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A B S T R A C T

The Ross Sea has been the site of extensive investigations since the earliest days of polar exploration. The In-
ternational Geophysical Year of 1957-58 enhanced research activities with the establishment of scientific stations 
and the collection of oceanographic observations in the area. While many features of its oceanography, ecology, 
physics, glaciology, geology, and biogeochemistry are known, recent advances provide new insights into its 
structure and function, as well as into its relationship to global climate. We present a comprehensive review of 
the advances of understanding the main processes occurring in the area, such as the formation of dense shelf 
water and the production of Antarctic Bottom Water (AABW), as well as the main drivers (at both large and local 
scales) of local dynamics and water mass variability. We also summarize the main modeling applications, which 
are still limited and need to be improved using high-resolution models and, locally, limited-area models to 
explain processes driven mainly by thermodynamics and water-mass transformations. The Ross Sea forms the 
most saline AABW due to the activity of two polynyas in the western sector. A salinity gradient occurs on the 
shelf, with fresh Low Salinity Shelf Waters concentrated in the eastern Ross Sea, which is influenced by the inflow 
of fresh water from the Amundsen and Bellingshausen Seas. This freshwater inflow was thought to be the cause of 
a multi-decadal freshening of the High Salinity Shelf Water, precursor to the AABW, although a rebound in 
salinity in the Ross Sea has been observed since 2014. The increase in salinity has also affected the production of 
AABW, with the respective rebound occurring almost simultaneously.

1. Introduction

The Ross Sea is a vast, deep bay in the southwestern Pacific Ocean 
bounded by Marie Byrd Land to the east, Victoria Land to the west and 
the Ross Ice Shelf (RIS) to the south (Fig. 1). Intricate interactions be-
tween atmosphere, ocean, sea ice and ice shelf make the Ross Sea a 
dynamic and complex region with significant implications for regional 
and global climate. It is the source region of the Antarctic Bottom Water 
(AABW), the most abundant and densest water mass in the deep ocean 
(Johnson, 2008). Together with the Weddell Sea, these regions 
contribute ca. 80–90% of the global AABW (Orsi et al., 2002), with 
approximately 30–40% estimated to originate in the Ross Sea (Johnson, 

2008). The AABW feeds the lower cell of the Global Overturning Cir-
culation (Orsi et al., 1999; Lumpkin and Speer, 2007; Marshall and 
Speer, 2012), supplying oxygen and storing heat and carbon in the 
abyssal ocean (Johnson, 2008) and playing a key role in the climate 
system. The Ross Sea AABW originates at the shelf break and slope from 
the mixing of the cold Dense Shelf Water (DSW), formed on the conti-
nental shelf during winter (Budillon et al., 2011; Rivaro et al., 2015).

The modern era of observations in the Ross Sea dates back to the late 
1950s and early 1960s when first indications of shelf water salinity 
values in the western sector were reported (Newson et al., 1965). 
Furthermore, insights about the main characteristics (temperature 
maximum at intermediate depths and oxygen minimum) of the modified 
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Circumpolar Deep Water (mCDW) were reported. Jacobs et al. (1970)
identified and labeled the Ice Shelf Water (ISW) for the first time in the 
Ross Sea and measured temperatures as low as − 2.13 ◦C close to the RIS 
front and a difference in salinity between the eastern and western RIS 
edge. They also described two different types of AABW: a more saline 
one due to the contribution of High Salinity Shelf Water (HSSW) 
observed in the western Ross Sea and a fresher one, due to the 
entrainment of ISW and CDW along the slope in the eastern Ross Sea. 
Important advances in the knowledge of DSW formation processes and 
the dynamics of these water masses were made between 1976 and 1985 
when both hydrological and current measurements provided a 
description of the sub-surface circulation in the central area of the Ross 
Sea and in the vicinity of the RIS (Pillsbury and Jacobs, 1985). Chemical 
tracers were used to study the role played by the DSW in ventilating the 
abyss of the Southern Ocean (Jacobs and Fairbanks,1985) and the use of 
chlorofluorocarbon contributed to estimate the renewal time of the Ross 
Sea water masses (Trumbore et al., 1991; Rivaro et al., 2004).

During the following two decades, research activities in the Ross Sea 
included a number of multidisciplinary projects aimed to fill the main 
gaps in understanding the physical, bio-geo-chemical and coupled pro-
cesses. The ”Climatic Long-term Interactions for Mass Balance in 
Antarctica” (CLIMA) project provided insights into the physical pro-
cesses (e.g., on DSW formation, spreading dynamics, and exchange with 
the Southern Ocean). Furthermore, such information was integrated 
with biogeochemical observations, mainly concentrated on the western 
sector of the Ross Sea and RIS area. Long-term observations and model 
simulations provided an understanding of the variability (both spatial 
and temporal) of the main Ross Sea water masses, of the vertical cir-
culation and its relationship with the marine ecosystem (Spezie and 
Manzella, 1998), A permanent marine observatory was established in 

2009 (Castagno et al., 2017, 2019), generating the longest time series 
ever collected in this area. Recent projects have extended into the 
eastern sector of the Ross Sea, a crucial area for the mass balance and 
especially the salt balance of the basin (Silvano et al., 2020; Jacobs et al., 
2022). The deployment of Argo floats equipped with an ice-sensing 
system began in 2020 and the data are revealing new aspects and 
describing the winter thermohaline evolution of the water column in 
important areas of the Ross Sea, such as the Terra Nova Polynya (TNB) 
and the RIS polynya. In 2010 oceanographic studies began through a 
series of borehole expeditions (Stevens et al., 2020) to collect data 
within the RIS cavity, from the rim to the grounding line.

The availability of time series has revealed the presence of substan-
tial variability that is related to atmospheric teleconnections. For 
example, during the past 60 years, the Ross Sea DSW has undergone a 
near-linear salinity decrease (Jacobs et al., 2022), although a rebound in 
salinity was observed from 2016 to 2019 (Castagno et al., 2019; Silvano 
et al., 2020). The freshening is thought to be caused by a growing 
imbalance in the amount of meltwater from thinning ice shelves and 
increased iceberg calving in the upstream Amundsen and Bellingshausen 
Seas (Jacobs et al., 2022). The rebound has been attributed to a com-
bination of positive Southern Annular Mode (SAM) and negative 
Southern Oscillation Index (SOI) that weakened the Amundsen Sea Low 
(ASL) and the Easterlies, thus reducing the volume of sea ice imported 
into the eastern Ross Sea that triggered an increase in the local sea ice 
formation (Silvano et al., 2020). The Ross Sea AABW freshening affects 
the AABW characteristics. In recent decades the most dramatic salinity 
and density changes in the AABW have been observed in the Pacific and 
Australian Antarctic Basins, which are primarily sourced from the Ross 
Sea (van Wijk and Rintoul, 2014; Silvano et al., 2020; Gunn et al., 2023). 
Changes in the Ross Sea DSW affect the Ross Sea AABW properties 

Fig. 1. Regional bathymetry of the Ross Sea continental shelf. The main topographic structures are reported: DT, Drygalski Trough, JB Joides Basin, PB Pennel Bank, 
RB Ross Bank, GCB Glomar Challenger Basin, WD Whales Deep, LAB Little American Basin. The orange triangles on the map indicate: CA Cape Adare, RI Ross Island, 
RooI Roosevelt Island, CC Cape Colbeck. The yellow dots indicate the position of: MZS Mario Zucchelli Station and SB Scott Base.
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(Silvano et al., 2020) and formation rate (Gunn et al., 2023), and these 
propagate throughout the global ocean and affect stratification (Heuzé 
et al., 2013), the rate of oxygen supply (Schmidtko et al., 2017), sea 
level, heat content, and the atmospheric carbon dioxide concentrations 
on centennial to millennial timescales (Ferrari et al., 2014). Changes in 
the Ross Sea DSW might also weaken the lower limb of the abyssal 
overturning circulation and reduce deep ocean oxygen content (Gunn 
et al., 2023).

This paper aims to provide a view of the dynamics, variability and 
water mass formation in the Ross Sea, including the large scale and main 
modes of climatic variability affecting the Ross Sea, an overview of the 
atmospheric circulation, large-scale and local variability of sea ice 
concentrations, the RIS, and conclude with a summary of key gaps in our 
understanding of the Ross Sea.

