
1. Introduction
Oceanic processes in the Southern Ocean and along the Antarctic margins influence Earth’s climate on a 
global scale. The upper Southern Ocean has persistently warmed over the last century (Gille, 2008), which 
has been accompanied by an increase in heat content of the West Antarctic continental shelf (Schmidtko 
et al., 2014) and by increased glacial melting (Cook et al., 2016; Pritchard et al., 2012). The thinning of float-
ing ice shelves throughout West Antarctic coastal seas, which includes the Amundsen and Bellingshausen 
seas as well as the northern part of the West Antarctic Peninsula (WAP) (Figure  1), is one of the most 

Abstract Over recent decades, the West Antarctic Ice Sheet has experienced rapid thinning of 
its floating ice shelves as well as grounding line retreat across its marine-terminating glaciers. The 
transport of warm Modified Circumpolar Deep Water (MCDW) onto the continental shelf, extensively 
documented along the West Antarctic Peninsula (WAP), and in the Amundsen Sea, has been identified 
as the key process for inducing these changes. The Bellingshausen Sea sits between the Amundsen 
Sea and the northern part of the WAP, but its oceanic properties remain remarkably under-studied 
compared to surrounding regions. Here, we present observations collected from a hydrographic 
survey of the Bellingshausen Sea continental shelf in austral summer 2019. Using a combination of 
ship-based and glider-based CTD and lowered ADCP observations, we show that submarine troughs 
provide topographically steered pathways for MCDW from the shelf break toward deep embayments 
and ultimately under floating ice shelves. Warm MCDW enters the continental shelf at the deepest part 
of the Belgica Trough and flows onshore along the eastern side of the trough. Modification of these 
shoreward-flowing waters by glacial melt is estimated by calculating meltwater fractions using an optimal 
multiparameter analysis. Meltwater is found to be elevated at the western edge of both the Latady and 
Belgica troughs. Meltwater distributions, consistent with other diagnostics, suggest a recirculation in each 
trough with modified waters eventually flowing westward upon leaving the Belgica Trough. Our results 
show that the Bellingshausen Sea is a critical part of the larger West Antarctic circulation system, linking 
the WAP and the Amundsen Sea.

Plain Language Summary Over the past decades large changes in the volume of the West 
Antarctic Ice Sheet have been observed. This has been attributed to a warm water mass, the Circumpolar 
Deep Water (CDW). This water has been observed along the West Antarctic Peninsula (WAP) and in the 
Amundsen Sea. The Bellingshausen Sea, located between the WAP and the Amundsen Sea, has exhibited 
similar rates of ice shelf thinning, yet remains remarkably under-studied compared to regions to the 
east and west. We present observations of the Bellingshausen Sea from early 2019. A combination of 
temperature and velocity data are used to show that submarine troughs provide pathways for the warm 
water from offshore to reach the ice sheets. This takes place at the deepest part of the Belgica Trough and 
along the eastern side of the Latady trough with a recirculation of this now slightly cooler water between 
the two troughs. The water originating from the ice sheets leaves the Bellingshausen Sea along the western 
side of the Belgica Trough before flowing west toward the Amundsen Sea. Our results show that this 
region is a critical part of the West Antarctic circulation system, linking the WAP and the Amundsen Sea.
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dramatic signals of a changing climate (Adusumilli et al., 2020; Cook & Vaughan, 2010; Smith et al., 2020). 
Rapid loss of mass from the ice sheet, attributed to excess basal melt where warm ocean waters are deliv-
ered to the glaciers (Pritchard et al., 2012), is also associated with the retreat of grounding lines (Rignot 
et al., 2014) and the acceleration of ice sheet flow (Joughin et al., 2002). The rate of ice loss of the West 
Antarctic Ice Sheet (WAIS) is now estimated to be three times as large as it was in the 1990’s (IMBIE, 2018). 
A recent surface mass balance analysis found a more than ten-fold increase in mass loss from West Antarc-
tica (from 12 ± 3 Gt/yr to 159 ± 8 Gt/yr) over the period 2009 – 2017, as compared to the period between 
1979 and 1989. This increase is larger than the six-fold increase across all of Antarctica for these same 
time periods (Rignot et al., 2019). During the latest decade, ice mass loss was dominated by the Amundsen 
and Bellingshausen sectors, contributing more than 60% of the total mass loss around Antarctica (Rignot 
et al., 2019).

Accurate predictions for the future evolution of WAIS requires an understanding of controls on ocean heat 
content and circulation, and the properties that control ice-shelf basal melt rates. Yet, there remain many 
open questions about how the ocean circulation is likely to change due to the complexity of this region. First, 
the circulation of the Antarctic marginal seas depends on processes spanning a range of scales, including 
the large-scale flow of the Antarctic Circumpolar Current (ACC), the major subpolar gyres (Ross and Wed-
dell Gyres), a rich boundary current system over the continental slope (Peña-Molino et al., 2016; Thomp-
son et al., 2018), and intricate shelf circulations steered by complex bathymetry (e.g., Moffat et al., 2008; 
Brearley et al., 2019). Furthermore, due to the lack of observations, it is difficult to ascertain changes from 
an uncertain baseline circulation strength and structure. The Bellingshausen Sea (BellS), the focus of this 
study, is at the confluence of a number of different circulation elements of varying scales and dynamics, but 
the region has remained nearly unobserved.

In the West Antarctic coastal seas, the penetration of warm Circumpolar Deep Water (CDW) on to the 
shelf is enhanced both by the proximity of the southern boundary of the ACC (Orsi et al., 1995) and a weak 
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Figure 1. Map of the study region. (Left) Overview of the West Antarctic coastal seas with the Bellingshausen Sea (BellS), located between the Amundsen Sea 
and the northern part of the West Antarctic Peninsula, indicated by the red box. (Right) Bathymetry, hydrographic stations, and a schematic of the circulation 
in the BellS, inferred from this study. Ship-based Conductivity-Temperature-Depth (CTD) hydrographic stations (numbers) are indicated in colors that are 
used in subsequent figures. The glider hydrographic section is shown with red circles. A schematic of the circulation is given by the blue arrows, where solid 
and dashed lines show, respectively, currents directly resolved by velocity observations and currents inferred from water property distributions over the shelf. 
Positions of the southernmost fronts of the Antarctic Circumpolar Current (Orsi et al., 1995) (SACCF = Southern Antarctic Circumpolar Current Front, 
SBDY = Southern Boundary) are shown as thin black lines (flow direction indicated with arrows). Bathymetry (m) is given in color from the RTopo-2 data 
product (Schaffer et al., 2016), and the coastline is indicated with a thick black line. Ice shelf fronts are shown with a thick gray line and the names of the ice 
shelves are given in pink. Bathymetry under the ice shelves is shown. The names of geographic features mentioned in the study are given in black (Belgica and 
Latady troughs, and the Eltanin Basin).
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Antarctic Slope Front (ASF) on the upper continental slope (Jacobs, 1991; Whitworth III et al., 1998). In 
particular, along the western side of the Antarctic Peninsula the southern boundary of the ACC, flowing 
to the northeast, extends up the continental slope and a westward-flowing Antarctic Slope Current (ASC) 
is absent (Moffat & Meredith, 2018). Once warm water accesses the shelf, it flows toward the coast, and, 
in the absence of major topographic barriers, delivers this heat to marine-terminating ice sheets, poten-
tially contributing to basal melting. Along the WAP, CDW flows onto the shelf nearly unrestricted with 
exchange across the shelf break largely occurring at the Marguerite Trough and via coherent eddies (Couto 
et al., 2017; Moffat et al., 2009), although both the mean flow and eddies transport this water to the coast 
(Dinniman et al., 2011).

