indian Ocean had persisted into the first
decade of the new century (Kobayashi et al., 2012).
Using an isopycnal climatology constructed from Argo
data to define the modern state of the AAIW core
(salinity minimum), the variations of AAIW since the
mid-1970s are studied (Schmidtko and Johnson, 2012).
The properties at the AAIW core show statistically signif-
icant strong circumpolar shoaling (30-50 m/decade),
warming (0.05-0.15°C/decade), and density reductions
[up to —0.03 (kg'm3)/decade]. These trends are strongest
just north of the ACC in the southeast Pacific and At-
lantic Oceans and decrease equatorward. Salinity trends
for the whole AAIW are generally small, while long-term
freshening is found in the southeast Pacific, southwest At-
lantic, and south-central Indian Oceans, with salinifica-
tion south of Africa and Australia. The gridded monthly
mean Argo data reveals a basin-scale freshening of AAIW
in the South Atlantic during the period from 2005 to 2014,
which is also revealed by two repeated transects along
30°S (Yao et al., 2017). A decrease in the transport of Ag-
ulhas Leakage accounts for approximately 53% of the ob-
served freshening, while the freshening has been compen-
sated for by a salinity increase of thermocline water, indi-
cating a local hydrological cycle intensification. A latest
result using Argo data shows that AAIW (defined in a
neutral density range of 27.05 kg/m3 to 27.75 kg/m3) has
warmed and thinned due to the deepening of lighter isopy-
cnals so that its heat content decreased by 1.4 x 102! J/a
over the Argo era (2005-2020) (Li et al., 2023b). This
finding highlights the complexity of the AAIW response
to global warming.

Reanalysis data are much helpful for understanding
the temporal variations of AAIW. With ocean assimila-
tion data during 1979-2008, Yang and He (2014) investi-
gated the AAIW in the region of Brazil and Malvinas con-
fluence, where locates the maximum anomalies of AAIW
decadal variability. They proposed that the local mesoscale
eddies may play an important role in triggering this
decadal oscillation. In an estimation of the volume change
of the interior water masses in the Southern Hemisphere
oceans between 2006 and 2015 with reanalysis data
(Portela et al., 2020), the AAIW (defined in potential den-
sity between the 27.2 kg/m? and 27.5 kg/m?) shows the
strongest trend of volume decrease. In a density-spiciness
framework, this volume loss can be explained by its nega-
tive isopyncal transformation southward of the ACC into
the fresher and colder AASW and northward into spicier
tropical/subtropical intermediate waters. The results of

AAIW volume budget in the Southern Ocean based on an
ocean model output show that the diapycnal mixing and
the surface buoyancy flux dominates the interannual vari-
ation of AAIW in the Indian Ocean and in the Pacific
Ocean, respectively (Zhang et al., 2023). The AAIW vol-
ume decreased by approximately 7.2% from 1955 to
2017, due to a consistent increase of oceanic buoyancy
gain over the outcropping area and, thus, more AAIW be-
ing transformed into lighter water.

4 Circumpolar Deep Water

CDW is a warm (7T > 1.5°C) and saline (S > 34.6) wa-
ter mass occupying the intermediate depth of the South-
ern Ocean (Talley et al., 2011). It lies between AASW
(south of the SAF) or AAIW (north of the SAF) and
AABW. CDW can approach the Antarctic continental
shelves by the proximity of the ACC to the shelves or by
joining the Weddell and Ross gyres. While the Antarctic
Slope Current (ASC) acts as a barrier for the CDW to ac-
cess to the Antarctic continental shelves, on-shelf CDW
intrusion can be achieved by several dynamical processes
including mesoscale eddies resulting from frontal instabil-
ity, topographic Rossby waves, baroclinic currents, flow
inertia, bottom Ekman transports (Klinck and Dinniman,
2010; St-Laurent et al., 2013; Stewart and Thompson,
2016; Liu et al., 2022; Wang et al., 2024). The intruded
CDW then mixes with the shelf waters to form modified
CDW (mCDW). The shoreward flow of mCDW can sup-
ply significant amount of heat to the base of ice shelves
and thus play an important role in the ice shelf basal melt-
ing (Depoorter et al., 2013; Nakayama et al., 2014b). The
CDW is also a nutrient-rich water mass that can stimulate
primary production in the Antarctic shelf ecosystems
(Gerringa et al., 2020).