2. Atmospheric circulation

In the past 15-years, several studies have described the atmospheric 
circulation of the Ross Sea region. Cohen et al. (2013) characterized the 
synoptic climatology of this area, providing the first climatological 
categorization of the atmospheric circulation patterns (1979–2011). Six 
different synoptic types were extracted from a cluster analysis involving 
daily 1000-hPa geopotential height data. All of the patterns, except one 
that depicts a purely zonal configuration, are characterized by the 
presence of low-pressure systems located near 60◦S in different sectors 
of Ross, Amundsen and Bellingshausen Seas (Cohen et al., 2013). The 
seasonal variation of the identified synoptic types reflects the zonal 
displacement of the Amundsen Sea Low (Fogt et al., 2012). The synoptic 
type resembling the Amundsen Sea Low (ASL) configuration is more 
frequent in austral summer and autumn, while the synoptic type char-
acterized by a low-pressure system in the Ross Sea (L-R) is more prev-
alent in spring and winter. This suggests that the region of cyclonic 
circulation moves eastward toward the Bellingshausen Sea during 
summer and autumn and westward toward the Ross Sea in winter and 
spring. In addition, Cohen et al. (2013) showed that the L-R synoptic 
configuration is negatively correlated with the Southern Annular Mode 
(SAM) and the Southern Oscillation Index (SOI), whereas the occurrence 
of the meteorological scenario associated with a low-pressure center 
over the Amundsen-Bellingshausen Seas is positively correlated with the 
SOI and the SAM. Moreover, Cohen et al. (2013) found a strong rela-
tionship between some of the identified circulation patterns and the 
local climate variability. A significant fraction (~30%) of the precipi-
tation observed at Roosevelt Island ice core site (80◦S, 160◦W, 550 m 
above sea level) is related to the occurrence of L-R circulation type. On 
short-term time scales, Sinclair et al. (2010) analyzed the variability in 
snowfall accumulation from November 2007 to October 2008 at two 
sites located along the western margin of the RIS and investigated the 
main atmospheric patterns that drive precipitation events. The results 
showed that the moisture supply comes from a wide spectrum of 
cyclonic areas (some of them traveling around the continent in 
circumpolar westerlies and other stationing over the Ross Sea) and also 
by mesocyclones that form locally over the RIS or the Ross Sea deliv-
ering short snowfall events. Fonseca et al. (2023) investigated the at-
mospheric factors that control the spatial extension of the Terra Nova 
Bay Polynya (TNBP). Using ERA-5 reanalysis, satellite-derived and in 
situ meteorological data, they found that katabatic wind episodes and 
warm and moist air intrusions from low-latitudes are the main factors 
that drive the variability of the TNBP’s size. The synoptic configuration 
underlying the occurrence of the katabatic events is associated with a 
westward shift of the ASL and a ridge over Antarctica, which results in a 
rise of pressure gradient and a strengthening of the off-shore winds. The 
large-scale pattern that stimulates warm and moist air advection is 
characterized by a deepening of the ASL and by a ridge over Antarctica, 
a pattern that resembles the negative phase of the SAM (Fonseca et al., 
2023).

In recent decades substantial efforts have been devoted to the study 

of the atmospheric and climate variability of the Pacific sector of the 
Southern Ocean (PSSO) and Antarctica. The whole area, and in partic-
ular the Ross Sea, is a relevant location of atmospheric-ocean-ice in-
teractions, where relatively small-scale processes have a 
disproportionate impact on global ocean circulation (Malyarenko et al., 
2023). Three major atmospheric circulation patterns modulate the 
environmental variability of the region: the SAM, the El-Niño Southern 
Oscillation (ENSO) and the Inter-Decadal Pacific Oscillation (IPO). The 
SAM is a zonally symmetric or annular pattern of atmospheric pressure 
(Fig. 2a) and captures a large portion of the low-frequency variability of 
the Southern Hemisphere extra-tropics, providing a robust measure of 
the strength and position of the westerly winds through the difference of 
zonal mean sea level pressure between 40◦S and 60◦S (Thompson and 
Wallace, 2000; Cerrone et al., 2017; Cerrone and Fusco, 2018). Positive 
phases of the SAM are generally associated with above-average tem-
peratures over the Antarctic Peninsula and colder conditions over East 
Antarctica, due to an increase of pressure gradient between mid- and 
polar latitudes, and a declining transport of heat and moisture and a 
reduction in katabatic flow (Thompson and Solomon, 2002a; Marshall 
and Thompson, 2016). Since the 1950s, a positive trend of the SAM 
(which means decreasing pressure over Antarctica) has been observed, 
especially in summer and marginally during autumn. This behaviour of 
the SAM has been partly attributed to an increase in the amount of 
greenhouse gasses in the atmosphere and to stratospheric ozone deple-
tion (Arblaster et al., 2011). The positive SAM trend resulted in a general 
increase of equatorward heat flux along the Antarctic margin, except for 
the western Ross Sea region, which experienced an unusual poleward 
heat flux that drove moisture and heat across the RIS (Marshall and 
Thompson, 2016).

The atmospheric variability of the Ross Sea region is also explained 
by the Rossby wave propagation associated with ENSO. More specif-
ically, Rossby wave trains excited by anomalies in the tropical deep 
convection during ENSO events are synthesized by the Pacific South 
American (PSA) pattern (Fig. 2b). The latter represents a wave train 
extending from the Central Pacific Ocean to the Amundsen and Weddell 
Seas (Irving and Simmonds, 2016). The PSA is commonly analyzed in 
terms of two Empirical Orthogonal Function (EOF) modes, known as 
PSA-1 and PSA-2. The negative (positive) phase of PSA-1 and PSA-2 
depicts atmospheric scenarios similar to El-Niño (La-Niña) conditions 
(Mo, 2000). According to Marshall and Thompson (2016), the positive 
phase of PSA-1 determines anomalous anticyclonic wind anomalies in 
the South Pacific around ~120◦W. During the positive polarity of the 
PSA-2, the anticyclonic area moves to ~150◦W in the Ross Sea, gener-
ating a dipole over the RIS. In this configuration, the western RIS ex-
periences an increase in the transport of moist air masses, whereas the 
eastern RIS is affected by an enhanced katabatic flow. The coupling 
between specific ENSO and SAM phases has an impact on sea ice in the 
western Ross Sea (Stammerjohn et al., 2008). In particular, the combi-
nation of negative SAM and El-Niño events leads to an increase of 
poleward heat flux and, therefore, to a reduction of sea ice, whereas 
when a positive SAM in conjunction with positive ENSO (i.e. La-Niña 
conditions) occurs, an increase in sea ice in the western Ross Sea is 
observed due to a decline in poleward heat flux.

SAM and PSA-1 patterns both affect the state of the Amundsen Sea 
Low (ASL), a semi-permanent cyclonic system in the Ross-Amundsen 
Sea. The ASL is the most relevant of the three low-pressure areas 
around Antarctica, associated with wave number 3 circulation (Turner 
et al., 2013; Raphael and Hobbs, 2014). The strength and the position of 
the ASL are strongly linked to the SAM (especially during the austral 
autumn) and to the ENSO (particularly during austral winter and 
spring). Specifically, positive SAM and/or La Niña episodes determine a 
strengthening of the ASL, whereas the opposite polarities (i.e. negative 
SAM and El-Niño events) lead to a weakening (Turner et al., 2013). The 
climatological position of the ASL has a seasonal dependence: the ASL 
center moves from ~110◦W during austral summer to ~150◦W in 
winter (Turner et al., 2013). The ASL has a remarkable impact on the 
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environmental conditions over the Ross, Amundsen and Bellingshausen 
seas, as well as across the Antarctic Peninsula and Western Antarctic (e. 
g. Ding and Steig, 2013; Steig et al., 2015). The main signature of the 
ASL in the meteorological regime of the RIS lies in the wind field, which 
is dominated by southerly winds that force flow off the shelf, enhancing 
sea ice production. There has also been a great deal of research on the 
relationship between ENSO and variability in depth and location of the 
ASL. The first evidence of linkages was provided by Cullather et al. 
(1996), who found that between 1980 and 1990 the ASL moved 1400 
km east during El-Niño events compared to the average climatological 
location. La-Niña conditions generally result in a deepening and in a 
westward movement of the low, whereas during El-Niño it’s the oppo-
site (i.e. weakening and eastward movement; Bertler et al., 2004). The 
process by which the ENSO leads to the ASL anomaly does not occur 
synchronously: typically, the ENSO reaches the greatest strength in 
summer and decays in autumn, whereas the ASL anomaly in response to 
ENSO is more evident during autumn than summer (Jin and Kirtman, 
2009; Yiu and Maycock, 2019). The mechanisms that are behind the 
delayed responses of the atmospheric circulation anomaly over the 
Amundsen Sea to the ENSO have been clarified by Lee and Jin (2023). In 
particular, ENSO-induced perturbations (represented by a barotropic 
Rossby wave propagation) found an ideal basic state for a southward 
displacement towards the Amundsen Sea only in May when a path de-
velops near the exit region of the subtropical jet.

On a decadal scale, the atmospheric variability of the PSSO is 
strongly conditioned by the IPO, a long-term oscillation of the sea sur-
face temperature (SST) that is closely related to the Pacific Decadal 
Oscillation (PDO). The latter can be defined as the leading EOF of the 
SST variability in the north Pacific, whereas the IPO synthesizes a spatial 
pattern of SST reminiscent of ENSO but wider in meridional scale 
(Henley et al., 2015). The positive phase of IPO is characterized by 
warmer SSTs (up to 0.5 ◦C) in the central and eastern equatorial Pacific, 
whereas in the north and south Pacific, the SSTs are cooler (up to 0.5◦C; 
Henley et al., 2015; Purich et al., 2016). Such a scenario is associated 
with an increase in the frequency of occurrence of El-Niño events. Cooler 
equatorial Pacific SSTs and strengthened trade winds are typical features 
of the negative IPO phase. The SST spatial patterns generally last for 
20–30 years and can exert an influence on the amplitude and frequency 

of the Pacific-Antarctic teleconnections (Li et al., 2021). A negative IPO 
results in colder SSTs in the Ross Sea, as well as in the Amundsen and 
Bellingshausen Seas, while the positive polarity of this teleconnection 
leads to warmer SSTs (Henley et al., 2015). From the late 1990s to the 
mid-2010s, the negative phase of IPO prevailed and, therefore negative 
SST anomalies were observed in the Central Pacific. This SST pattern 
and the corresponding variations in convection and upper-level vorticity 
in the tropical Pacific area excited a Rossby wave train, with a negative 
low-pressure anomaly over the Amundsen and Bellingshausen seas 
(Clem and Fogt, 2015; Purich et al., 2016). This Rossby wave train 
emerged in all seasons, except in austral summer and might be linked to 
the negative polarity of PSA patterns driven by La-Niña events, whose 
frequency of occurrence raised along with an IPO negative phase (Purich 
et al., 2016; Clem and Fogt, 2015). The persistence of the negative 
IPO-phase between the late 1990s and mid-2010s and the resulting 
Rossby wave train determined an intensification of ASL up to 4 hPa 
(Meehl et al., 2016). The IPO-driven pressure anomaly patterns are 
characterized by a stronger north-south gradient and greater zonal 
asymmetry over the South Pacific compared to ENSO-related events 
(Clem and Fogt, 2015; Meehl et al., 2016). Such differences have been 
attributed to the positive SST anomalies in the South Pacific Conver-
gence Zone (SPCZ), which initiated a Rossby wave dynamics indepen-
dent from those occurring in the equatorial Pacific (Joughin et al., 2014; 
Clem and Fogt, 2015; Clem et al., 2016). The wave trains initiated by the 
SPCZ cause the formation of an anomalous cyclonic system over the Ross 
Sea.