Farther to the west, in the Amundsen Sea, both observational (Walker et al., 2013) and numerical (Nakay-
ama et al., 2013) evidence exists for a westward-flowing ASC near the shelf break. This change in the ASC 
between the WAP and Amundsen Sea suggests that a significant reorganization of the frontal structure over 
the continental slope occurs in the BellS sector (Thompson et al., 2020). The transport of heat on to the 
continental shelf in the Amundsen Sea, while still occurring primarily in glacially carved troughs, differs 
from the WAP. The heat is supplied through an eastward-flowing undercurrent that sits over the continental 
slope and is largely controlled by the local wind stress (Dotto et al., 2019; Walker et al., 2013). It is unclear 
whether the WAP or Amundsen regime is more representative of heat transport on to the BellS shelf.

All ice sheets found along the coast of the BellS have experienced considerable volume loss (Adusumilli 
et  al.,  2020; Paolo et  al.,  2015; Rignot et  al.,  2019) and increased basal melt in the last decades (Rignot 
et al., 2013, 2019), with the possible exception of Abbot Ice Shelf. The ocean circulation close to the ice-
shelf fronts in the eastern BellS, defined as the region that feeds the Wilkins, George VI, and Stange ice shelf 
cavities, has been studied previously (Jenkins & Jacobs, 2008; Padman et al., 2012), but the circulation and 
dynamics that influence the ice shelves in the western part of the BellS are not well known. For the purpose 
of this study, we will refer to those ice shelves that are principally fed by the Marguerite and Latady troughs 
as the eastern BellS and those fed by the Belgica Trough as the western BellS (Figure 1). The Venable Ice 
Shelf, for example, is a smaller glacier by area, but has been estimated to have a rate of volume loss that is 
comparable to, or larger than, other ice shelves in the region (Paolo et al., 2015; Rignot et al., 2013).

The presence of warm CDW, referred to as Modified CDW (MCDW) due to mixing or modification processes 
occurring near the shelf break, over the BellS continental shelf was first identified by Talbot (1988). MCDW 
properties were found at the sea floor, which was explained by the absence of near-freezing, high-salinity 
water associated with the formation of deep water masses. The exchange of CDW across the shelf break is 
topographically localized at glacially carved troughs throughout West Antarctica (Dinniman & Klinck, 2004; 
Moffat et al., 2008; Savidge & Amft, 2009). The BellS has two major troughs, Belgica and Latady, shown in 
Figure 1. At the shelf break, the entrance to the Belgica Trough is located further to the west and closer to 
the Amundsen Sea and the Latady Trough is located closer to the WAP. Within Belgica Trough, a cyclonic 
circulation was inferred by Zhang et al. (2016), using data from instrumented seals and a Gade line analysis 
(Gade, 1979), with MCDW being carried onshore along the eastern side of the trough and meltwater car-
ried offshore along the western side of the trough. These authors did not discuss the circulation in Latady 
Trough, and this region’s contribution to heat transport toward the BellS ice shelves remains unconstrained. 
The generation of cyclonic circulations supported by glacially carved troughs is a feature that is common 
throughout the WAP (Brearley et al., 2019; Savidge & Amft, 2009).

Coupled ice-ocean simulations carried out by Assmann et  al.  (2005) found the region to be dominated 
by a large-scale cyclonic circulation, although the model did not resolve circulation features in individual 
troughs. A strong coastal current formed the southern edge of this cyclonic circulation, extending from the 
BellS into the Amundsen Sea. The presence of a coastal current was also noted by Holland et al. (2010), 
originating along the WAP, flowing southward into the BellS. This coastal current has been reported to be 
a seasonal feature, disappearing in winter months (July–October) (Moffat, Beardsley, et al., 2008). At the 
same time, sea ice conditions were suggested to be less variable in the BellS than in other regions, due to 
its location at the eastern edge of the Amundsen Sea low pressure system (Holland et al., 2010). Numerical 
models have further suggested an important role for the exchange of water properties and tracers between 
the various seas of West Antarctica. In particular, Nakayama, Timmermann, et al. (2014) found that basal 
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melting in the BellS can be a driving force in the freshening of the Ross Sea, a source region of deep water 
formation.

The transport pathways and fate of glacial meltwater that enters the ocean from basal melting of ice shelves 
remains a compelling and open topic. A broad freshening of the polar seas around Antarctica has been 
found in models as well as observations and coincides with the increased ice shelf mass loss (Richard-
son et al., 2005; Rye et al., 2014; Schmidtko et al., 2014; Swart & Fyfe, 2013). The vertical distribution of 
this meltwater in the water column and its impact on shelf and larger-scale circulation remains uncer-
tain. Most observations suggest that the freshening has a subsurface signature, often up to several hundred 
meters deep, consistent with the outflow from the base of the ice shelves (Adusumilli et al., 2020; Biddle 
et al., 2017; Jenkins & Jacobs, 2008; Kim, 2016; Loose et al., 2009). However, glacial melt can also be re-
distributed within the water column by mixing processes, including those related to strong hydrographic 
fronts that develop at the ice shelf face (Naveira-Garabato et al., 2017). The depth and density classes over 
which glacial melt is found in the BellS suggest an important role for meltwater in modifying buoyancy and 
supporting an overturning circulation (Moffat et al., 2008; Savidge & Amft, 2009).

Recently acquired data from the BellS provide new insights into the circulation structure from the shelf 
break to the coast. In this manuscript, we introduce our data and methods in Section 2; water mass prop-
erties, velocities, meltwater fractions and heat transports on the shelf are analyzed in Section 3. Section 4 
assesses similarities and differences between the BellS circulation and observations and simulations of 
neighboring regions in West Antarctica. A summary is presented in Section 5.

2. Data and Methods
2.1. NBP19-01 Cruise Data

The observations used in this study were collected aboard the R/V Nathaniel B. Palmer as part of the 
TABASCO (NBP19-01, Transport of the Antarctic Peninsula and Belingshausen Sea: Antarctic Slope Cur-
rent Origins) research cruise. During the cruise, 56 temperature and salinity (CTD) profiles were collected 
in the BellS between December 27, 2018 and January 8, 2019. Stations 3–56 were organized into a series of 
transects. Two transects spanned the continental slope and shelf break: stations 3–10 located to the west 
of Belgica Trough and stations 51–56 starting from the eastern edge of the Latady Trough. The remaining 
stations (stations 11–50) were located over the continental shelf (Figure 1). CTD data were acquired using 
a SBE-11+ (V2) deck unit and two SBE3plus temperature sensors. Velocity measurements were collected at 
each station using a RDI Workhorse Sentinel downward-looking Lowered Acoustic Doppler Current profil-
er (LADCP). The LADCP was configured to record velocity in 8 m bins and processing involved the use of 
both the hydrographic data and shipboard ADCP data, following Thurnherr et al. (2010).

Water samples were collected at each station, and the salinity was calibrated using a Guideline PortaSal 
8410A. Winkler analysis was not performed during the cruise. No drift was observed between the two ox-
ygen sensors on the CTD over the duration of the data collection in the BellS, but there was an offset of 
12.05 μmol kg−1 between the two sensors. In the absence of direct calibration, we relied on comparisons 
between an offshore CTD profile and a nearly contemporaneous CTD profile obtained during the 2019 
LTER survey (within 14 km and two weeks). Below 1,500 m, the offset was roughly 12.8 μmol kg−1 for the 
first sensor, and 3.7 μmol kg−1 for the second sensor. After calibration and correction for offsets, the temper-
ature, conductivity and oxygen sensors are expected to have an accuracy of 0.001°C, 0.0003 S m−1, and 2% 
of saturation, respectively. More details can be found in the cruise documentation (http://web.gps.caltech.
edu/∼andrewt/publications/TABASCO.pdf).

All CTD data were processed following the guidelines in McTaggart et al. (2010). The hydrographic data 
were used to analyze temperature, salinity and density distributions, as well as to calculate meltwater frac-
tions contained in the water column. We calculated geostrophic velocities, which were referenced to the 
de-tided LADCP data. Details of data processing are provided in the TABASCO project cruise report. Data 
from NBP19-01 are archived at the National Center for Environmental Information and have the NCEI 
Accession Number 0210639.

SCHULZE CHRETIEN ET AL.