41 CDWin the Southern Ocean and its up-
welling pathways

The CDW can be further classified into two water
mass types—the UCDW and the lower CDW (LCDW).
The UCDW is featured by high temperature, low oxygen
and rich nutrients, which is mainly supplied by the Pacif-
ic Deep Water (PDW) and the Indian Deep Water (IDW).
The LCDW is distinguished by high salinity that mainly
origins from the NADW (Orsi et al., 1999). Combining
hydrographic measurements and particle tracking in a
high-resolution numerical model, Tamsitt et al. (2017) re-
vealed that deep water enters the ACC from north via deep
western boundary currents along continents or topograph-
ic ridges and along eastern pathways driven by eddy activ-
ities, and then spirals southeastward and upward into the
ACC. Upwelling is enhanced when the ACC encounters
major topographic features including the Southwest Indi-
an Ridge, Kerguelen Plateau, Macquarie Ridge, Pacific-
Antarctic Ridge, and Drake Passage. Tamsitt et al. (2018)
further quantified the water mass transformation of the
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CDW along its upwelling pathways originating from the
three ocean basins based on the eddy-permitting SOSE.
While rich eddies at major topographic features can cause
rapid water mass transformation, the cumulative transfor-
mation along the CDW upwelling trajectories is mainly
induced by background mixing.

4.2 Dynamics of the CDW intrusion onto Anftarc-
tic continental shelves

Mechanisms for the on-shelf intrusion of CDW have
been the research foci of water mass studies in the South-
ern Ocean. Thompson et al. (2018) classified the Antarc-
tic continental shelves into three categories: fresh shelf,
dense shelf and warm shelf (Fig. 4). For the fresh shelf,
fronts on the slope are featured by density surfaces tilting
downward from north to south and intersecting the slope,
and CDW has to move across isopycnals to access to the
shelf. The dense shelf is characterized by a V-shaped
frontal feature that accommodates both the offshore trans-
port of DSW and onshore transport of CDW, and
mesoscale turbulence at the interface between the DSW
and CDW plays a role in promoting the CDW on-shelf in-
trusion. For the warm shelf, CDW shoals continuously
from the open ocean to the shelf, which is quite favorable
for its onshore movement. Klinck and Dinniman (2010)
proposed a couple of possible mechanisms for the cross-
slope transport of CDW including the following: (1) Ek-
man transport in the bottom boundary layer, (2) flow iner-
tia in the presence of bathymetry curving onshore, (3) ver-
tical excursion of isopycnals in the Antarctic Slope Front
(ASF), (4) instability of the ASC frontal jets, (5) atmo-
spheric forcing such as westerlies that drive upwelling of
deep water, (6) circulations driven by the buoyance of ice
shelf meltwater.

Submarine troughs are identified as important con-
duits for the on-shelf intrusion of CDW. Using an ideal-
ized eddy-resolving model simulating the dynamics of
western Antarctica oceanic processes, St-Laurent et al.
(2013) suggested three mechanisms for the CDW onshore
movement within submarine troughs: (1) a deep onshore
flow driven by the ice shelf basal melting, (2) interaction
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between the alongshore mean flow and the trough, and
(3) interaction between Rossby waves on the continental
slope and the trough topography. Based on a realistic
high-resolution coupled ocean-sea ice-ice shelf model for
Prydz Bay, Liu et al. (2017) identified submarine troughs
east of the Four Ladies Bank as an important pathway for
the CDW shoreward flows. Liu et al. (2022) proposed
three mechanisms governing the CDW intrusion through
troughs over fresh shelf regions with an idealized eddy-
resolving ocean-ice shelf coupled model, which includes
the following: (1) bottom pressure torque, (2) topographic
beta effect and (3) topographic Rossby waves. Morrison
et al. (2020) found significant correlation of the inflow of
CDW to outflow of DSW within troughs on the Antarctic
shelf, and attributed such relationship to the fact that the
transport of DSW creates cross-trough sea-level gradient
inducing onshore geostrophic transport of the CDW. Ong
et al. (2024) found intrinsically episodic intrusions of the
CDW through canyons on Antarctic shelves using an ed-
dy-resolving isopycnal model simulating the dynamics of
East Antarctic marginal seas, which are attributed to the
interaction between wind energy input and eddies generat-
ed from the ASF.

Eddies play an important role in mediating the cross-
slope transport of CDW and the associated heat fluxes.
Stewart and Thompson (2016) found that the shoreward
CDW transport is significantly modulated by mesoscale
and submesoscale eddies, which are mainly generated by
instability at the interface between the CDW and DSW
with energy supply from buoyancy loss on the continental
shelf. Stewart et al. (2018) revealed that eddy stirring
along isopycnals is the primary mechanism for shoreward
heat transport around Antarctica, which is modulated by
tides and surface wind forcing.