An additional contribution to the atmospheric variability of the 
investigated area comes from Atlantic and Indian Ocean tele-
connections. On the interannual scale, anomalous tropical Atlantic 
warming can indirectly trigger a Rossby wave pathway from the sub-
tropical Atlantic to the Amundsen-Bellingshausen Seas and drive a 
deepening of the ASL and a transition of the SAM to its positive phase (Li 
et al., 2014, 2015; Simpkins et al., 2014). Some teleconnection patterns 
impacting the atmospheric dynamics of the Ross Sea region and sur-
rounding areas are linked to anomalies of the convective heating in the 
Indian Ocean. Several studies (Saji et al., 2005; Cai et al., 2011; Nuncio 
and Yuan, 2015; Wang et al., 2019) have demonstrated that the Indian 
Ocean Dipole can lead a Rossby wave train towards southern latitudes 

Fig. 2. Spatial pattern generated by regressing the unfiltered and unnormalized sea level pressure anomalies (in hPa) into the SAM (panel a) and the 500-hPa 
geopotential height anomalies (in geopotential meters) into the PSA (panel b). Figure adapted from Cerrone and Fusco (2018).
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that influence the Antarctic atmospheric variability through its zonal 
wavenumber 3 pattern during austral spring.

3. Sea ice

3.1. Sea ice extent

The sea ice annual cycle represents one of the largest seasonal 
changes on the planet (Wadhams et al., 2018) which significantly im-
pacts the climate system and ecosystems at both global and regional 
scales (Ayres et al., 2022; Swadling et al., 2023). The presence and 
variability of sea ice cover determine several basic characteristics of the 
polar regions. It affects the exchange of heat, energy, mass and mo-
mentum between the ocean and the atmosphere (Aulicino et al., 2019), 
the freshwater fluxes that impact overturning circulation (Meccia et al., 
2023; Ferola et al., 2023) and the light penetration that drives biological 
processes and polar food webs (Castellani et al., 2018; Massom and 
Stammerjohn, 2010). Sea ice formation and melting alter the buoyancy 
structure of the ocean, modulate the production of dense waters and 
regulate the aerosol and gas import/export between the ocean and the 
atmosphere (McFarquhar et al., 2021; Heil et al., 2023). Therefore, 
monitoring the variability in Sea Ice Concentration (SIC) and Extent 
(SIE) over the Antarctic ocean sectors is crucial for understanding and 
forecasting Earth’s climate (Parkinson and Cavalieri, 2012).

A dramatic reversal in the Antarctic sea ice has been observed since 
2016 from gradual increases to rapid decreases (Parkinson, 2019; Hobbs 
et al., 2024). The multidecadal positive trend that culminated in record 
high SIE in 2014 has been followed by a series of exceptional minimums, 
with four record-breaking low sea ice summers in the last eight years 
and a doubled standard deviation of summer records in the last fifteen 
years (Raphael and Handcock, 2022; Liu et al., 2023; Hobbs et al., 
2024). A new minimum in Antarctic SIE (1.77,106 km2) was observed on 
February 19, 2023, accounting for 36% less sea ice than the 1979–2022 
average minimum (Purich and Doddridge, 2023). In addition, a lower 
sea ice cover has been observed also during the autumn and winter 
advance, such as in 2023 which led to a maximum SIE that was 1 × 106 

km2 lower than the previous year (Hobbs et al., 2024). Despite the 
limited length of the SIE time series and the paucity of ocean observa-
tions under sea ice, several authors point out that these abrupt changes 
cannot be ascribed only to anomalous atmospheric fluctuations and the 
confluence of regional atmospheric modes, suggesting that the decadal 
Southern Ocean subsurface warming was an additional and important 
driver of the lower sea ice (Dotto et al., 2018; Eayrs et al., 2021; Purich 
and Doddridge, 2023; Hobbs et al., 2024). Regardless of the causes, a 
shift into a new low-extent regime of sea ice may be in progress in which 
the underlying processes controlling SIE may have undergone alter-
ations. This could manifest in a sea ice cover more closely linked to 
subsurface ocean conditions, a change in seasonal interactions between 
sea ice and the ocean mixed layer, and a distinct response to climate 
drivers such as SAM phases (Eayrs et al., 2021; Purich and Doddridge, 
2023; Hobbs et al., 2024).

A similar change in SIE tendency was observed in the Ross Sea where 
the increase recorded during the satellite era was replaced by a series of 
minimum values since 2014 (Fig. 2) and by an abrupt reduction of 
maximum extent in 2023 (Parkinson, 2019; Swathi et al., 2023).

The Ross Sea accounts for most (13.7 ± 3.6 × 103 km2 per year) of 
the overall SIE increase around Antarctica (17.5 ± 4.1 × 103 km2 per 
year) observed between 1979 and 2014 (Hobbs et al., 2016). The SIE 
trend in the Ross Sea is also the only statistically significant one of all 
Antarctic sub-regions. This trend cannot be explained by natural vari-
ability alone and must involve external anthropogenic forcing mecha-
nisms (Yuan et al., 2017). On the other hand, in the Ross Sea climate 
simulations and satellite retrievals have frequently exhibited significant 
discrepancies, and the underlying mechanisms driving sea ice variability 
remain poorly understood (Lecomte et al., 2017). The region is spatially 
complex, being characterized by the coexistence of important polynyas 

(i.e., Ross, McMurdo, Terra Nova Bay), major ice shelves (Ross, Nansen) 
and a glacier tongue (Drygalski), whose integrity determines the fate of 
sea ice in the region (Heil et al., 2023).

At shorter time scales, the atmosphere emerges as the primary driver 
influencing sea ice distribution across the Ross Sea (Hobbs et al., 2024). 
Wind affects freezing and melting rates and drives sea ice motion, 
especially in the outer pack where SIC is lower and sea ice is less 
compact. In the inner areas, sea ice distribution is also shaped by local 
circulation and eddies. However, SIE is generally reduced by northerly 
winds which push sea ice towards the Antarctic continent, generating 
thicker ice and ridges (Massom et al., 2008). Conversely, southerly 
winds push the ice edge further north increasing SIE and favoring 
freezing (in winter) and surface warming (in summer) over polynyas and 
open leads (Hobbs et al., 2024). Farooq et al. (2020) found that the 
directional constancy of sea ice drift is closely related to the wind fields 
in the western Ross Sea and that large-scale sea ice motion is predomi-
nantly wind-driven while ocean currents play a minor role.

Lecomte et al. (2017) demonstrated that in the Ross Sea the heat 
trapped below the ocean mixed layer is comparable to the latent heat 
storage due to the long-term changes in sea ice volume, suggesting that 
the observed sea ice increase could have been forced by a reorganization 
of energy within the near-surface ice-ocean system. They also argued 
that the initial perturbation necessary to trigger this mechanism could 
be provided by a combination of external forcing on sea ice dynamics 
(through changes in wind regimes) and ocean freshwater balance (i.e., 
through increased precipitation and/or ice sheet melting).

Ocean and atmosphere processes drive the seasonal cycle of sea ice in 
the Ross Sea (Fig. 3) which is characterized by a consistent minimum in 
February, with a 42-year average of 0.619 × 106 km2 between 1979 and 
2020 (Swathi et al., 2023) and a winter maximum that varies between 
July and November (Parkinson, 2019), with an average of 3.39 × 106 

km2 between 1979 and 2020 (Swathi et al., 2023). Despite the increase 
in SIE prior to 2016, the Ross Sea sector experienced an extensive sea ice 
loss with record low in summer 2017 and 2022 (DuVivier et al., 2024), 
and in winter 2017 and 2023 (Fig. 3). Nonetheless, higher (lower) 
winter maxima are not necessarily followed by higher (lower) summer 
extents, suggesting that the atmospheric and oceanic conditions play a 
major role in driving seasonal increases/decays (Heil et al., 2023). ENSO 
and IPO have statistically significant negative correlations with the Ross 
Sea SIE, whereas SAM shows a statistically significant positive correla-
tion (Swathi et al., 2023). This implies that the SIE decreases (increases) 
during the warm (cold) phase of ENSO. Sea ice loss in the Ross Sea is 
possibly caused by a combination of multiple anomalous atmospheric 
patterns and altered ocean conditions. Recent studies, for example, show 
that low SIE in the Ross Sea can be sometimes attributed to ocean sub-
surface warming (Zhang et al., 2022), while in other years to anomalous 
south-westerly winds that move sea ice offshore, decreasing its regional 
presence but increasing it to the Pacific sector of the Southern Ocean 
(Zhang and Li, 2023).