10.1029/2020JC016871

4 of 25

http://web.gps.caltech.edu/?andrewt/publications/TABASCO.pdf
http://web.gps.caltech.edu/?andrewt/publications/TABASCO.pdf


Journal of Geophysical Research: Oceans

In addition to the ship-based measurements, two ocean gliders, Seagliders, were deployed during the cruise. 
The first glider (SG621) was deployed on 27 December, 2018, offshore of the shelf break near Peter I Island 
(67.95°S, 87.88°W). We attempted to sample the continental slope and shelf break to the west of Belgica 
Trough with this glider, but had limited success due to sea ice extent; we do not discuss data from this glider 
further. The second glider (SG539) was deployed just offshore of the shelf break near Marguerite Trough on 
19 January, 2019 (66.67°S, 72.50°W); a 2,000 m CTD cast was completed immediately after deployment that 
was used for calibration purposes. After sampling the mouth of the Marguerite Trough, this glider moved 
south and sampled across the mouth of the Latady Trough. In this study, we made use of the last 106 dives 
collected by SG539 (Figure 1). The glider completed V-shaped dives to a depth of 1,000 m or to within 15 m 
of the seafloor, if shallower than 1,000 m. Surfacing locations were separated by roughly 4 km, and as little 
as 1 km when the glider was over the continental shelf. While diving, the glider collected measurements of 
temperature and salinity with a Seabird CTSail every 5 s, or roughly every 1 m vertically. The data were later 
processed using the UEA Seaglider Matlab Toolbox (www.byqueste.com/toolbox.html) that also includes a 
thermal lag correction following Garau et al. (2011). For this study we focused on temperature and salinity 
data from the glider; following calibration, temperature and salinity are accurate to 0.01°C and 0.01 g kg−1, 
respectively. Measurements were then averaged in 10 m depth bins and interpolated onto a 10 km horizon-
tal grid. Due to problems with the compass, no depth-averaged velocities were obtained. The barotropic 
nature of the currents in this region (shown below) means that nonreferenced geostrophic velocities are of 
limited use in calculating fluxes across the glider section.

2.2. Velocity Corrections and Transports

The LADCP velocity data were de-tided using tidal velocity output from the Circum-Antarctic Tidal Simula-
tion (CATS2008, Howard et al., 2019). This is a high-resolution inverse model based on a uniform grid size 
of 4 km. It includes cavities under the floating ice shelves (Padman et al., 2002) and predicts tidal effects in-
cluding surface heights, tidal current velocities and transports. We subtracted the predicted CATS2008 tidal 
velocities from the LADCP data. The tidal velocities in the BellS were relatively small (less than 5 cm s−1) 
compared to the LADCP velocities; removal of tidal contributions did not significantly impact the results 
presented here (see Figure S1).

The combined use of the CTD and LADCP data allowed for the calculation of absolute geostrophic veloc-
ities. We first used the hydrographic data for each station pair to estimate geostrophic shear. The LADCP 
data were rotated to be along/across each station pair. The reference velocity was then calculated by mini-
mizing the root mean square difference between the referenced geostrophic flow and the mean of the two 
rotated LADCP profiles for each station pair. Due to the barotropic nature of the flow, we calculated the 
reference velocity using the full water column depth. The resulting referenced geostrophic velocities were 
used to calculate volume and heat transports across the sections Figure S2. Transport contributions from 
bottom triangles, while generally small over the shelf due to the relatively flat topography (compared to the 
slope sections), were included using two methods: (1) a linear interpolation to the bottom of the velocity 
in the last common bin between each station pair, (2) a linear interpolation to zero at the bottom from the 
last common bin between each station pair. Here, we used method (1), which modified the volume trans-
port by less than 5% as compared to not including bottom triangles, in the transport estimates discussed in 
Section 3.4. Volume transports calculated using absolute geostrophic velocities, as opposed to the LADCP 
velocities alone, provide a more synoptic representation of the circulation since the LADCP captures age-
ostrophic components, for example, tides and inertial oscillations, that typically exhibit higher frequency 
variability.

The heat flux Fh is defined as:

     ,h p fF C v (1)

and the heat transport Qh across a hydrographic section is calculated as:

   


   
0

d d .
xe

h p f
x Hw

Q C v z x (2)
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Here, Cp is the specific heat capacity of sea water, calculated for each profile (J kg−1 K−1), ρ is the average 
density of the station pair, θ is potential temperature referenced to the surface, θf is the freezing point po-
tential temperature (a function of both salinity and pressure), and v is the referenced geostrophic velocity 
perpendicular to the station pair. The integrals in the heat transport calculation were taken in the vertical 
from the seafloor (z = −H) to the surface (z = 0) and in the horizontal from the western edge to the eastern 
edge of the two trough sections, xw and xe, respectively. Stations 11–22 correspond to the transect that spans 
the Belgica Trough near the shelf break, and stations 27–33 and 42–45 together cross both the Belgica and 
Latady troughs further to the south. We refer to the latter as the mid-shelf section below.

While multiple factors could contribute to error in our volume and heat transport estimates, we will as-
sume that the dominant contribution comes from the LADCP velocity profiles, due to the strong barotropic 
nature of the flow. Following Thurnherr et  al.  (2014), we assume the LADCP velocity error is no more 
than 3 cm s−1. An upper bound on the error estimate for the volume flux would then simply use a 3 cm s−1 
velocity, multiplied by the area of each station pair to calculate cumulative transports across the sections. 
The error associated with approach is typically O (0.1) Sv for each station pair, dependent on the depth and 
width of the station pair. However, across each of the cross-trough sections there is both inflow and outflow, 
such that the cumulative transport has a large cancellation between positive and negative transports, and 
the error is large compared to the cumulative transport. For the Belgica Trough section, the total volume 
transport is 0.46 Sv ± 3.5 Sv, and for the mid-shelf section, the total volume transport is −0.66 Sv ± 4.9 Sv. 
To arrive at a more realistic error estimate, we chose to randomly sample an error reference velocity for each 
station pair from a Gaussian distribution with a standard deviation of 3 cm s−1. The cumulative transports 
across each section were then calculated 10,000 times and the transport error was determined as the root 
mean square of these values. With this approach, we obtained cumulative volume transports across the 
Belgica Trough section (stations 11 – 22) of 0.46 ± 0.36 Sv and across the mid-shelf section (stations 27 – 33 
and 42 – 45) of−0.66 ± 0.51 Sv. The same approach was used to calculate errors in the heat flux calcula-
tions. Using a constant error of 3 cm s−1, the Belgica Trough and mid-shelf sections have heat transports of 
43.2 ± 792 GW and −169 ± 1,100 GW, respectively. Using the “error sampling” approach described above, 
this becomes 43.2 ± 82.5 GW (Belgica Trough) and −169 ± 118 GW (mid-shelf).

Below, we discuss the heat content of the MCDW layer at individual stations, which is calculated as:




 

 

 
 

| 1.1 C

| 1.1 C
d ,

z

MCDW p
zd

C z (3)

where Cp and ρ are the specific heat capacity of sea water and density calculated for the MCDW layer. The 
MCDW layer is defined as water with θ > 1.1°C. Each profile was integrated vertically from the deepest 
1.1°C isotherm, or the seafloor if a deep 1.1°C isotherm is not present (e.g., at stations 21 or 27), to the depth 
of the shallowest 1.1°C isotherm.

2.3. Meltwater Calculations

For this study, meltwater fractions were calculated using an optimum multiparameter analysis (OMP) 
(Beaird et al., 2015; Biddle et al., 2017; Loose & Jenkins, 2014; Loose & Jenkins, 2014; Tomczak, 1981). The 
method relies on a set of over-determined equations that calculates the relative partitioning of observed wa-
ter mass properties into a given number of end-member water masses with fixed hydrographic properties. 
An advantage of the OMP analysis, compared to a traditional mixing-line approach, is that it accounts for 
variations in the end-member properties arising from both instrument errors and environmental condi-
tions. This variability is encapsulated in weighting factors.