A couple of studies revealed the mechanisms for the
CDW onshore intrusion by performing vorticity budget
analysis for circum-Antarctic or regional shelves. Diagno-
sis of time-mean vorticity budget based on the SOSE re-
analysis product suggests that in the Amundsen Sea, the
cross-slope CDW transport is mainly controlled by vortic-
ity input from the wind stress curl at the shelf break (Ro-
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Fig. 4. Schematic illustrating the on-shelf intrusion of the Circumpolar Deep Water (CDW) on the fresh (a), dense (b),
and warm (c) continental shelves [modified from Thompson et al. (2018)]. ASC: Antarctic Slope Current, DSW: Dense

Shelf Water.
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driguez et al., 2016). Based on depth-integrated vorticity
budget analysis for circum-Antarctic shelves using simu-
lations from a global eddy-permitting ocean-sea ice mod-
el, Paloczy et al. (2020) showed that in the Amundsen
Sea, Bellingshausen Sea, and Weddell Sea, the vorticity
budget on the shelves is dominated by the topographic
Sverdrup balance, which is the balance between surface
vortex stretching/squeezing caused by surface Ekman
pumping and bottom vortex squeezing/stretching associat-
ed with the cross-slope flows. Wang et al. (2024) devel-
oped a coupled high-resolution ocean-sea ice-ice shelf
model for the Ross Sea and Amundsen Sea, and depth-in-
tegrated vorticity balance analysis based on the model
simulations reveals that in the Ross Sea the onshore trans-
port of CDW is primarily controlled by the joint effect of
baroclinicity and relief term, which results from along-
isobath density gradient on the slope between the DSW
and the iceshelf meltwater from the Amundsen Sea. On
short timescales, the variability of CDW intrusion is
demonstrated to be related to topographic Rossby waves
(Liu et al., 2022).

4.3 Temporal variations of the CDW and the forc-
ing mechanisms

Studies on the temporal variability of CDW are more
focused on seasonal and interannual time scales, while
the variations at higher frequencies and in the long term
under climate change are also revealed. On the seasonal
scale, mooring observations detected strong CDW inflows
in austral summer and weak inflows in austral autumn in
the Ross Sea (Castagno et al., 2017). Using numerical
simulations from a coupled high-resolution ocean-sea ice-
ice shelf model for the Ross Sea, Wang et al. (2023b) al-
so found strong CDW intrusion in austral summer. Signif-
icant correlation exists between the onshore flow of CDW
and poleward Sverdrup transport in the open ocean associ-
ated with Ekman pumping induced by surface stress curl,
such that larger stress curl in summer under low sea ice
concentration promotes the upwelling and onshore intru-
sion of the CDW. Based on mooring observations on the
slope of Prydz Bay, Guo et al. (2022) found that promi-
nent CDW intrusion occurs between March and July,
which is significantly related to the wind field north of the
shelf break and lags the wind variation by about 60 d;
poleward shift of the westerlies drives upwelling and
shoaling of the CDW and then facilitates its on-shelf in-
trusion. Gao et al. (2024) observed persistent eddies carry-
ing warm CDW onto the Prydz Bay shelf in mooring mea-
surements and hydrographic section data in 2013-2015;
such eddies are more active in summer when westerlies
are strengthened, enhancing the CDW upwelling and initi-
ating eddy formation.

On the interannual scale, using long-term data from
the Antarctic Marine Life Resources program, Zhang
et al. (2020) detected significant, positive correlation be-
tween the variation of mCDW extent on the shelf of the

northern Antarctic peninsula and the variation of SAM in
austral spring, which is caused by the wind variation asso-
ciated with SAM; the SAM-induced CDW change has
significant impacts on the phytoplankton biomass in this
region as CDW is a nutrient-rich water mass. With obser-
vations obtained during the Chinese National Antarctic
Research Expedition in the Dotson-Getz Trough in the
summers of 2020 and 2022, Xie et al. (2023) identified
strengthening of the CDW onshore intrusion and east-
ward shift of the intrusion path in 2022, which results
from the poleward shift of westerlies that enhances the
CDW upwelling on the slope as well as the enhancement
of eastward undercurrents that promotes the onshore Ek-
man transport of CDW in the bottom layer. Chen et al.
(2023) found notable relationship between the interannual
variations of CDW onshore intrusion in the Ross Sea and
eddy kinetic energy on the slope, and demonstrated that
eddies play a crucial role in modulating the variations of
onshore heat transport toward the Ross Sea shelf.

Several studies discussed the long-term variations or
conducted future projections of CDW in the context of cli-
mate change and explored its impact on the basal melting
of Antarctic ice shelves. Dinniman et al. (2012) simulates
the changes of CDW intrusion onto the western Antarctic
Peninsula shelves under a shift toward positive SAM
phase, and found that enhancement in westerlies and ACC
can both strengthen the CDW intrusion but does not nec-
essarily increase the CDW influx under the ice shelves, as
stronger winds can also cause enhanced mixing of the
warm CDW with colder water in the upper layer. Cook
et al. (2016) identified dramatic retreat of Antarctic
glaciers associated with warming of the mid-depth ocean
temperature, which is indicative of increasing trend of the
warm CDW intrusion. By conducting sensitivity numeri-
cal experiments, Dinniman et al. (2018) suggested that in-
creased wind and lower air temperatures in the future cli-
mate scenario over the Ross Sea will enhance the on-shelf
transport of CDW and the vertical mixing of mCDW on
the shelf, while freshening of the Ross Sea shelf due to in-
creased transport of ice shelf meltwater from the Amund-
sen Sea will reduce the on-shelf transport of CDW and
vertical mixing of the mCDW. Xie et al. (2024) suggest-
ed that increased meltwater transport from the Amundsen
Sea to the Ross Sea in the future will reduce eddy activi-
ties on the western Ross Sea slope and inhibit the onshore
CDW intrusion, while enhance the CDW intrusion in the
eastern Ross Sea by increasing the along-slope density
gradient and on-shore baroclinic currents.