The impact of continental ice melting on sea ice presence in the Ross 
Sea remains uncertain. By inducing surface freshening and increasing 
near-surface stratification, meltwater should lead to surface cooling, 
favoring SIE. However, there is no clear evidence of the magnitude of the 
sea ice response to meltwater and its impact on sea ice variability 
(Purich and Doddridge, 2023). Additionally, more icebergs are now 
present in the Ross Sea, with more important calving events reported in 
recent years (e.g., Tournadre et al., 2016; Qi et al., 2021; Zahriban 
Hesari et al., 2023), both affecting the growth, structure and, hence, the 
persistency of sea ice (Aulicino and Wadhams, 2022).

3.2. Sea Ice Thickness

Despite its significance for sea ice mass balance, radiative budget and 
marine life, little is known about Sea Ice Thickness (SIT) in the Ross Sea. 
This information is essential for monitoring and better understanding 
the fate of seasonal sea ice cover, especially in the marginal ice zone 
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where it represents an important factor in wave-ice interactions that can 
impact SIE and its evolution (Wadhams et al., 2018; Vichi, 2022; 
Womack et al., 2024). To date, SIT estimates rely on satellite retrievals 
from passive and active microwaves (Kaleschke et al., 2012; Aulicino 
et al., 2014, 2019; Nihashi et al., 2024) and on the freeboard evaluation 
from altimeters (Kurtz and Markus, 2012; Paul et al., 2018) or aircraft 
(Tian et al., 2020). Satellite observations still suffer from significant 
uncertainties caused by snow cover and small-scale variability of sea ice 
(Kern and Ozsoy-Çiçek, 2016), and in situ information is extremely 
sparse and sporadic (Rack et al., 2021) despite their crucial role in 
validating satellite products and assessing simulated sea ice volume 
estimations.

However, insights into the SIT distribution in the western Ross Sea 
were recently provided by airborne measurements (Rack et al., 2021). 
Data collected during November 2017 revealed a heavily deformed ice 
regime with a mean thickness of 2.0 ± 1.6 m, much thicker than in the 
central Ross Sea and more than expected from thermodynamic growth. 
Maximum thickness was retrieved north of Terra Nova Bay, with values 
up to 16 m and a mean thickness of the thickest 10% of ice of about 7.6 
m (Rack et al., 2021). Similar characteristics were found north of 
McMurdo Sound, suggesting that ice preferentially grows in deforma-
tional ridges over the western Ross Sea concentrating about 43% of the 
sea ice volume in the area where ridges are more than 3 m. High sea ice 
deformation also influences the thickness of fast ice (Langhorne et al., 
2023). An inventory of fast ice thickness gave a mean of 2.6 ± 1.0 m and 
an overall mode of about 1.9 m (including snow). As expected, level ice 
was prevalent but rough ice occupied almost 50% of fast ice volume, 
exceeding 6 m in ~10% of cases (Langhorne et al., 2023). The thicker 
fast ice was mostly observed along the northwestern Ross Sea and was 
often characterized by a layer of loose ice crystals beneath (up to 10 m) 
when in contact with floating glaciers.

3.3. Polynyas

Both SIE and SIT are strongly influenced by sea ice production in 
polynya areas that interconnect the atmosphere, ice, and ocean (Knuth 
and Cassano, 2014). Polynyas are highly dynamic stretches of open 
water and recently formed sea ice surrounded by a more extensive and 
thicker sea ice pack (Aulicino et al., 2018), which have been often 
deemed ‘sea ice factories’ (DuVivier et al., 2024), as they have large sea 
ice production rates, especially during autumn and winter seasons 
(Ohshima et al., 2016). They are generally classified as coastal (latent 
heat) and open ocean (sensible heat) polynyas (Smith et al., 1990; 
Martin, 2019; Lin et al., 2023). However, sometimes polynyas are a 
combination of the two types (Morales Maqueda et al., 2004) and 
several authors distinguish between mechanically driven and con-
vectively forced polynyas (Williams et al., 2007).

Coastal polynyas are usually driven by cold and strong downslope 
winds that flow off the Antarctic continent and push sea ice away from 

the coast (Gordon and Comiso, 1988). Their action prevents newly 
formed frazil and pancake sea ice from consolidating as a thick pack and, 
at the same time, keeps the relatively warm open water surface exposed 
to a cold atmosphere, facilitating further sea ice formation (Budillon 
et al., 2000; Sansiviero et al., 2017). This mechanism is responsible for 
about 10% of the total Antarctic sea ice production that is then advected 
northward, advancing the sea ice edge (Tamura et al., 2008). Moreover, 
heat and salt released during frazil and pancake ice formation are 
essential for convection processes, dense water production and over-
turning processes modulation (e.g., Budillon and Spezie, 2000; Fusco 
et al., 2002; Tamura et al., 2016; Aulicino et al., 2019; Thompson et al., 
2020; DuVivier et al., 2024).

Three coastal polynyas are known in the Ross Sea (Fig. 4): Ross Sea 
Polynya (RISP), McMurdo Sound Polynya (MSP) and Terra Nova Bay 
Polynya (TNBP), which are all considered important source regions of 
HSSW (Kern and Aliani, 2011; Farooq et al., 2023). The RISP, the largest 
Antarctic polynya with a winter area of about 20,000 km2, is located 
along the northern edge of the RIS between Ross Island and the 180 
meridian to the east (Burada et al., 2023) and presents the highest sea ice 
production rates among all Antarctic coastal polynyas (Nihashi et al., 
2024). The MSP forms to the west of Ross Island, adjacent to fast ice on 
the coast next to the Transantarctic Mountains. Although the smallest of 
the three (about 900 km2), it is a widely studied region because of its 
interactions with ice shelves and fast ice (Leonard et al., 2021; Farooq 
et al., 2023). The RISP and MSP normally occur simultaneously, as they 
are caused by strong Ross Air Stream events during which the southerly 
winds are split by Ross Island into a western and eastern airflow (Brett 
et al., 2020; Rack et al., 2021), and provide a consistent northward drift 
of sea ice away from the Ross Ice Shelf.

Recent studies suggest that the HSSW export from the RISP across the 
Drygalski Trough and the Glomar Challenger Trough are positively 
correlated with the meridional wind through variations in geostrophic 
ocean currents that result from sea surface elevation change and density 
differences (Wang et al., 2023). Mesoscale circulation in the Ross Sea 
has only recently been investigated (McGillicuddy et al., 2017) with the 
aim of highlighting how these aspects can represent a “noise” super-
imposed on the trends of interest that must be filtered out to obtain 
accurate estimates of such temporal changes (seasonal, annual, inter-
annual, interdecadal, etc.). Wang et al. (2023) also studied the RISP 
response to synoptic-scale and mesoscale cyclones, showing that the 
former increases ice production by 20–30 % over the entire polynya, 
whilst the latter has a different response (increase/decrease) over the 
western/eastern RISP. HSSW production mainly occurs in the western 
RISP and persisted for 12–60 h after the decay of the cyclones under both 
case studies. Park et al. (2018) analyzed the trend of the RISP area over 
1979–2014 and showed that it is significantly correlated with the ratio 
of the trend of the meridional to zonal wind components related to the 
Nino3.4 index.

The TNBP occurs north of the Drygalski Ice Tongue (DIT) and it is 

Fig. 3. Monthly anomalies and trends of the Sea Ice extent in the Ross Sea (left) and in the whole Southern Ocean (right). Thick black lines show the 12-month 
running average, and the black dashed line shows the trend (adapted from Swathi et al., 2023).
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bordered by the Nansen Ice Sheet and the Campbell Ice Tongue (Inserra 
et al., 2024). The DIT serves to control the polynya size, as it acts as a 
barrier for the pack ice advected from the south and south-west (Kurtz 
and Bromwich, 1983), allowing the polynya to form and to be main-
tained (Fusco et al., 2009; Ciappa et al., 2012; Ciappa and Budillon, 
2012). The TNBP opening is forced by katabatic winds, which reach the 
coast from the East Antarctic plateau and are channeled through the 
valleys of the Transantarctic Mountains (Van Woert, 1999; Thompson 
et al., 2020; Guest, 2021). The polynya area is characterized by large 
turbulent heat fluxes from the surface to the atmosphere (up to 2500 W 
m− 2; Ackley et al., 2021) and a high interannual variability with an 
opening/closing fluctuation depending on the regime of the katabatic 
winds (Aulicino et al., 2018). Katabatic winds account for about 45% of 
the days when the TNBP exceeded its mean extent plus one standard 
deviation (Fonseca et al., 2023). The negative phase of the SAM acts as 
the main driver of its expansion in the remaining days, especially during 
the transition seasons, when such events are more likely to reach 
Antarctica (Fonseca et al., 2023). Nevertheless, Lin et al. (2023)
demonstrated that thick ice transiting, driven by large-scale winds 
transporting more sea ice to the outlet zone, affects the evolution and 
variation of the TNBP extent by blocking the newly-formed sea ice from 
leaving the bay.

To date, no significant trends can be observed in the variability of the 

three polynyas over the satellite era. However, Himmich et al., 2023
applied the Community Earth System Model version-2 (CESM2, Dana-
basoglu et al., 2020) to suggest a decline in RISP frequency in the future. 
This decline will likely be driven by wind speed decreases, due to 
large-scale atmospheric circulation changes related to the ASL vari-
ability, that hinder sea ice offshore advection, and by local positive 
feedbacks that would further decrease near-surface wind speed and in-
crease sea ice cover. If such a decline in winter polynya frequency occurs 
over this century, it may strongly impact AABW formation, with dra-
matic consequences at local, regional and global scales.