The OMP method in this study was applied to three available observed tracers: temperature, salinity, and 
dissolved oxygen. Because surface waters (Antarctic Surface Water in this region) cover a wide range of 
possible end-member values due to direct surface forcing, the upper 150 m are excluded from the OMP 
analysis. This exclusion of surface data is common around the Antarctic margins (Biddle et al., 2017, 2019). 
We identified three end members: Winter Water (WW), Modified Circumpolar Deep Water (MCDW) and 
Glacial Melt Water (MW). The water mass distribution over the continental shelf is described in detail in 
Section 3.1.
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Mathematically, the OMP analysis involves a system of linear equations 
relating the end member properties to each observed tracer value by esti-
mating the relative contribution from each water mass. A final equation 
arises from the constraint that the sum of the water mass fractions must 
equal one. The full system of linear equations can be written as:

  .Ax d r (4)

Here, A is the matrix of the end-member tracer values as well as the mass 
conservation equation, x is the vector of water mass fractions (the values 
to be calculated), d is the vector of observed tracer values, and r is the vec-
tor of residuals between the observed tracer values and the linear solu-
tion. To solve Equation 4 for x, we followed Tomczak (1981) and inverted 
the over-determined system to minimize ‖r2‖ = rTr with a nonnegativity 
constraint on x:

      .TT Tr r Ax d W W Ax d (5)

In Equation 5, both A and d are normalized and weightings Wj are in-
troduced, as described by Tomczak  (1981). In this study, j  =  [1, 2, 3] 
represents each tracer; there is a fourth parameter, W4 that provides the 
weighting for the mass conservation constraint. The first three weight-
ings were determined by calculating the variance of the end-member 
tracer values (σj) and dividing by the square of the uncertainty of that 
tracer across all end-members (ϵj),




2
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j

j
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End-members used in this calculation (MCDW, WW, and MW) are listed in Table 1, together with their trac-
er properties and uncertainties that were used to weight each tracer. The meltwater endpoints used in this 
study are theoretical values also used in Biddle, Heywood, et al. (2017) and Nakayama et al. (2013), where 
the θ is a theoretical value that accounts for the freezing enthalpy. For dissolved oxygen we used end mem-
bers and data consistent with the second sensor (see Section 2.1). Note that in many previous studies the 
weighting value for the mass conservation constraint, W4, was not reported. We found a strong sensitivity to 
this choice, which was not constrained by Equation 6. We chose a value for W4 (Table 1) that ensured that 
any deviation in the sum of the water mass fractions away from 1 was at least an order of magnitude smaller 
than the meltwater fraction itself. The values in W for j = [1, 2, 3] were similar to Biddle et al. (2017), al-
though we used a larger value of W4 (Biddle, personal communication).

Uncertainties in the meltwater fractions (x) calculated from Equation 5 were assessed using a Monte Carlo 
simulation. For this, Equation 5 was solved 10,000 times with each end-member property in A replaced 
by a perturbed value selected from a normal distribution of the mean values Aij modified by the largest 
uncertainty associated with each tracer, represented by ϵj. This resulted in 90,000 perturbed realizations of 
end-member properties. MW fraction concentrations were reliable to ±1.1 g kg−1. This error is comparable 
to the ±1 g kg−1 value reported by Biddle et al. (2017), but larger than the 0.5 g kg−1 error values that are 
typical of studies that include constraints from noble gases (Beaird et al., 2015; Biddle et al.  2019).

Finally, due to the lack of calibration in the dissolved oxygen measurements, we performed additional sen-
sitivity tests for the OMP analysis. First, we tested the impact of the offset between sensors 1 and 2, by 
carrying out the OMP analysis with both oxygen sensors with suitably modified end members to account 
for the sensor offset. In this case, while the magnitude of the meltwater fraction did change, particularly 
in the eastern-most stations (44–46), the large-scale distribution and the peak magnitudes were similar 
(Figures S3a and S3b). Next, we re-calculated the meltwater distribution using the OMP analysis where 
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Θ (°C) S (psu) O2 (μmol kg−1)

End-member values

MCDW 1.12 34.69 170

WW −1.84 34.16 275

MW −90.8 0 1,125

Uncertainty parameters

ϵ 1.2 0.1 400

σ 52.2 19.9 513

W 2,274 3,950 659

End members include Modified Circumpolar Deep Water (MCDW), 
Winter Water (WW) and meltwater (MW). Uncertainties ϵ and variance of 
the end-member tracer values were estimated from the spread in the end 
member values on property plots and are used to calculate the weights Wj 
following the discussion in Section 2.3. W4 is chosen to be 250 to ensure 
that any deviation away from 1 of the summed water mass fractions is at 
least an order of magnitude smaller than the meltwater fraction value.

Table 1 
End Member Tracer Values Used for the Optimal Multiparameter Analysis 
and Meltwater Fraction Calculations
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the weight associated with the dissolved oxygen tracer was reduced by a half (Figure S3c) and to zero (Fig-
ure S3d). Again, the spatial distribution in meltwater fraction remained similar although the magnitude 
decreased as the influence of oxygen on the OMP analysis was reduced.

These sensitivity tests were carried out due to our limited ability to directly calibrate the oxygen sensors. 
In summary, we find that the vertical structure of meltwater distribution (described in Section 3.3) shows 
some sensitivity to the weighting of the oxygen data, but the horizontal distribution of the meltwater frac-
tions over the continental shelf are relatively insensitive to these changes. Accordingly, due to the uncer-
tainty in the dissolved oxygen measurements, we put emphasis on the spatial distribution of the meltwater 
fractions, as opposed to their absolute magnitude.

3. Results
3.1. Water Mass Distribution

Water masses over the BellS continental shelf are organized in a two-layer configuration (Figures 2 and 3). 
The upper layer consists of Antarctic Surface Water (AASW, γn < 28.00) and Winter Water (WW, γn < 28.00, 
θ = θmin; Table 1), the subsurface remnant of cold, winter AASW after summer warming caps the ocean 
surface (Mosby, 1934). The lower layer consists of Modified Circumpolar Deep Water (MCDW, 28.00 < γn 
< 28.27, θ > 1.1°C) (Whitworth III et al., 1998). The origin of MCDW is Circumpolar Deep Water (CDW, 
28.00 < γn < 28.27, θ = 1.85°C) offshore from the slope. This modification involves both mixing process-
es that are localized to the upper continental slope and water mass transformation processes that occur 
through interaction with ice shelves and, potentially, sea ice formation if convection due to brine rejec-
tion penetrates deep enough in the water column. The permanent pycnocline separates AASW/WW from 
MCDW.

The warmest (least modified) MCDW (θ > 1.4°C) is found at the shelf break, at the eastern side of Latady 
Trough (300 –400 m deep) (Figure 3a). MCDW of θ > 1.2°C is found over the entire Latady Trough, and 
over the eastern side of Belgica Trough. The temperature maximum in the MCDW layer is generally found 
∼200 m above the bottom (trough depth 650 m). Since the offshore CDW temperature maximum is found 
at roughly 400 m (Thompson et al., 2020), this indicates that CDW flows topographically unconstrained on 
to the shelf.

Above MCDW, AASW and WW occupy the upper 200 m in Belgica and Latady troughs. While WW on the 
eastern side of Latady Trough is capped by relatively warm AASW (∼−0.4°C), surface waters over the rest 
of the continental shelf were relatively cold (<−1.4°C) during the TABASCO survey. The temperature min-
imum of the WW lies between 50 and 100 m. The permanent pycnocline, associated with the 27.8 kg m−3 
isopycnal, tilts across Belgica Trough at the shelf break (about 300 m deep at the western side of the trough 
as compared to 100 m deep at the eastern side), which is consistent with a cyclonic, baroclinic circulation 
inside Belgica Trough. The permanent pycnocline shows a doming structure in Belgica and Latady troughs 
in the mid-shelf transect (Figure 3b), indicating a general cyclonic circulation inside these troughs.