5 Antarctic Bottom Water

As early as during the Challenger expedition of
1872—-1876, cold waters were observed in the deep and
bottom layers of interconnected basins of the world ocean,
indicating a polar origin of these waters. Waters in the
bottom layers of the global ocean, with their origins from
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the formation sites close to Antarctica and with tempera-
tures below 2°C, are collectively referred to as “Antarctic
Bottom Water” (Speer and Zenk, 1993; Orsi et al., 1999).
In the Southern Ocean, AABW includes deep waters with
potential temperatures below 0°C (Gordon and Tchernia,
1978). Occupying much of the world ocean floor, AABW
is colder than the bottom water originating from the north-
ern source (Speer and Zenk, 1993). Mantyla and Reid
(1983) documented the occupation of AABW in the glob-
al ocean, and Johnson (2008) estimated that AABW ac-
counts for about 40% of the global ocean volume. In the
Southern Ocean, AABW is defined as the water with neu-
tral density greater than 28.27 kg/m3 and temperature
above —1.7°C (Whitworth III et al., 1998; Orsi et al.,
1999).

5.1 AABW spatial pattern

AABW has a quasi-circumpolar distribution, but does
not appear at Drake Passage and is very thin at a few
choke points, e.g., the sill of the Princess Elizabeth
Trough (65°S, 80°E) and the sill located near Balleny
Trough (65°S, 160°E) (Orsi et al., 1999). AABW also ex-
ists on the upper slope and outer continental shelf in some
regions (Whitworth III et al., 1998).

On basin scale, AABW is the thickest in the Weddell
basin, and then becomes thinner in the Weddell-Enderby
basin and in the central Pacific basin (or the western part
of the southeast Pacific basin), and the thinnest in the
Australian-Antarctic Basin (Orsi et al., 1999). The fresh-
est and coldest AABW is found in the Weddell Sea. Grad-
ually, AABW becomes saltier and warmer eastward and
the saltiest in the Ross Sea.

AABW exits the Southern Ocean through deep west-
ern boundary currents, replenishing the abyss of all basins
to the north (except parts of the North Atlantic and Arctic

Oceans). Beneath the southward flowing NADW, the
northward flowing AABW upwells into the lower layer of
NADW through mixing processes and returns to the south
as the lower portion of NADW (Talley, 2013). In the Pa-
cific and Indian basins, the AABW is the major contribu-
tor to the formation of Pacific Deep Water and Indian
Deep Water through diffusive processes north of 32°S,
with the contribution from NADW being minor and no
surface sources (Talley, 2013). The AABW returns to the
south in the form of Pacific Deep Water and Indian Deep
Water in these two basins.

5.2 AABW formation processes

The formation of AABW involves processes of strong
atmosphere-ocean-cryosphere interactions on a variety of
scales, from small to global scale and from turbulence to
millennial scale.

Two modes have been proposed to describe the forma-
tion of AABW: the shelf sea mode and the open-ocean
mode (Gordon, 2014). The shelf sea mode is a primary
mode under the present-day climatic conditions, and the
open-ocean mode was observed to function during the
mid-1970s (Gordon, 1978, 1982) and possibly at earlier
times (de Lavergne et al., 2014).

5.2.1 Shelf sea mode

As a typical example, Fig. 5 illustrates the key pro-
cesses involved in the formation of the precursors of
AABW, i.e., High Salinity Shelf Water, and then DSW
(Gill, 1973; Foster and Carmack, 1976; Foldvik et al.,
2004; Orsi and Wiederwohl, 2009). In winter, cold and
dry katabatic winds (Turner et al., 2009; Wang et al.,
2021; Morrison et al., 2023) push sea ice away from ice
shelf fronts or coasts. Such a process makes areas with
low sea ice concentration, i.e., coastal polynyas, and

katabatic Wing
s

Fig. 5. Schematic of AABW formation processes (shelf sea mode). AABW: Antarctic Bottom Water; CDW: Circum-
polar Deep Water; DSW: Dense Shelf Water; HSSW: High Salinity Shelf Water; ISW: Ice Shelf Water; mCDW: modi-

fied Circumpolar Deep Water.
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hence strong oceanic heat losses over these polynyas.
Consequently, new ice forms and is then pushed away by
offshore winds, leading to persistent brine rejection that
makes the surface water dense (Ohshima et al., 2022).
These polynya regions are narrow, but they produce about
10% of Antarctic sea ice (Tamura et al., 2008), so they are
also known as “ice factories” (Gordon and Comiso, 1988).
As the mixed layer deepens, salty water in the deeper lay-
er is entrained into the mixed layer, which could make the
mixed layer further dense, forming a positive feedback. If
the surface forcing is strong enough, the convection can
reach a great depth or even the bottom to form HSSW
(Miller et al., 2024).