4. The Ross Ice Shelf

The Ross Sea hosts the largest ice shelf in the world; with an area of 
~480.000 km2, the Ross Ice Shelf (RIS) is a floating extension of the 
grounded ice sheet and plays an important role in stabilizing the WAIS 
(Thomas and Bentley, 1978) and limiting its contribution to the sea level 
rise. It controls the loss of grounded ice from Antarctica through a 
process called “buttressing”, imparting stress on the upstream grounded 
ice and slowing its flow into the ocean (Das et al., 2020; Paolo et al., 
2015). The RIS thickness ranges from 200 to 400 m along the ice front to 
nearly 1000 m at the Siple Coast grounding line (Griggs and Bamber, 
2011), and although it is currently considered to be stable, geological 
records suggest that it may be undergo rapid disintegration (Tinto et al., 
2019). Sediment core records indicate that the RIS collapsed and 
experienced a significant retreat (of about 280,000 km2) approximately 
5000 years ago as a result of atmospheric warming combined with warm 
ocean currents impacting the continental shelf (Yokoyama et al., 2016). 
Were the RIS to completely disappear (as foreseen after 2100 AD in a 
warming subsurface Southern Ocean temperature scenario yielding an 
increase of basal melting), it would result in a sea level rise of 0.5 m 
(Park et al., 2023). In addition, the potential thinning of the ice shelf can 
reduce the buttressing effect on the grounded ice, leading to an 
increasing ice discharge into the ocean. Tinto et al. (2019) emphasize 
that the RIS is formed from two catchments, with a cumulative sea level 
rise potential of 11.6 m (2.0 from the WAIS, 9.6 from the EAIS), high-
lighting the importance of the RIS in restraining the Antarctic Ice Sheet 
mass loss, and the need to understand its dynamics and its long-term 
stability in a changing climate.

The ice shelf buttressing loss occurs via iceberg calving and basal 
melt. The East Antarctic side of the Ross Ice Shelf loses mass equally 
through basal melting and calving, while mass loss on the West Antarctic 
side is dominated by calving (Rignot et al., 2013). Generally, the iceberg 
calving is the primary driver of buttressing losses for a large and 

Fig. 4. Seasonal cycle of SIE in the Ross Sea since 2016. The black dashed line shows the 1979–2024 average extent; the red dashed line represents the year (1999) in 
which the maximum sea ice extent was observed. The SIE dataset is accessed through the sea ice index repository provided by NSIDC.

Fig. 5. The Ross Sea and the typical extent of its prominent polynyas (Ross Ice 
Shelf Polynya - RISP, McMurdo Sound Polynya - MSP and Terra Nova Bay 
Polynya - TNBP) as seen from the Envisat SAR image acquired on 16 June 2011 
(Adapted from Farooq et al., 2023).
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cold-cavity ice shelf like the RIS (Rignot et al., 2019). The difference 
between cold cavity and warm cavity ice shelves depends on whether 
the dominant process causing basal melting is the inflow of cold HSSW 
or warmer CDW (Nelson et al., 2017). Indeed, cold-cavity ice shelves 
with areas >100,000 km2, such as Ross and Filchner - Ronne Ice Shelf, 
are in contact at their base with water mass close to the surface freezing 
point (~- 1.9 ◦C) (Vaňková et al., 2021) which limit their exposure to 
CDW. Basal melting thus depends on the ocean circulation along the ice 
front and underneath the ice shelf. Jacobs et al. (1992) identified three 
modes of sub-ice shelf circulation (Fig. 6) based on water masses driving 
melt. Mode 1 circulation occurs when HSSW flows beneath the ice shelf 
due to the inland-deepening sea bed. Melting of the RIS draft and cooling 
due to the contact with the ice determine the formation of ISW. This 
circulation mode is considered to be responsible for melting processes 
beneath the Filchner-Ronne, Amery and Ross Ice Shelves. The second 
circulation (Mode 2) involves warm inflows from the slope-front region 
of CDW, a relatively warm water mass which can cross the shelf and 
access ice shelf cavities, driving rapid melting throughout the cavity, as 
observed at Pine Island Glacier (Jenkins et al., 2010). The last mode of 
circulation (Mode 3) derives from intrusions of summer-warmed AASW 
into the frontal region of the cavity, where tidal pumping and coastal 
currents are thought to bring this water mass in contact with the ice base 
(Jacobs et al., 1992).

The Ross Ice Shelf is the most studied portion of the Antarctic ice 
sheet (Thomas and MacAyeal, 1982) and the first with geological and 
oceanographic observations (performed in a single borehole through the 
central shelf) providing measurements of ice thickness and velocity, 
strain rates, bottom depth, snow accumulation, mean annual tempera-
ture, and topography of the sea floor (Clough and Hansen, 1979). The 
first measurements of melting beneath the ice shelf and the sub-ice shelf 
circulation were obtained after 1978, when a net melting at the ice shelf 
base was observed, together with an inflow of seawater beneath the ice 
shelf from a central warm core and from HSSW, which flows beneath the 
western sector of the ice shelf (Fig. 7). Initial long-term observations 
near the Ross Ice Shelf detected mCDW entering the cavity near 172◦ W, 
inducing considerable basal melting; this water mass was considered a 
primary heat source for melting of the ice shelf (Pillsbury and Jacobs, 
1985). Instead, it is now believed that mCDW is recirculated near the ice 
front (Smethie and Jacobs, 2005), and that RIS basal melting is primarily 
driven by the seasonal inflow of summer-warmed water that melts ice 
along the ice shelf front, and by the inflow of cold HSSW that melts ice 
near the grounding lines (Assmann et al., 2003; Stewart et al., 2019; 
Tinto et al., 2019; Baldacchino et al., 2022). Temperature and current 
data from a mooring placed provided first year-round evidence of ISW 
formation below the RIS (Bergamasco et al., 2002). Holland et al. (2003)
modeled the HSSW inflow along the sea floor in the cavity and mode 1 

circulation. This ISW outflow was directly observed between Ross Island 
and Coulman High by an autonomous glider traveling beneath the ice 
shelf front (Nelson et al., 2017) and during oceanographic cruises car-
ried out along the RIS front.

Recent works on sub-ice shelf circulation have been focused on the 
inflow of seasonally warmed AASW into the RIS cavity and the role of 
this water mass in driving basal melting (Stewart et al., 2019; Tinto 
et al., 2019; Das et al., 2020). The intrusion of AASW into the cavity is 
believed to be driven by a combination of processes such as tides 
(Arzeno et al., 2014), eddies (Li et al., 2017), and isopycnal deepening 
under a freshwater wedge along the ice front (Malyarenko et al., 2019). 
Basal melting estimates suggested that AASW inflow causes melting 
close to the ice shelf and contributes substantially to the basal mass 
balance of the RIS (Stewart et al., 2019). Bathymetric data combined 
with model simulations provided insights about RIS basal melting (Tinto 
et al., 2019) driven by AASW and HSSW inflow and interaction with the 
ice shelf (Fig. 7). HSSW flows under the ice front near Ross Island and 
moves southward along the base of the Transantarctic Mountains 
without crossing the tectonic boundary (dotted line, Fig. 7) towards the 
West Antarctic side. Instead, it exits the ice shelf cavity moving 
northward.

Results from observations and models suggest that the sub-ice-shelf 
circulation and variability drive the basal melting rate near the ice 
front (Arzeno et al., 2014), and that the sensitivity to basal melting is 
spatially and seasonally variable (Baldacchino et al., 2022; Tinto et al., 
2019; Holland et al., 2003, Assmann et al., 2003). While basal melt rates 
averaged over the entire ice shelf remain low (ca. 0.1 m yr− 1; Rignot 
et al., 2013; Reese et al., 2018; Das et al., 2020), near the ice front east of 
Ross Island, higher basal melt rates have been estimated (Tinto et al., 
2019; Arzeno et al., 2014; Dinniman et al., 2018; Das et al., 2020), 
together with the largest rates associated with AASW intrusion in sum-
mer season (Stewart et al., 2019; Malyarenko et al., 2019).

Sub-ice shelf circulation influences basal melting beneath the ice 
shelf, which in turn affects the future stability of the RIS (Stewart et al., 
2019). These findings highlight the need to further investigate sub-ice 
shelf circulation and ice shelf response to local climate processes that 
can influence its basal melting and stability in the future.

5. Hydrography and dynamics

5.1. Main water masses

The surface layer of the Ross Sea is occupied by the Antarctic Surface 
Water (AASW), typically fresh and with temperatures depending on the 
season and latitude. Underneath, the layer between the AASW and the 
SW is broadly occupied by modified Circumpolar Deep Water (mCDW), 
the only water mass that is not entirely of local origin. It is formed by the 
cooling of Circumpolar Deep Water (CDW), the most abundant water 
mass transported by the Antarctic Circumpolar Current (ACC), and by its 
mixing with AASW and SW. CDWs consist of two water masses, Upper 
CDWs (UCDW) characterized by an oxygen minimum, and Lower CDWs 
(LCDW) that are recognizable by a relatively high salinity (Orsi et al., 
1995).