Analysis of temperature and salinity properties of MCDW (Figure 4) provides insight into the circulation of 
Belgica and Latady troughs. Less-modified MCDW properties are observed over the eastern side of Latady 
Trough (Figure 4d), extending southwards along ∼80°W (Figures 4c and 4d). The relatively colder MCDW 
over the mid-shelf Latady Trough (Figure 4c) suggests modification takes place near the coast before this 
water is directed back offshore along Latady and Belgica troughs. The coldest MCDW (1.25°C, Figure 4d) is 
found at the shelf break, at the westernmost edge of Latady Trough, completing the clockwise circulation 
inside Latady Trough.

In Belgica Trough, MCDW with elevated θ and S values (1.4°C, Figure 4b), corresponding to direct offshore 
CDW intrusions, are found over the eastern side of the trough (Figure 4b). These intrusions feed the center 
of the trough with warm MCDW (1.35°C, Figure 4a). Moving south, at the mid-shelf section, MCDW with 
colder temperatures than those observed at the shelf break (1.25°C, Figures 4a and 4b) is found along the 
eastern side of Belgica Trough. This water shares the same θ-S properties as MCDW along the western edge 
of Latady Trough (Figure 4c), which suggests that there is exchange between the two troughs and a mod-
ification of properties between the shelf break and the coast in Belgica Trough. Closer to the coast, strong 
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modification occurs near Venable Ice Shelf (Figure 4a), giving rise to a colder and fresher version of MCDW 
(S = 34.7, θ ∼ 1.1°C) that preserves these characteristics as it flows away from the ice shelf and back toward 
the shelf break along the western side of Belgica Trough (Figure 4a). This completes a clockwise circulation 
of MCDW inside Belgica Trough.

Winter Water properties also show interesting modifications (Figure 5). In Latady Trough, the WW θmin is 
warmer at the shelf break (−1.55°C, Figure 5d). Colder WW (−1.8°C) is found inside Latady Trough, and 
over the western side of Belgica Trough (Figures 5b and 5c). The coldest and saltiest WW is found at the 
western side of Belgica Trough (Figure 5a). The high salinity of these waters, with respect to WW measured 
upstream close to Venable Ice Shelf, suggests the influence of local sea ice formation.

3.2. Velocities

Inferences about the circulation structure gained from the temperature and salinity distributions present-
ed in Section 3.1 are complemented by velocity observations from both direct LADCP measurements and 
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Figure 2. Potential Temperature-Salinity (θ-S) properties for all stations sampled on the BellS shelf (black), and CTD data across the slope (gray). The warmest 
offshore waters represent Circumpolar Deep Water (CDW), while all stations over the continental shelf at comparable densities have colder, modified properties 
we refer to as a MCDW. Both, on-shelf and offshore stations capture Winter Water (WW) and Antarctic Surface Water (AASW).
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referenced geostrophic velocities. Together, these show a consistent picture of MCDW flowing on to the 
continental shelf and toward the BellS ice shelves with both Belgica and Latady troughs, predominantly 
along the western side, with an offshore flow of colder, modified waters on the western side of these troughs 
(Figuress 4 and 6).

A dominant feature of the circulation is its strong barotropic character, especially near the continental shelf 
break. At the shelf-break section across Belgica Trough (Figure 6a), the core of warmest water flows on-
shore at the deepest part of the trough, located roughly at the trough’s center, and is associated with velocity 

SCHULZE CHRETIEN ET AL.

10.1029/2020JC016871

10 of 25

Figure 3. Potential temperature (color [°C]) sections with neutral density contours (black lines) spanning Belgica and 
Latady troughs. The data are plotted as distances from the westernmost station versus depth. (a) Potential temperature 
section at the shelf break in Belgica Trough (CTD stations 11–22, left) and Latady Trough from (glider data, right). 
Black vertical lines indicate the location of the stations. The 1.1°C isotherm, which bounds the MCDW layer, is 
shown as thin gray contours. Positions of glider dives are not shown since the data were smoothed and gridded before 
displaying. The raw glider data had a station spacing of roughly 4 km with 106 dives used in this panel. (b) Mid-shelf 
temperature section for Belgica (stations 33–27) and Latady (stations 42–46) troughs. (c) Map of the station positions 
with red and blue dots corresponding to panels (a and b), respectively. Station numbers are given in Figure 1.
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peaking at nearly 15 cm s−1 (stations 17–20). Note that acquisition of this section, as well as the other cross-
trough sections, took roughly one full day to complete. The onshore flow is sandwiched between two strong 
regions of offshore flow. To the east, there is a strong (>15 cm s−1) offshore flow found over the eastern slope 
of Belgica Trough (stations 20–22). This outflow is associated with a strong lateral gradient in temperature 
at roughly 400 m depth, suggesting that the outflow is not part of a recirculation or eddy localized to the 
shelf break. Instead, this difference in temperature likely arises due to the outflow of more modified MCDW 
from the offshore limb of the cyclonic circulation in the Latady Trough (Section 3.1). The shallow bathym-
etry that separates the mouths of Belgica and Latady troughs may help focus and strengthen the outflow 
here. On the western side of Belgica Trough (stations 11–17), there is a net outflow that is weaker than the 
outflow on the eastern side, but is also confined to narrow boundary currents.
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Figure 4. Potential temperature-salinity properties of Modified Circumpolar Deep Water (MCDW) in (a and b) Belgica Trough, as well as the eastern-most 
station in Latady Trough, and (c and d) Latady Trough. In each panel, all shelf stations (11–50) are shown in gray. In panels (a and b), stations in Belgica Trough 
(stations 11–22, 27–33), stations that connect the two troughs (stations 23–26), stations in front of Venable Ice Shelf (stations 34–41), and the eastern-most 
station in Latady Trough (station 50) are color coded by degree of MCDW modification. Stations colored violet indicate glacially modified MCDW, blue indicates 
MCDW flowing offshore, green indicated MCDW related to recirculation on the shelf, light brown indicates MCDW flowing onshore near the shelf break, and 
dark brown indicates MCDW with offshore characteristics (e.g., little or no modification); panels (a and b) highlight stations with a greater and less degree of 
modification in the MCDW water mass, respectively. (c) As in panels (a and b) but for MCDW in Latady Trough (stations 42–49). (d) As in panels (a and b) but 
for profiles obtained from the glider; there is a clear signature of MCDW becoming progressively more modified as the glider sampled from west to east along 
this transect as shown by the legend. (e) All stations are shown on the map in the color that represents their MCDW properties.

Figure 5. As in Figure 4, but for potential temperature-salinity properties of Winter Water (WW).
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Figure 6. LADCP velocity data for (a) Belgica Trough (shelf break) section and (b) Belgica and Latady troughs (mid-shelf) section. Velocity estimates from the 
glider are not available. Velocities (cm s−1) shown in each transect are rotated to be perpendicular to the section. Positive velocities (red) are directed offshore, 
negative velocities (blue) are directed on to the shelf. Temperature contours are shown in black. Panel (c) shows the depth-averaged velocities at each station 
from the LADCP data (blue arrows).
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Due to a compass error, the glider did not produce accurate depth-averaged currents at the mouth of Latady 
Trough and it is difficult to infer circulation here without knowing the barotropic component of the flow. 
Nevertheless, from the glider hydrographic data, there is an indication of onshore flow at the eastern edge 
of Latady Trough, which could be caused by flow across the shelf break that feeds the cyclonic circulation 
of the trough or by a southern extension of the ACC across the shelf break.

The mid-shelf section that spans Belgica and Latady troughs (Figure 6b), is characterized by velocities with 
smaller magnitudes as compared to the shelf break section, with all observed LADCP velocities less than 
10 cm s−1. Across this mid-shelf section, the flow is organized into single regions of inflow and outflow in 
each trough. In both troughs, the inflow is confined to the eastern side and the outflow is located on the 
western side, consistent with the cyclonic circulation inferred by Zhang et al. (2016). The velocity structure 
in Latady Trough has a more baroclinic structure than in Belgica Trough, with stronger flows occurring 
below ∼300 m depth.