HSSW can mix with some water masses on the shelf
to form DSW, such as mixing with Ice Shelf Water, a
mixture of melting water at the base of the ice shelf and
its ambient water (Campagne et al., 2015; Williams et al.,
2016; Naveira Garabato et al., 2017; Zheng et al., 2021),
and mixing with mCDW (Orsi and Wiederwohl, 2009).

During the export of DSW towards the shelf break and
descending over the slope, oceanic processes, such as
waves (Wang et al., 2009; Jensen et al., 2013; Han et al.,
2022, 2023), eddies (Stewart and Thompson, 2015; Mack
et al., 2019; Spall and Price, 1998; Darelius et al., 2009;
Wang et al., 2009; Nakayama et al., 2014a), and tides
(MacAyeal, 1984; Padman et al., 2003; Robertson, 2005a,
2005b; Ou et al., 2009; Guan et al., 2009; Han et al.,
2024), modulate the pathway and transform the properties
of DSW, along with overlying atmospheric forcing (Wang
et al., 2021, 2023a; Morrison et al., 2023) and the dynam-
ic effects of bottom topography (Wahlin et al., 2008;
Muench et al., 2009; Wang et al., 2009; Nakayama et al.,
2014a).

Based on analyzing chlorofluorocarbon concentrations,
the circumpolar export rate of DSW was estimated as
5.4 x 106 m3/s, which forms 8.1 x 10° m3/s of AABW by
entraining 2.7 x 10¢ m3/s of CDW (Orsi et al., 2002). By
analyzing shelf water budgets and natural and anthro-
pogenic tracers, the circumpolar formation rate was esti-
mated to be within 4.5 x 100-11 x 10% m3/s (Weiss et al.,
1979; Mensch et al., 1996; Gill, 1973; Carmack, 1977;
Orsi et al., 1999, 2002; Weppernig et al., 1996; Meredith
et al., 2001), as summarized in Naveira Garabato et al.
(2002).

5.2.2 Open-ocean mode

Deep convection is a major process for the deep water
formation in the North Atlantic, e.g., in the Labrador Sea,
where the maximum mixed layer depth can reach about
2000 m (Marshall and Schott, 1999; Yashayaev and
Loder, 2017). Though the shelf sea mode is the dominant
mode of the AABW formation for the present-day condi-
tion, deep convection did occur to produce AABW. Also,
in many current-generation climate models, deep convec-
tion wildly exists in the Southern Ocean and is the major
mechanism of the AABW formation (Wang and Chen,

2019).

It was observed that deep convection occurred during
the mid-1970s in the Weddell Sea (Gordon, 1978, 1982).
Throughout the winters of 1974-1976, a large and persis-
tent open-ocean polynya, named as the Weddell Polynya,
occurred near the Maud Rise (Gordon and Comiso,
1988). The size of the polynya was estimated to be
2 x 10°-3 x 105 km? (Carsey, 1980). Hydrographic obser-
vations suggested that the associated deep convection
reached a depth of about 4 000 m (Gordon, 1978). It was
estimated that the bottom water formation rate was about
1.6 x 10°-3.2 x 10° m3/s (Gordon, 1982) using surface
flux data. A modeling study suggested that the bottom wa-
ter formation rate could be about 5 x 10 m3/s (Wang et
al., 2017).

5.3 Temporal variations of DSW/AABW and
drivers

5.3.1 Temporal variations of DSW and drivers

Despite even much more sparse samplings in the
Antarctic marginal seas, Schmidtko et al. (2014) analyzed
the changes in bottom water temperature and salinity in
the shelf sea regions for the period of 1975 to 2012, ex-
cept for the Bellingshausen and Amundsen Seas where
observations started from the 1990s. Statistically signifi-
cant freshening was detected in the Ross Sea continental
shelf and some narrow shelf regions between 45°E and
90°E. Warming mainly occurred in the Bellingshausen
and Amundsen Seas, and slight cooling in the Weddell
Sea continental shelf.