The main shelf waters (SW) forming on the continental shelf are the 
High Salinity Shelf Water (HSSW), the Ice Shelf Water (ISW), both 
precursors of the AABW, and the Low Salinity Shelf Water (LSSW). Orsi 
and Wiederwohl (2009) described the characteristics of the shelf waters 
in terms of potential temperature, practical salinity, neutral density and 
the areas and vertical layers occupied by these water masses. The shelf 
waters generally fill the deepest layer of the continental shelf.

HSSW and ISW both contribute to the formation of the AABW by 
entrainment of LCDW along the continental slope (see next section). The 
CDW enters onto the shelf mainly through the western side, crossing the 
shelf break and carrying heat and nutrients onto the shelf and becoming 
mCDW. The ranges of potential and conservative temperature, of prac-
tical and absolute salinity as well as of neutral density of the main Ross Fig. 6. Modes of sub-ice shelf circulation proposed by Jacobs et al. (1992).
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Fig. 7. Schematic of processing controlling the Ross Ice Shelf adapted from Tinto et al. (2019). Red box represents the area with high basal melt rates according to 
Stewart et al. (2019). Blue star indicates the deployment position of the Argo float in Terra Nova Bay in 2021. In purple, sub-surface circulation following Locarnini 
(1994). Dotted line: tectonic boundary in the manner of Tinto et al. (2019) (Fig. 5). AASW: Antarctic Surface water; HSSW: High Salinity Shelf Water; EAIS: East 
Antarctic Ice Sheet; WAIS: West Antarctic Ice Sheet; MZS: Mario Zucchelli Station. The map and bathymetry of the Ross Sea is based on IBCSO (Arndt et al., 2013; 
Greene et al., 2017).

Table 1 
Temperature and salinity ranges of the main Ross Sea water masses. Practical 
salinity and potential temperature from Orsi and Wiederwohl (2009).

Water 
Mass

Neutral 
Density 
(kg 
m− 3)

Practical 
Salinity

Absolute 
Salinity* 
(g kg− 1)

Potential 
Temperature 
(◦C)

Conservative 
Temperature* 
(◦C)

AASW γn <

28.00
S <
34.30

SA <

34.4658
θ > -1.85 CT > − 1.8467

SW γn >

28.27
  θ < -1.85 

CDW 28.00 
<γn<

28.27

 34.79<SA 

< 34.92
 1.2<CT < 1.6

mCDW 28.00 
<γn<

28.27

   

ISW γn >

28.27
  θ < -1.95 CT < − 1.9469

LSSW γn >

28.27
S <
34.62

SA <

34.7874
θ < -1.85 CT < − 1.8469

HSSW γn >

28.27
S >
34.62

SA >

34.7874
θ < -1.85 CT > − 1.8469

AABW γn >

28.27
  θ > -1.85 CT > − 1.8471

Fig. 8. Conservative temperature-absolute salinity diagram of all CTD casts 
made from 1995 to 2019 by PNRA oceanographic cruises in the Ross Sea. Water 
masses and ranges are reported over the diagram.
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Sea water masses are well known (Table 1, Fig. 8).

5.2. Water mass formation

HSSW forms in the mechanically driven polynya of TNB (Fig. 1). Due 
to the strong katabatic winds and air-sea interactions, to the Drygalski 
Ice Tongue that prevents sea ice lateral advection and eventually, to 
brine rejection with sea ice formation, the water column of TNB in-
creases its salinity and decreases its temperature to the surface freezing 
point. The period of HSSW formation spans from May to October and a 
homogenous layer of conservative temperature 〜 − 1.92 ◦C and abso-
lute salinity ≥34,92 g kg− 1 fills the entire water column (Fig. 9). Con-
vection, at a rate ranging from 0.5 to 1 m h− 1, carries transformed 
surface waters to depth, whereas the deepest layer is already occupied 
by HSSW formed the previous year. A net production of 0.4 Sv was 
estimated (Morales Maqueda et al., 2004; Rusciano et al., 2013; Miller 
et al., 2024).

HSSW is also produced in the RIS polynya area (Orsi and Wie-
derwohl, 2009). Recent observations (Falco et al., 2024) estimated a 
production from 0.1 to 0.4 Sv, depending on the polynya area 

considered. ISW forms in the cavity of the RIS through a transformation 
process of HSSW. HSSW is transported under the cavity along the sea-
floor; at the grounding line, due to pressure effects, it carries a large 
amount of heat to melt the RIS base. The meltwater decreases the 
salinity of the HSSW but also its temperature. The overall effect on 
density is a decrease; thus the resulting water is fresher, colder and more 
buoyant, and rises along the RIS. As the depth decreases, the freezing 
point increases and the water in contact with the RIS refreezes. The 
newly formed ISW reaches a neutral buoyancy depth and eventually 
exits the cavity at about 400 m, offsetting the previous inflow of HSSW.

According to Orsi and Wiederwohl (2009) the LSSW has a volume 
much lower than the HSSW. It is more abundant on the inner eastern 
continental shelf, which can be considered as its source region, and is 
formed by the release of salt as sea ice forms and by the resulting loss of 
buoyancy of the surface layer of AASW. On the other hand, the minimal 
temperature and salinity differences between LSSW and SW of the 
central-eastern sector of the Ross Sea provide another mechanism for the 
formation of LSSW, i.e., LSSW can be derived from SW (at temperatures 
of about − 1.9 ◦C) that has undergone a slight salinity increase (Orsi and 
Wiederwohl, 2009). There is then a salinity gradient between the 

Fig. 9. Absolute Temperature (from a to d) and absolute salinity (from e to h) profiles collected by an Argo float in TNB polynya area during 2021. The profile of 
Winter and Spring are shallower because the float moved over a shallower area (Fig. 7).
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western and eastern sectors due to the polynya activities and HSSW 
formation in the west. ISW flowing from the RIS cavity in the east 
(Fig. 10) shows a lower salinity than the ISW formed from HSSW 
transformation.

The meridional circulation of the Southern Ocean transports rela-
tively warm and saline LCDW from the ACC to subsurface layers near the 
Antarctic shelf break. In the Pacific sector, the connection between the 
ACC and the coast is accomplished by the Ross Gyre; thus, LCDW flows 
cyclonically in the gyre to lap the Antarctic continental margin. The 
largest volume of LCDW (~1500 m thick which becomes thinner as it 
approaches the shelf break) is found offshore of the 700-m isobath. 
mCDW is formed near the shelf break from the mixture of the relatively 
fresh and cold AASW with the salt and low-oxygen LCDW below (Orsi 
and Wiederwohl, 2009). Temperature and salinity values of mCDW 
change over the continental shelf as a function of the degree of mixing 
and local influences. mCDW also carries nutrients and micronutrients 
onto the continental shelf, promoting primary productivity, especially in 
the western sector (Rivaro et al., 2020).

5.3. Circulation of water masses

The ACC, which transits around Antarctica and extends from the 
surface to a depth of about 2 km, does not influence the Ross Sea directly 
but is mediated by the Ross Gyre. The southwestern branch of the gyre 
results in an intense current that moves westward near the continental 
slope and plays a crucial role in the exchange of the relatively warm ACC 
water masses with the cold DSW of the continental shelf. The CDW 
enters the eastern limit of the Ross Gyre, moving first southwards and 
then westwards following the outer limit of the continental slope. Sub-
sequently, the CDW enters the Ross Sea continental shelf at locations 
where the bottom topography changes direction relative to the slope 
flow (Klinck and Dinniman, 2010). Aided by tidal advection, it then 
moves across the shelf break (Whitworth and Orsi, 2006; Padman et al., 
2009; Castagno et al., 2017) and is transported by barotropic flow 
southward, mainly on the west slope of the Ross Sea banks (Kohut et al., 
2013). However, Castagno et al. (2017) found the presence of two main 
cores of CDW that intrude over the shelf in the Drygalski Trough.

Using a time series of hydrographic and current observations close to 
the shelf break, Castagno et al. (2017) showed the seasonal and inter-
annual variability of the CDW intrusion across the continental shelf. A 
strong inflow occurs each year around late December and early January, 
while a weaker inflow is observed in July. They observed a strong 
relationship between tides and temperature from daily to seasonal time 
scales and concluded that the seasonality of CDW inflow is strongly 
modulated by the semi-annual tides, with a strong CDW inflow near the 

December solstice. During the measurements, they also found a shift in 
the CDW intrusion around 2010, accompanied by significant differences 
in temperature. They attributed this change to the influence of stratifi-
cation on the diurnal, topographically trapped vorticity waves (DTVWs). 
In the northwestern Ross Sea, tidal currents are associated with the 
DTVWs (Robertson, 2005; Padman et al., 2009), with their propagation 
and attenuation rates varying based on the stratification. A more ho-
mogenous water column post-2010 reduced the tidal influence. These all 
suggest that the cross-shelf exchange between the AABW and the CDW 
over the continental shelf at different time scales is significantly influ-
enced by the tides.

CDW intrudes onto the Ross Sea continental shelf and mixes with 
DSW and the slope front waters to form modified Circumpolar Deep 
Water (mCDW). The mCDW has been found in TNB subsurface layer 
(Rusciano et al., 2013). The Antarctic slope front is a large cross-slope 
density gradient, associated with the Antarctic Slope Current (ASC). 
The ASC, driven primarily by winds and buoyancy forcing, is a westward 
flow that encircles the Antarctic continental shelf (Thompson et al., 
2018). In the southeast Pacific sector of the Southern Ocean, the ASC 
advects AASW from the Amundsen Sea into the Ross Sea. At the eastern 
gate of the Ross Sea near Cape Colbeck, the ASC splits into a narrow 
coastal current that flows westward along the Ross Ice Shelf and the 
slope current that moves along the shelf-break toward west (Smith et al., 
2012). Both the coastal current and the ASC import freshwater from the 
Amundsen Sea into the Ross Sea, contributing to the Ross Sea salt budget 
and influencing the DSW salinity formation and variability (Castagno 
et al., 2019; Jacobs et al., 2022).