A near-shore hydrographic section was collected at the face of Venable Ice Shelf, consisting of four stations. 
The depth-averaged flow from these stations shows a strong off-shore velocity moving away from the ice 
shelf along the topographic saddle separating Eltanin Basin to the east and another deep basin to the west 
in front of Venable Ice Shelf (Figure 6c).

Due to the barotropic nature of the flow in the troughs, referencing geostrophic velocities to either the Ship-
board ADCP or Lowered ADCP data is essential for estimating the magnitude of the absolute geostrophic 
transport. One difference between the geostrophic velocities and the velocities derived from the LADCP is 
that the onshore flow is bottom-intensified in the former (Figures S2b and S2c). The referenced geostrophic 
velocities also show less structure on the western side of Belgica Trough shelf-break section, such that all of 
the flow is offshore to the west of the maximum trough depth. The regions of narrow onshore and offshore 
flow in the LADCP data may indicate a coherent eddy or may be related to temporal variability that has a 
stronger signature in the barotropic component of the flow.

3.3. Meltwater Distributions

Hydrographic and velocity observations support the picture of coherent cyclonic circulations that are 
steered by and confined within the two major troughs in the BellS. The estimates of meltwater (MW) frac-
tions presented in this section further support these features. Based on the OMP analysis (Section 2.3), the 
distribution of MW fraction is presented for the mid-shelf section that spans the Belgica and Latady troughs 
and for the short section that extends away from Venable Ice Shelf (Figure 7). To emphasize spatial differ-
ences across the Bells, the distribution of MW fraction is also shown for the two cross-slope sections on the 
eastern and western sides of the BellS (Figure 8). In these figures, MW fractions are presented both as a 
function of depth and as a function of neutral density γn.

For all CTD stations over the continental shelf, the γn = 28.0 kg m−3 neutral density surface, roughly located 
at 400 m depth and associated with the upper boundary of MCDW, marks a transition in MW fraction, with 
MW found almost exclusively above this level. The largest MW fraction values are found in front of the 
Venable Ice Shelf, with the largest magnitude at station 39, immediately in front of the ice shelf face (Fig-
ure 7c). The peak in MW concentration at this station is aligned with the 0°C isotherm, which corresponds 
to the 27.86 kg m−3 isopycnal and a depth of 350 m. This isotherm/isopycnal shoals moving away from 
the ice shelf and the peak MW fraction tracks this change; the peak MW value is found at 200 m at station 
34, 75 km away from the ice-shelf face. The offshore transport of this MW anomaly is largely adiabatic as 
shown by mapping MW to density coordinates (Figure 7d). This subsurface peak in MW is consistent with 
an outflow from Venable Ice Shelf cavity, where the draft of the ice shelf is estimated to be 280 m on average 
(Morlighem, 2019), although there are large MW fraction values at shallower depths that may arise from 
vertical mixing. At station 39 (and further offshore), the change in MW fraction with depth above the 0° iso-
therm is nonmonotonic, which may be a signature of lateral stirring carrying water both toward and away 
the ice-shelf face. Finally, an additional, shallower MW fraction maximum is found at stations 34 and 35 at 
a depth of ∼150 m, corresponds to a density of γn = 27.75 kg m−3.

At the mid-shelf section, the maximum MW fractions are located in two separate cores along the western 
side of Belgica Trough, peaking at 7 g kg−1 at stations 29–33 (Figures 7a and 7b). One core is located at the 
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Figure 7. Meltwater fractions (g kg−1, color) in Belgica and Latady troughs overlaid with temperature contours. The sections are shown in distance versus 
depth starting below 150 m (a and c) and distance versus density (b and d). The upper 150 m are excluded from the figures to eliminate signals due to surface 
forcing. The sections show distributions across the (a and b) Belgica and Latady troughs (mid-shelf section) and (c and d) in front of Venable Ice Shelf. For the 
latter transect, Venable Ice Shelf is located ∼2 km away from station 39 (right side of panels c and d). All stations are color coded and shown on the map.
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western edge of the trough (station 33) and at a neutral density of γn = 27.88 kg m−3 (280 m); this density sur-
face is consistent with the outflow from the Venable Ice Shelf. A second, shallower core at γn = 27.80 kg m−3 
(150 m), is found further east at stations 30–32. The former is largely consistent with the properties of the 
MW core in front of the Venable Ice Shelf, whereas the shallower core is found at similar depths and density 
surfaces as MW at stations 34 and 35. MW fractions are also elevated in the upper water column (∼150 m 
and above γn = 27.9 kg m−3) on the western side of Latady Trough (stations 42–43). Independent of the 
vertical structure, in both troughs the locations of elevated MW fractions are found on the western side of 
the trough and are collocated with regions of offshore flow (Figure 6), suggesting an export of MCDW that 
has been glacially modified.

Variations in the meltwater distribution extend all the way to the shelf break as indicated by cross-slope sec-
tions at the western and eastern extent of the BellS (Figure 8). Meltwater fractions are highest at the western 
edge of Belgica Trough (Figures 8a and 8b), with fractions of 9 g kg−1—nearly twice the values found on the 
eastern side of the BellS (Figures 8c and 8d). On the eastern side, the MW maximum is located at offshore 
stations (stations 54–56), over the continental slope, while the MW maximum at the western section is adja-
cent to the continental shelf (stations 7–11), extending offshore above the 0°C isotherm. For both sections, 
the core of MW is located close to 150 m, and within density classes lighter than γn = 27.85 kg m−3. In the 
western cross-slope section (Figures 8a and 8b), a sharp meltwater front is established, bounded by the 
southern boundary of the ACC. Elevated MW fractions at the western side of Belgica Trough are consistent 

SCHULZE CHRETIEN ET AL.

10.1029/2020JC016871

16 of 25

Figure 8. Meltwater fractions (g kg−1, color) along the sections spanning the continental slope west of Belgica Trough (a and b) and east of Latady Trough 
(c and d). The sections are shown in distance versus depth starting below 150 m (a and c) and distance versus density (b and d). The location of the sections is 
shown in the map in (e).
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with inferred MW distributions based on coarser hydrographic profiles obtained from instrumented seals 
by Zhang et al. (2016).

The layer in which MW fractions are found accounts for ∼400 m of the water column in the western Belgica 
Trough as compared to only ∼100–175 m in the eastern Belgica Trough and in Latady Trough (Figure 9). 
The MW content is largest in front of Venable Ice Shelf, as also seen in the hydrographic sections above. 
Integrating the MW content vertically in the water column results in peak values near the coast of 3.5 m. 
MW content across the shelf-break and mid-shelf sections in both troughs is lower, around 0.9–1.3 m, but 
with elevated values in the western Belgica Trough, ∼2.25 m. MW content is also elevated west of Belgica 
Trough, over the continental shelf break. Here, positive MW anomalies are found in a narrow band between 
the 1,000–2,000 m isobath. This further supports the idea that this region is the primary export site of mod-
ified waters from the BellS (Thompson et al., 2020).

Within Latady Trough, MW is higher along the eastern side of the trough despite the cyclonic flow structure 
discussed above. One possible explanation for this elevated MW could be a southward extension of the Ant-
arctic Peninsula Coastal Current. This coastal current is known to transport glacial run-off along the WAP, 
and hence could contribute to the relatively large NW content found in the eastern Latady Trough (Moffat 
& Meredith, 2018). The lower value of MW on the western side of Latady Trough, on the other hand, may 
indicate that only a small amount of MW is transported toward the shelf break via Latady Trough. Some of 
this MW might be diverted toward Eltanin Basin and Belgica Trough, and may further explain the elevated 
MW signal in the western Belgica Trough and over the western BellS shelf.
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Figure 9. Map of meltwater distribution in the BellS based on the thickness (m, size of circles) and vertically 
integrated meltwater content (m, color) for each station, below 150 m. The thickness is calculated as the part of the 
water column having a meltwater fraction greater than 1 g kg−1. The bathymetry (m) is given in color as in Figure 1. 
Note the nonlinear colorbar.
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3.4. Volume and Heat Transports

Volume and heat transports were calculated at the mouth of Belgica Trough and at the mid-shelf section 
spanning Belgica and Latady troughs (Figure 10). The largest offshore transports are found at the western 
side of the Belgica trough (1.1 ± 0.3 Sv between stations 11 and 13) and close to the gap connecting Belgica 
to Latady Trough (0.65 ± 0.16 Sv between stations 20 and 22). The net transport across the mouth of Belgica 
Trough is nearly closed (0.46 ± 0.36 Sv net offshore transport).