The warming in the Bellingshausen and Amundsen
Seas has been attributed to the enhanced upwelling of
CDW (Schmidtko et al., 2014; Turner et al., 2017). The
Amundsen Sea Low has been found to be deepened
(Turner et al., 2017), which might contribute to causing
stronger CDW upwelling and more intrusion onto the con-
tinental shelf (Schmidtko et al., 2014). The warming in
this region could enhance the basal melting of ice shelves
and the retreat of the glaciers in West Antarctica (Turner
et al., 2017), which was suggested to make contributions
to the long-term freshening on the Ross Sea continental
shelf (Jacobs et al., 2002; Jacobs and Giulivi, 2010).

However, there exists considerable interannual and
decadal variability in the salinity of DSW on the Ross Sea
continental shelf, featured by a decreasing trend in the
past decades (Jacobs and Giulivi, 2010; Jacobs et al.,
2022) and a sharp rebound since 2014 (Castagno et al.,
2019; Jacobs et al., 2022; Silvano et al., 2020). Two pro-
cesses have been proposed to be involved in the salinity
rebound in the DSW on the Ross Sea continental shelf
(Guo et al., 2020; Silvano et al., 2020). First, a reduction
in the meltwater transport from the Bellingshausen and
Amundsen Seas into the Ross Sea continental shelf,
caused by the weakening of the slope and coastal currents,
was a possible process (Guo et al., 2020). Second, the su-
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perposition of positive Southern Annular Mode (SAM)
and El Nifio was suggested to lead to reduced sea ice
transport into the Ross Sea continental shelf and hence in-
creased sea ice production (Silvano et al., 2020).

5.3.2 Zemporal variations of AABW and drivers

The freshening in the DSW on the Ross Sea continen-
tal shelf is presumably responsible for the freshening in
the Ross Sea Bottom Water (RSBW). It is also possible
that such influence could reach the Australian-Antarctic
Basin.

Purkey et al. (2018) synthesized the circumpolar
changes in bottom water properties (see their Fig. 7) us-
ing hydrographic data collected during 1981-2015. Fresh-
ening mainly occurred in the Ross Sea and in its immedi-
ate downstream region, the Australian-Antarctic Basin,
but the signal becomes very weak in the other regions.
The freshening in the RSBW was linked to the shrinking
and retreat of ice shelves and glaciers in West Antarctica
(e.g., Jacobs and Giulivi, 2010). As the DSW on the Ross
Sea continental shelf is the precursor of the RSBW, a
sharp rebound in the salinity of RSBW since 2015 was al-
so observed (Castagno et al., 2019; Jacobs et al., 2022;
Silvano et al., 2020).

Warming occurred over the -circumpolar region,
though stronger warming was in the Atlantic sector and
weaker warming in the southeast Pacific sector. The
warming was suggested to be caused by the lowering of
isotherms induced by the shrinking of the bottom water
volume (Purkey and Johnson, 2013). Therefore, the
warming could partially originate from the freshening of
the bottom water. However, the significant warming in the
Atlantic sector might not be linked to the freshening, as
the freshening is much less significant in the Atlantic sec-
tor than in the other sectors (Purkey and Johnson, 2013).
Warming of AABW contributes to about 10% of the
ocean heat uptake and 9% of thermosteric sea level rise
over the globe between the 1980s and 2000s (Purkey and
Johnson, 2010, 2012).

Gao et al. (2022) analyzed CTDs and profiling float
profiles during 2003-2020 in the southwest Indian Ocean
sector. They found significant cooling, freshening, and in-
creasing dissolved oxygen on the continental slope off
Cape Darnley Polynya, while warming, freshening, de-
creasing density, and increasing dissolved oxygen in the
Daly Canyon. They suggested that these changes were
likely caused by enhanced DSW export in Daly Canyon
and subsequent entrainment of CDW.

Schmidt et al. (2023) demonstrated that there exists
strong interannual variability in the formation and export
of AABW by using a high-resolution ocean-sea ice model
[ACCESS-OM2-01; horizontal resolution of (1/10)°].
They found that the primary driver is the strength of east-
erly winds: stronger easterly winds transport more sea ice
into the AABW formation region, resulting in less sea ice
production and hence less AABW production.

Zhou et al. (2023) reported a decrease of about 30% in
the Weddell Sea Bottom Water volume during the period
from around 1992 to around 2020 and the decrease in the
densest classes is the largest. They attributed these
changes to more than 40% decline in the sea-ice produc-
tion rate over the southern Weddell continental shelf, pre-
sumably induced by increasing northerly wind trend relat-
ed to the Interdecadal Pacific Oscillation and the variabili-
ty in the Amundsen Sea Low.

Gunn et al. (2023) found that AABW transport weak-
ened by about 4.0 x 10° m3/s from 1994 to 2009 in the
Australian-Antarctic Basin, corresponding to strong fresh-
ening on the continental shelf. When the freshening was
reversed on the shelf between 2009 and 2018, a partial re-
covery of about 2.2 x 10° m3/s was observed.