The HSSW formed in TNB sinks and moves along the bottom 
following the Drygalski trough towards north-east and south-east (pur-
ple arrows in Fig. 10). The part that flows in a north-easterly direction 
reaches the edge of the continental shelf and participates in the forma-
tion of the saltine, warm type of AABW (Jacobs et al., 1970; Whitworth 
and Orsi, 2006; Capello et al., 2009; Rivaro et al., 2010; Budillon et al., 
2011). The HSSW that runs south-eastward forks north of Ross Island 
into a branch that flows eastwards and occupies the entire seafloor to 
about 175◦E, where it is blocked by the eastern side of Ross Bank 
(Budillon et al., 2003). The other branch moves southwards, wedges 
under the Ross Ice Shelf and contributes to the formation of the ISW 
(Jacobs et al., 1970, 1979, Jacobs and Fairbanks, 1985; Jacobs and 
Giulivi, 2010; Jacobs and Comiso, 1989; Trumbore et al., 1991; Budillon 
et al., 2003), together with the HSSW produced in the RIS polynya (Orsi 
and Wiederwohl, 2009).

At about 180◦, the ISW flows from under the RIS and moves north-
wards through the Glomar Challenger Trough (GCT) (Bergamasco et al., 
2002; Budillon et al., 2003, 2006; Orsi and Wiederwohl, 2009) and 
reaches the shelf break at about 75◦S, where it mixes with the mCDW 
and contributes to the formation of the less dense AABW (Jacobs and 
Fairbanks, 1985; Trumbore et al., 1991; Budillon et al., 2011). AABW 
production and export from the western Ross Sea shows both seasonal 
and interannual variability (Gordon et al., 2015; Castagno et al., 2017). 
Tidal mixing and advection play critical roles in this variability 
(Whitworth and Orsi, 2006; Muench et al., 2009; Padman et al., 2009; 
Budillon et al., 2011; Castagno et al., 2017; Bowen et al., 2021, 2023). 
Bowen et al. (2021), showed that the dense water pulses from the con-
tinental shelf occur every year around the equinoxes. Bowen et al. 
(2023) observed that the strongest and densest outflow occurs when the 
salinity in Terra Nova Bay is high and the tides are weakest during a 
minor lunar standstill. The weakest outflow occurs near a major lunar 
standstill when tides are strongest. They also observed that flows and 
temperatures in the Drygalski Through vary significantly with the tides. 
The monthly-averaged outflow increases when the tidal flow decreases 
during the equinoxes and is highest during the solstices. During the 
maximum tidal currents, the mCDW is mixed to the bottom (Castagno 
et al., 2017). Bowen et al. (2023) concluded that the flow and density of 
bottom water leaving the western Ross Sea is a balance between the 
density in Terra Nova Bay, which drives the outflow, and the bottom 

Fig. 10. Averaged circulation of Ross Sea water mass. Colors represent indi-
vidual water masses. AASW: light blue. HSSW (SW in figure): purple. 
mCDWater (mCDW): orange. CDW: red. AABW: dark blue (Adapted from Fig. 3; 
Smith et al., 2012).
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stress due to the tides in the trough, which slow the flow (Fig. 11). 
Weaker tides reduce bottom stress and allow the release of dense water 
from DT.

Winds have also been suggested as a driving force behind the release 
of dense water from the Drygalski Trough by shifting the density fronts 
at its mouth (Gordon et al., 2015). The dense water outflow from the 
continental shelf occurs as a 300–400 m thick gravity current over the 
continental slope (Budillon et al., 2002, 2011; Gordon et al., 2009; 
Visbeck and Thurnherr, 2009), moving as a geostrophic flow and leaving 
the Ross Sea between the 1500 and 2000 m off Cape Adare (Gordon 
et al., 2015).

5.4. Dense shelf water salinity variability

Over 60 years of hydrographic observations in the Ross Sea have 
shown a nearly linear decrease in salinity at 500 m near Ross Island of 
− 0.027 decade− 1 from 1956 to 1957 to 2019–2020 and of − 0.029 
decade− 1 in the deep layer in TNB from 1959 to 2018 (Jacobs et al., 
2022). Castagno et al. (2019) observed a strong rebound in salinity at 4 
different locations in the western Ross Sea (including TNB and Ross Is-
land) from 2014 to 2018 to values last observed in the mid-to late 1990s. 
The increase in salinity was large and rapid compared to the trend 
observed before 2014. Castagno et al. (2019) observed interannual 
variability superimposed on the overall negative salinity trend. At all 
sites, strong fluctuations in salinity are observed throughout the water 
column with a time scale of 5–10 years. Jacobs et al. (2022) hypothe-
sized that the 60-year freshening of the Ross Sea is caused by the in-
crease in glacial melt upstream of the Ross Sea in the Amundsen and 
Bellingshausen Seas (Rignot et al., 2013; Rignot et al., 2019; Adusumilli 
et al., 2020; Smith et al., 2020), which is advected by the 
westward-flowing coastal current towards the Ross Sea.

The rapid increase in DSW salinity after 2014 was attributed by 
Silvano et al. (2020) to increased sea ice formation throughout the Ross 
Sea, driven by the weakened easterlies associated with a strong El Nino 
and a positive SAM. During the 2015–2018 period, an anomalous pos-
itive SAM and a negative SOI occurred. This superposition caused a 
weakened ASL that in turn led to westerly anomalies along the coast in 
the Amundsen Sea. Weakened easterly winds reduced sea ice import 
from West Antarctica into the Ross Sea. The lower sea ice import led to a 
lower sea ice concentration over the Ross Sea continental shelf at the end 
of the summer. As a result, there was more open water at the beginning 
of winter, a condition that favored sea ice formation and caused a 
greater release of brine and a more saline Ross Sea DSW formed on the 
continental shelf. Guo et al. (2020) also hypothesized that the ASL 

variability modulates the formation of DSW salinity in the Ross Sea. 
After 2013, they observed a southwestward shift of the ASL, which led to 
an eastward anomaly of the coastal current and consequently to a 
reduction of freshwater input to the Ross Sea along the coastal current 
from the Amundsen Sea.

6. Modeling studies

Ocean modeling plays an important role in providing a theoretical 
understanding through hindcasting and forecasting in complex areas as 
the Ross Sea, where interactions occur among atmosphere, ocean and 
cryosphere. Dinniman et al. (2003) have analyzed the transport of 
warm, nutrient-rich CDW on the Antarctic continental shelf and the 
effects on dynamics in the Ross Sea with a high-resolution model based 
on the Regional Ocean Modeling System (ROMS). The circulation was 
found to be strongly influenced by the bottom topography due to weak 
stratification, and a significant correlation was found between the cur-
vature of the shelf break and the transport through it. The balance of 
momentum terms shows that momentum advection contributes to 
forcing flow through the shelf break at specific locations due to the 
curvature of the bathymetry. For the model to create a strong CDW 
intrusion on the platform, two mechanisms appear to be required. First, 
the CDW is pushed onto the platform at least in part due to momentum 
advection and curvature of the platform break; then, the general circu-
lation on the platform carries the CDW inward. Dinniman et al. (2007)
also investigated the effects of changes in sea ice on the circulation and 
distribution of water mass, including the cavity beneath the RIS. Sea ice 
concentrations were specified from satellite observations, so that the 
effects of changes in sea ice due to iceberg C-19 could be examined. The 
heat budget around the RISP showed that the dominant term in the 
surface heat budget is a net exchange with the atmosphere, but oceanic 
warm water advection is also important. More recently, regional circu-
lation models for the West Antarctic Peninsula and the Ross Sea were 
used to examine the dynamics of CDW intrusions onto the continental 
shelf (Dinniman et al., 2011). The CDW intrudes onto the shelf at spe-
cific points determined by the bathymetry, with a significant correlation 
with wind stress; the intrusions are at least partly related to 
short-duration wind events. The mixing of the CDW with surface waters 
of the Ross Sea was found to be more vigorous, especially to the west, 
where the HSSW is formed.

The circulation in the sub-ice shelf cavity beneath the RIS and the 
melting and freezing regimes at the base of the ice shelf have been 
investigated with a modified version of the Miami isopycnic coordinate 
OGCM (Holland et al., 2003). The pathways of waters entering and 

Fig. 11. The link between outflow, tides and density in Terra Nova Bay. The flow out of the trough (white arrows) turns to the left and flows along the slope past the 
moorings (flow is into the page in the diagram and indicated by the circle with a cross). The strength of the outflow depends on the tidal mixing in the trough (curly 
arrows) and on the density of the bottom water from Terra Nova Bay (shown by the green shading where darker green indicates denser water). (a) A stronger outflow 
of more dense water results when tides are weaker and water in Terra Nova Bay has a higher density. (b) A weaker outflow of less dense water results when tides are 
stronger and water in Terra Nova Bay is less dense. (From Bowen et al., 2023).
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exiting the cavity were analyzed through a Lagrangian technique and 
the model results were compared with data collected both in the cavity 
and along the ice shelf front. HSSW flows into the cavity and is trans-
formed into the ISW upon contact with the ice shelf base. Rapid melting 
is driven by the ventilation of the region near the ice shelf front, which is 
in turn forced by seasonal variations of the water column density. Net 
melting over the entire ice shelf base is lower than previous estimates, 
but the simulated estimate may increase if additional forcings are added 
to the model.