Transports across the mid-shelf section are generally weaker than those across the shelf break section. A 
weak onshore transport of 0.2 ± 0.3 Sv was measured at the deep, eastern-most station-pairs of Latady 
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Figure 10. Volume and heat transport estimates for Belgica and Latady troughs based on LADCP-referenced 
geostrophic velocities. (a) Distribution of heat flux (KW/m2) across the mouth of Belgica Trough (color, stations 
11–22), calculated as in Equation 1. The panels below show the cumulative volume transport (Sv) and the cumulative 
heat transport (TW) across the same section. (b) Same as in panel (a), but for the mid-shelf section that spans Belgica 
(stations 27–33) and Latady (stations 42–26) troughs. The inset map shows the location of the sections in panels (a, red) 
and (b, blue).
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Trough (Figure 10b, middle panel, stations 44–46). This suggests that we may be missing a potentially nar-
row onshore current on the eastern side of the trough. As can be seen in the bathymetric profile (Figure 10b, 
top panel), the mid-shelf section was not properly closed; thick sea ice prevented the ship from closing the 
section across Latady Trough. The offshore flow on the western side of Latady trough was 0.41 Sv ± 0.36 Sv 
(Figure  10b, middle panel). The volume transport toward the coast on the eastern side of the Belgica 
Trough is 1.2 ± 0.6 Sv. On the western side of Belgica Trough, the volume transport away from the coast is 
0.6 ± 0.16 Sv. This weaker offshore transport, measured on the western side of Belgica Trough, may indicate 
that a substantial fraction of the offshore transport occurs over the westernmost BellS continental shelf, 
west of Belgica Trough, which was not sampled during the cruise.

Integrating volume transport across the mid-shelf section (across both troughs) results in a net onshore 
transport of 0.66 ± 0.51 Sv (Figure 10b, middle panel). The lack of a closed volume budget may arise from 
not having the hydrographic transect extend to the coast in Latady Trough, and thus missing a topographi-
cally steered circulation on the eastern side of this trough. By excluding station 45, at which the LADCP data 
recorded a strong southward flow, the imbalance is reduced to only 0.2 ± 0.5 Sv (Figure 10b, broken line). 
Alternatively, the 0.66 ± 0.51 Sv (onshore) imbalance could indicate that there are circulation pathways that 
carry water further to the west beyond our sampling region, for instance toward the Abbot Ice Shelf in an 
extension of the Antarctic Coastal Current.

The spatial distribution of heat transport follows a similar pattern to the volume transports. The magni-
tude of the heat transport is largest at the eastern side of Belgica Trough (Figure 10a). At the shelf break, 
437 ± 86 GW enter the trough (stations 17–20; negative values imply southward heat transport). Due to 
large cancellations, the heat transport at the shelf break is balanced within the error, resulting in a net off-
shore transport of 43.2 ± 82.5 GW. At the mid-shelf section across Belgica and Latady troughs (Figure 10c), 
the heat transport has a net value of −370 GW ± 280 GW in Belgica Trough (southward transport) and a net 
202 ± 97 GW in Latady Trough (northward transport). The cumulative heat transport across the entire mid-
shelf section of Latady and Belgica troughs is −169 ± 118 GW, or a net heat transport toward the ice shelves. 
The calculation of errors here are somewhat uncertain (see discussion in Section 2.2), and it is important to 
note that the net heat transport is small compared to onshore and offshore transports in each trough.

The thickness, hMCDW, and heat content of the MCDW layer, MCDW  (Equation 3), at each station provide 
additional information about the locations where heat is transported onto the shelf and lost through a 
combination of interactions with ice shelf meltwater or via surface cooling. To estimate the thickness of 
the MCDW layer we use a temperature threshold of 1.1°C (Figure 11). The thickness and heat content of 
the MCDW layer is largest at the mouth of Belgica Trough and at the eastern side of Latady Trough. In 
Latady Trough, the MCDW thickness is uniform (hMCDW ≈ 250 m), but its heat content presents a zonal 
gradient, with a larger heat content on the eastern side of the trough (1.2 vs. 0.7 GJ m−2 at the western side, 
Figure 11). This suggests there is a significant meltwater contribution from the BellS ice shelves in Latady 
Trough that supports cooling and freshening of MCDW along its path toward the shelf break. The change in 
the heat content indicates that even within our MCDW class, defined by a temperature threshold, there are 
waters with various degrees of modification due to different amounts of meltwater.

In front of Venable Ice Shelf, stations 34–36 and 41 show a thick (hMCDW > 150 m) yet cold MCDW layer. 
The western side of Belgica Trough hosts the thinnest MCDW layer (hMCDW ≈ 50–75 m) with the lowest heat 
content (  0 0.2MCDW  GJ m−2). This further confirms the western side of Belgica Trough as the major 
pathway for meltwater mixtures exiting the BellS across the shelf break.

4. Discussion
4.1. Comparison to Numerical Models

The observations described above have allowed us to make the first quantitative estimates of the BellS 
continental shelf circulation. Therefore, the best points of comparison are with numerical models that have 
simulated the regional circulation of the West Antarctic coastal seas. A prominent feature of our observa-
tions is the transport of warm water toward the BellS ice shelves as well as the flow of waters, modified 
by glacial melt, away from the shelves via narrow boundary currents that are steered by bathymetry and 
have a lateral scale comparable to the station spacing  10 20O  km). This puts a strong constraint on the 
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horizontal resolution needed to accurately capture physical processes that are controlling the continental 
shelf circulation (Stewart & Thompson, 2015; St-Laurent et al., 2013). It is not surprising then that early 
studies (e.g., Assmann et  al.,  2005; Holland et  al.,  2010) only resolve a broad-scale cyclonic circulation 
that spans the entire continental shelf in the BellS. In particular, in Holland et al. (2010), the near-surface, 
two-dimensional streamfunction shows a circulation extending from the WAP, well north of Marguerite 
Trough, to the eastern boundary of the Amundsen Sea. At 200 m depth, their streamfunction shows more 
confinement to the BellS. Holland et al. (2010) do not provide an estimate of the depth-integrated transport 
over the continental shelf, although the annual mean horizontal streamfunction at 200 m peaks at roughly 
5 × 103 m2 s−1. Assuming this value is uniform over an average depth of 500 m produces a volume transport 
of 2.5 Sv. This value is somewhat larger, but of comparable magnitude, to the total onshore transport calcu-
lated in Belgica and Latady troughs of roughly 1.5 Sv (Figure 10).