Bil6 et al. (2024) analyzed mooring observations and
hydrographic data at 16°N and found that the shrinking in
the AABW volume in the Southern Ocean affected the
northward AABW transport in the North Atlantic, leading
to a reduction of (0.35 £ 0.13) x 10% m3/s between 2000 and
2020 below 4 500 m [mean volume transport of (2.40 +
0.25) x 10% m3/s]. Also, they found that the consequent
warming of the AABW layer in the subtropical North At-
lantic is about 1 (m-‘C)/a averaged over this period.

5.4 Modeling of AABW

5.4.1 Global models

The AABW-driven lower cell of global overturning
circulation is an essential component in the global climate
system, as a result of strong interactions between the
atmosphere, ocean, and cryosphere on various spatial and
temporal scales. Therefore, the processes associated
with AABW formation and their global impacts have to
be simulated in global climate models or earth system
models.

Current generation climate models have difficulties in
simulating the formation processes and the export path-
ways of AABW, considerably reducing our confidence in
properly simulating the global overturning circulation and
hence climate variability. Simulated properties in AABW
differ considerably from the observations, and inter-mod-
el spreads are too large, in CMIP5 (Heuzé et al., 2013).
The biases have been found reduced in CMIP6, but
AABW forms predominantly by the open-ocean mode in
many models in the present-day conditions, rather than by
the more realistic shelf sea mode (Heuzé, 2021). The poor
ability of these coupled models to simulate the AABW
formation processes is partially attributed to the deficien-
cies in representing the subpolar ocean circulations (Wang
and Meredith, 2008; Wang et al., 2011; Wang, 2013;
Wang and Chen, 2019).

Stand-alone ocean-sea ice models have also been used
to simulate the processes involved in the formation of
AABW or DSW. Wang et al. (2017) used MITgem-
ECCO2, a global coupled ocean-sea ice model forced by
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JRASS5 (Menemenlis et al., 2008), to investigate the for-
mation of AABW induced by open-ocean deep convec-
tion. By intensifying the westerly winds over the South-
ern Ocean, open-ocean deep convection in the Weddell
Sea can develop, which greatly increases the volume of
AABW. By analyzing the simulations from the coupled
Finite Element Sea-ice Ocean Model (FESOM) driven by
the CORE-II forcing, Wang et al. (2021) examined the
formation of HSSW in the Prydz Bay Polynya and the
Shackleton Polynya in response to strong wind events.
They found that the HSSW formation rate through the
wintertime is obviously larger in those years with more
persistent strong wind events.

Climate models have been applied to project the fu-
ture changes in the AABW formation and transport. In a
particular coupled climate model (The Community Earth
System Model version 1.2.2), abrupt CO, doubling (734 x
10-%) and quadrupling (1 468 x 10-%) lead to decreases in
sea ice production by 6%—-8% and 10%-30%, respective-
ly, which substantially freshens shelf waters along with
increased precipitation, during the model integrations of
100 years (Jeong et al., 2023). As a result, CO, doubling
weakens DSW formation by about 75%, and CO, quadru-
pling leads to a complete cessation of DSW formation. Li
et al. (2023a) used a high-resolution coupled ocean-sea-
ice model to conduct a transient simulation forced by a fu-
ture climate under high-emissions scenario. They found
that the meltwater input from the Antarctic ice sheet is
mainly responsible for the shrinking of AABW and hence
warming and aging of the abyssal ocean over the next 30
years.

5.4.2 Regional models

Regional ocean models have been used for simulating
the shelf sea processes, including those based on the MIT-
gem (Marshall et al., 1997), a z-coordinate ocean model,
and the Regional Ocean Modeling System (ROMS)
(Shchepetkin and McWilliams, 2005), a terrain-following
ocean model. By increasing the vertical resolution of the
MITgem to 10 m near the bottom and relaxing the hydro-
static assumption, periodic downslope flows of dense wa-
ter are reproduced associated with the cascading process-
es of DSW in Cape Darnley (Nakayama et al., 2014a).
MITgcem has also been used to simulate how the export of
DSW breaks the PV barrier imposed by the isopycnal
structure of the Antarctic Slope Front, which facilitates
the eddy generation and hence the cross-slope exchange
(Stewart and Thompson, 2015, 2016). The MITgem is fur-
ther coupled to a dynamic and thermodynamic sea ice
model and a static thermodynamic ice shelf model to sim-
ulate the shelf sea processes in Prydz Bay (Liu et al.,
2017; 2018) and in the Ross Sea (Yan et al., 2023). The
seasonal cycle of the formation of DSW in the Ross Sea
has been analyzed in a quantitative way, thanks to the de-
velopment of the regional coupled ocean-sea ice-ice shelf
model in the Ross Sea (Yan et al., 2023).