Currents and their seasonal variability over the Ross Sea continental 
shelf have been investigated - with a focus on density-driven winter 
intensification - using a climatological ocean-ice shelf coupled model of 
the Ross Sea (Jendersie et al., 2018). The model included the cavity and 
prescribed sea ice fluxes. Two persistent cyclonic and three anticyclonic 
circulation features were identified. The seasonal variability was found 
to be basically driven by the baroclinic pressure gradients associated 
with lateral differences in density, while winds were found to play a 
minor role in the variability. On the other hand, the source of mo-
mentum in the cavity was due to the gravity-driven bottom flow of 
HSSW, which is in turn produced in the Ross Sea Polynya.

Understanding the ocean–atmosphere–sea ice interactions is funda-
mental to predict Southern Ocean and Antarctic continent future sce-
narios. As such, regional coupled climate–sea ice–ocean models are 
needed for polar regions. Several such models have been developed; 
however, the conservation of heat and mass fluxes between coupled 
models is often overlooked. At a regional scale, the non-conservation of 
water and energy can lead to model drift in long-term simulations. In the 
coupled Polar Scripps-KAUST PWRF-MITgcm model for the Ross Sea 
region, Malyarenko et al. (2023) included a full conservation of heat and 
mass fluxes transferred between the climate and sea ice–ocean models. 
Open water, sea ice cover, and ice sheet interfaces were examined. Ev-
idence of the flux conservation in the results of a 1-month-long summer 
and 1-month-long winter test experiment showed the implications of 
conserving heat flux over the TNB and Ross Sea polynyas in August 
2016. In summary, conservation of heat and mass is shown to be possible 
over long-term simulations, as requested for reliable future projections. 
Such coupled model setup is therefore recommended for climate 
modelling in any Arctic and Antarctic region.

Modeling studies specifically aimed at analyzing the Ross Sea cir-
culation and its forced and intrinsic variability during the ice-free period 
are lacking. In this regard, the Parthenope Southern Ocean Model 
(PARSOM; A. Colella, P. de Ruggiero, S. Pierini, personal communica-
tion) analyzes the summer months of an ensemble of numerous simu-
lations, each lasting ten years (2010–2020). The model focuses on the 

Ross Sea but includes the entire Southern Ocean, so that no spurious 
lateral boundaries affect the internal response. The PARSOM SSH sum-
mer average compares well with the SSH 2013–2018 annual average 
(Fig. 12) obtained by Prend et al. (2024) using the data-assimilating 
Biogeochemical Southern Ocean State Estimate (Verdy and Mazloff, 
2017).

One of the main results of PARSOM, which evolves freely without 
any constraint (apart from the relaxation to climatology implemented in 
the model), concerns the interpretation of the Ross Gyre variability. The 
cyclonic circulation of the gyre is clearly due to the input of negative 
vorticity provided by the surface wind field; however, the Ross Gyre 
variability cannot be explained by similar changes in atmospheric 
forcing. On the other hand, the analysis of the sea surface height and of 
the barotropic streamfunction highlights a see-saw behavior between 
the core of the Ross Gyre and its northern and eastern flanks. Conse-
quently, such variability is clearly driven by the low-frequency fluctu-
ations of the ACC, which are fundamentally chaotic due to intrinsic 
nonlinear oceanic mechanisms associated with the mesoscale eddy field 
(e.g., Carret et al., 2021; Hogg et al., 2022). This suggests that, despite 
the quasi-linear character of the Ross Gyre circulation, its low-frequency 
changes may be chaotic in nature and therefore unpredictable beyond a 
limited time.

All these model studies rely on realistic implementations. However, 
it is also worth considering simpler model implementations; these can be 
valuable tools to investigate basic dynamical aspects that might other-
wise be overshadowed by the more complex outputs of realistic imple-
mentations. Commodari and Pierini (1999) applied a barotropic 
primitive equation model to a realistic Ross Sea to study the vertically 
integrated transport induced both by local winds and by the external 
action of the East Wind Drift during the ice-free season, providing 
valuable insights into the respective role of the local and remote forcing 
in shaping the circulation. The remote effect of the boundary forcing 
given by the ACC and the EWD in the absence of local winds was found 
to be notably weaker than the locally forced flow.

In a relatively idealized context, Rubino et al. (2003) applied a 
nonlinear, reduced gravity, layered numerical model to simulate the 
process of spreading and sinking of the Deep Ice Shelf Water (DISW) in 
the Ross Sea. In the most realistic simulation, the path and density 
structure of the DISW vein flowing over the Challenger Basin were found 
to be in good agreement with data. The evolution of the DISW layer 
beyond the continental shelf was also investigated; the results were 
useful in a region where the paucity of data does not allow for a detailed 
description of the deep ocean dynamics.

Fig. 12. SSH averaged over the years 2013–2018 obtained by Prend et al. (2024) using the data-assimilating Biogeochemical Southern Ocean State Estimate (Verdy 
and Mazloff, 2017), which constrains the MITgcm solution (Marshall et al., 1997) with satellite and hydrographic measurements. Each white line represents a 
monthly mean of the − 8 Sv contour of the barotropic streamfunction. The green line represents the − 8 Sv contour of the barotropic streamfunction averaged over the 
entire period. The black lines show the bathymetry with 1000 m intervals; the 1000 m-isobath (thick line) shows the Antarctic Slope Front (from Prend et al., 2024).
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7. Conclusions

The Ross Sea is one of the most studied areas of the Southern Ocean. 
It is a source of Antarctic Bottom Water (AABW) and dense water pro-
duction occurs over large sectors of the continental shelf. However, a 
number of questions regarding its functioning remain. Through the early 
2010s, AABW freshened, warmed, and contracted in volume (Purkey 
and Johnson, 2013). The strongest freshening is believed to be related to 
multidecadal decrease in salinity of the Ross Sea component of AABW 
that results of the intrusion of fresh water from the Amundsen and 
Bellingshausen Seas (Jacobs et al., 2022). The reasons for the warming 
are still unclear. Hypotheses include changes in the DSW properties 
(Purkey and Johnson, 2012, 2013), changes in the mixing ratio between 
DSW and CDW, and changes in the current field including a slowdown of 
the overturning circulation. The lack of observations around the Ant-
arctic margin makes it difficult to identify the real causes and models are 
limited in predicting AABW changes in the future (Purich and England, 
2021). As a result, a weakening of the abyssal overturning and venti-
lation in sectors of the Southern Ocean under the direct influences of the 
AABW formed at the Ross Sea shelf break were observed. A net slow-
down of − 0.8 ± 0.5 Sv decade− 1 thinned the deepest layers of the 
Australian Antarctic Basin, driving deoxygenation of − 3 ± 2 μmol kg− 1 

decade− 1 from 1994 to 2017 (Gunn et al., 2023).
Castagno et al. (2019) documented a rebound in salinity since 2014 

and Aoki et al. (2020) noticed a reversal of the freshening trend of 
AABW in the Australian Antarctic Basin in the second half of the 2010s. 
They also pointed out that the source of the salinity reversal signal is 
located to the east of the Australian Antarctic Basin. Furthermore, they 
found a salinity increase rate very close to those reported in Castagno 
et al. (2019). However, there is no evidence of a new decrease of salinity 
in the Ross Sea DSW, whereas models predict volume contraction and 
warming of the AABW. Li et al. (2023) using a high-resolution coupled 
ocean–sea-ice model and assuming a high-emissions scenario suggest 
that the abyssal warming may increase over the next 30 years and 
contract that would allow for a larger intrusion of CDW onto the con-
tinental shelf.

The recent changes in the sea ice extent around Antarctica points out 
the urgency of improving our capability to monitor its formation and 
evolution (Aulicino and Wadhams, 2022). Regardless of the reasons for 
this new sea ice regime, the decline of SIE may have a range of impacts 
on the Ross Sea environment and biota. Ice shelves will undergo addi-
tional basal melting and instability due to greater exposure to waves, 
and changes in ocean stratification will alter circulation. Finally, the 
production of HSSW could change with direct implications on AABW 
and thermohaline circulation. Therefore, further work is needed to fill 
knowledge gaps and provide the basic information to improve future 
projections of sea ice changes and variability in the Ross Sea (Eayrs 
et al., 2021). Priorities include improved in situ observations over po-
lynyas and pack ice from drifting buoys and autonomous underwater 
vehicles, higher resolution satellite imagery for coastal ice drift and 
deformation and more accurate sea ice and snow freeboard detection as 
a proxy for thickness (Farooq et al., 2020; Tian et al., 2020; Rack et al., 
2021).

Future changes remain uncertain because the latest climate model 
projections do not account for dynamic ice sheet melting, and the 
properties and rate of formation of DSW and AABW are poorly repre-
sented by models (Purich and England, 2021). Winter observations are 
still lacking. Some fundamental processes that occur during winter 
(HSSW production, sea ice formation) are undersampled. Furthermore, 
a clear picture of the overall dynamics of the Ross Sea water masses is 
lacking, especially in terms of zonal connectivity. Freshwater enters 
through the eastern gate of the Ross Sea, but very little information is 
available on its characteristics and volume, and on its effect on the 
salinity budget, which ultimately determines the salinity of the DSW and 
consequently AABW formation.
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