Wang et al. (2023a) found that sea ice production and
DSW formation were enhanced in response to synoptic-
scale and mesoscale cyclones in the western Ross Ice
Shelf Polynya using a coupled ocean-sea ice-ice shelf
model, based on ROMS. Also, the DSW exports through
the Drygalski Trough and the Glomar Challenger Trough
were in good correlation with the meridional wind. Han
et al. (2022) applied an idealized model configuration of
ROMS to simulate the dynamical processes of the downs-
lope transport of DSW. They found that Topographic
Rossby Waves (TRWs) can lead to oscillating downslope
transport of DSW, but a steep slope does not favor the
genesis of TRWs. Further, they found that the wavelength
and frequency of the TRWs are constrained by the
geostrophic along-slope flow speed of the DSW and by
the dynamics of linear plane waves (Han et al., 2023).

6 Concluding remarks

In this article, we documented the recent advances in
understanding the formation, transformation and transport
of the four major water masses in the Southern Ocean —
SAMW, AAIW, CDW, and AABW. These advances have
considerably increased the appreciation of the critical im-
portance of the Southern Ocean in global energy budget
and hydrological cycle, carbon cycle, and sea level
change.

Studies in recent decades enhance the understanding
of formation, transformation and circulation of SAMW
and AAIW, especially the effects of air-sea exchanges, ad-
vection, subduction, upwelling, isopycnal/diapycnal mix-
ing, and eddy-induced processes. The comparison of his-
torical observation data reveals that, in the past five
decades, SAMW and AAIW shows statistically signifi-
cant strong circumpolar shoaling, warming, and density
reductions, and freshening in the southeast Pacific, south-
west Atlantic, and south-central Indian Oceans. These
trends are strongest just north of the ACC in the southeast
Pacific and Atlantic Oceans and decrease equatorward,
which indicates that signals of global warming have en-
tered the interior ocean, carried by AAIW through its ven-
tilation and transport in the Southern Ocean. CDW has
made significant contributions to the basal melting of
Antarctic ice shelves. The changes of the presence and
vertical mixing of CDW on Antarctic continental shelves
are affected by wind changes associated with major cli-
mate modes such as SAM and freshwater input from ice
shelf melting, which can vary across different regions de-
pending on the local dynamic environments. There is a
long-term freshening trend in AABW, particularly in the
Ross Sea and its downstream region. This freshening
trend has been attributed to the accelerated basal melting
and retreating of ice shelves and glaciers in West Antarcti-
ca. The shrinking of AABW in the Weddell Sea has also
been observed and is attributed to reduced sea ice produc-
tion over the southern Weddell continental shelf owing to
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increasing northerly wind trend related to the Inter-
decadal Pacific Oscillation and the variability in the
Amundsen Sea Low. The formation processes of DSW on
the Antarctic shelf, the precursor of AABW, can be fairly
captured in some global ocean-sea ice models or even
coupled climate models. The further weakening of
AABW formation has been projected in these global mod-
els, with glacial meltwater and reduced sea ice production
possibly playing major roles.

Despite significant advancements in our understand-
ing of water masses in the Southern Ocean, many research
challenges remain, including still sparse spatial-temporal
coverage of observational data, incomplete understanding
of the formation mechanisms, and large uncertainties in
model projections. Data accumulation on WOCE transects
is an important basis for revealing long-term changes in
these water masses. Argo and deep Argo will provide un-
precedented data to study the spatiotemporal variations in
these water masses. Much more in-situ observations be-
neath ice shelves by autonomous underwater vehicles or
underwater gliders are needed to explore the complex in-
teraction between the CDW inflow into ice cavities, the
meltwater outflow and the circulations affected by these
flows. Bathymetry and ice shelf geometry also demand
much more accurate observation. To have a more compre-
hensive understanding of the formation and transforma-
tion mechanisms of these water masses, observations of
associated meso-scale and sub-meso-scale processes are
necessary, including eddies, mixing, and convection.

To improve model projections, eddy-resolving mod-
els with horizontal resolutions of 1 km or finer needed to
be developed to achieve realistic representations of key
processes, particularly for the shelf sea processes and
ocean-ice shelf interactions. Eddies are much smaller in
the Antarctic marginal seas. The first baroclinic Rossby
radius is even less than one kilometer in the convection
region on the continental shelf of the Ross Sea (Mack,
2017); high-resolution models are also needed to simulate
the lateral export of ice shelf water by resolving the sym-
metric and centrifugal instability (Naveira Garabato et al.,
2017). It is a challenge to directly resolve or parameterize
these processes in global models. By conducting inter-
model comparisons among models with different configu-
rations, critical processes can be better understood and
more faithfully simulated.

Future studies also need to strengthen interdisci-
plinary collaborations to collect comprehensive observa-
tional data to assess the impact of these water masses on
global climate and biogeochemical dynamics. More ad-
vanced observation techniques and data analysis methods
should also be developed to improve the understanding of
the formation and evolution mechanisms of these water
masses.
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