More recent modeling efforts have produced higher resolution realizations of the BellS circulation and 
support the spatial variability in water properties apparent in our observations. In particular, Nakayama, 
Timmermann, et  al.  (2014), analyzing output from a simulation with nonuniform grid spacing but less 
than 5 km resolution over the continental shelf, presents distinct fates for glacial MW entering from ice 
shelves located in the western and eastern parts of the BellS. Following a decade of integration, the largest 
MW content in the BellS is confined to Belgica Trough. This suggests (i) the importance of melt from ice 
shelves found along the southern edge of Eltanin Bay that are directly connected to Belgica Trough and (ii) 
the transfer of MW from Latady Trough into Belgica Trough before leaving the continental shelf. In this 
simulation, the MW is distributed broadly in Belgica Trough, rather than being confined to the western 
edge. Indeed, the regions of largest MW content are found on the eastern side of Eltanin Bay, suggesting 
the transport of MW from eastern ice shelves, such as George VI and Stange, toward the west. While the 
exact location of inter-trough exchange (between Belgica and Latady troughs) is difficult to discern from 
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Figure 11. Map showing the thickness of the MCDW layer (m, size of circles) and its heat content (GJ m−2, color) for 
each station. The MCDW layer is defined as the part of the water column where temperatures exceed 1.1°C The heat 
content of this layer is calculated using Equation 3.
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our observations, we did measure regions of enhanced flow where the bathymetric ridge separating the 
troughs is not as tall, for instance near stations 22–25 and 34–37 (Figure 6c). Our glacial MW estimates peak 
at the western boundaries of Belgica and Latady troughs, but we also find elevated meltwater fractions are 
spread broadly along density surfaces. Thus, both models and observations point to a significant degree of 
recirculation over the continental shelf that may trap modified waters for up to decades, and would inte-
grate changes in forcing, such as wind forcing at the shelf break, that impact shelf properties on shorter 
timescales (Jenkins et al., 2018; Walker et al., 2007).

The long-term fate of the glacial MW in Nakayama, Timmermann, et  al.  (2014) is noteworthy. Despite 
its broad distribution within Belgica and Latady troughs, upon reaching the shelf break, the glacial MW 
predominantly flows westward. MW content is low over the continental slope of the WAP, suggesting little 
transfer to the east. Again, this is consistent with our observations that show large differences in MW frac-
tion on the cross-slope sections at the western and eastern edges of the BellS. Additionally, the westward 
pathways appear to largely occur over the continental slope, in part due to the extremely shallow bathym-
etry to the north of Abbot Ice Shelf. To our knowledge, there are no ship-based observations in this region 
of the shelf due to persistent northerly winds producing packed sea ice conditions nearly year round. How-
ever, MW concentrations calculated using seal-based hydrographic data, were also low in this area (Zhang 
et al., 2016). Furthermore, numerical simulations in which MW was tracked from Abbot Ice Shelf showed 
limited export to other regions in West Antarctica, confirming the relative impermeability of the shallow 
shelf region to lateral exchange (Nakayama et al., 2014). It remains an open question as to whether a narrow 
coastal current connects the southern BellS to the eastern Amundsen Sea, perhaps even flowing under the 
Abbot Ice Shelf. Models will also be highly uncertain in this region due to a lack of high-resolution bathy-
metric data.

4.2. Comparison to the Amundsen Sea

In the Amundsen Sea, similar to the BellS, basal melt is driven by MCDW that enters the shelf via troughs 
(Dotto et al., 2019; Webber et al., 2019). While some studies have argued that the inflow of warm water, es-
pecially to the eastern-most trough, is a baroclinic process (Arneborg et al., 2012; Wåhlin et al., 2013), direct 
velocity observations have largely shown the vertical structure to be barotropic (Biddle et al., 2019; Kalen 
et al., 2015), similar to our observations in Belgica Trough. The horizontal volume transport within the 
eastern Amundsen Sea trough that feeds Pine Island Glacier was found to be 1.5 Sv (Thurnherr et al., 2014), 
roughly the same volume transport that flows toward the glaciers at the mid-shelf section spanning both 
BellS troughs. When considering the cumulative heat transport across Belgica Trough, our calculation of 
a net 0.5 TW at the mid-shelf station is much smaller than the 3.3 TW calculated in the Amundsen Sea 
(Webber et al., 2019), although note that these values will be sensitive to the ability to measure heat trans-
port in narrow boundary currents near the coast. The net heat delivered by the shelf circulation should be 
considered in situations where the volume budget is closed, since the net heat flux is the residual of large 
terms flowing toward and away from the coast. Finally, MW is present across the entire continental shelf of 
the Amundsen Sea, with strong outflow at the western sides of two troughs (Biddle et al., 2019). This is con-
sistent with our findings of MW across the entire BellS shelf and export pathways along the western sides 
of Belgica and Latady troughs. Considering the relatively small numbers of observations, it is difficult to 
comprehensively compare the MW distributions in the Amundsen Sea and the BellS. More locally, meltwa-
ter content, integrated vertically in the water column in front of Thwaites glacier, accumulates to as much 
as 4.5 m (Biddle et al., 2019), while this value peaks at 3.5 m in front of Venable Ice Shelf.

4.3. Variability of the Regional Circulation

This study provides one of the first hydrographic overviews of the entire BellS and suggests that this region 
plays a key role in integrating water modification processes throughout the West Antarctic coastal seas. The 
magnitude and spatial structure of the circulation in this study is largely consistent with the results of pre-
liminary work done with inverse analysis approach applied to hydrographic data from 2007. Nevertheless, 
cautious interpretation of this data set is required due to our limited ability to assess temporal variability. 
On seasonal timescales, the numerical simulations of Mathiot et al. (2011) show that the frontal circulation 
over the continental shelf is susceptible to seasonal variability in the BellS, a result confirmed through 
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satellite observations by Armitage et al. (2018). Changes in the wind stress and wind stress curl will almost 
certainly modify both the properties of MCDW and, perhaps more importantly, its thickness over the conti-
nental shelf, similar to variations observed in the Amundsen Sea (Dutrieux et al., 2014; Jenkins et al., 2018). 
Model studies have shown the importance of wind stress on the strength of the shelf-break jet, and hence 
the on-shelf heat transport of MCDW, since the jet greatly regulates such flow (Graham et al., 2016). Thus, 
comparing years when ship-based hydrographic data over the continental shelf are available (1994, 2007, 
and 2019)—a focus of future work—will be challenging because data were collected at different times of 
the year. Data collected by instrumented seals is a promising resource for analyzing interannual variability, 
although this is hampered by the spatial heterogeneity in how the seals forage from year-to-year; they do 
not often return to the same spot. Still, combining these disparate data set. along with new remote sensing 
products (Armitage et al., 2018) should help to determine whether the BellS experiences similar shifts be-
tween warm and cold regimes that have been observed in the Amundsen Sea (Dutrieux et al., 2014; Jenkins 
et al., 2018).

Over longer timescales, however, there are features of the BellS that are distinct from the Amundsen Sea 
and relevant for the evolution of the circulation of the West Antarctic coastal seas. The Belgica, and likely, 
also the Latady troughs host an inflow of MCDW focused in deep troughs, similar to the Amundsen Sea, yet 
the eastern BellS additionally supports the inflow of a much lighter and fresher water mass related to the 
southward flow of the Antarctic Peninsula Coastal Current (Moffat & Meredith, 2018). This could influence 
the vertical stratification within the BellS as well as air-sea exchange, and in particular heat loss, in the large 
polynyas of the BellS in ways that are distinct from in the Amundsen Sea. Furthermore, due to the shallow 
bathymetry to the west of Belgica Trough, the outflow of modified waters is much more confined to the 
shelf break in the BellS (Thompson et al., 2020) than in the Amundsen Sea (Nakayama et al., 2017). This, in 
turn, could play an important role in setting properties of the Antarctic Slope Current. This is of interest as 
the outflow from the BellS occurs at the confluence of the ACC’s southern boundary and the eastern extent 
of the Ross Gyre, opening the possibility of the BellS circulation both responding to more remote forcing, 
such as the strength of the Ross Gyre. Finally, the Amundsen Sea and BellS may also in turn influence the 
structure of the Ross Gyre since the export of MW from the continental shelves contributes to establishing 
the frontal structure over the continental slope that forms the southern boundary of the gyre (Nakayama 
et al., 2018).

5. Summary
Observations collected in the Bellingshausen Sea (BellS) in austral summer 2018–2019 are used to investi-
gate the circulation over the continental shelf and this region’s role in linking flow features throughout the 
West Antarctic coastal seas. Flow through the BellS connects the WAP seas (Figure 1), where MCDW on 
the continental shelf is warmest, to the Amundsen Sea where changes in the temperature of MCDW has 
been most pronounced (Schmidtko et al., 2014). Therefore, the circulation toward and away from floating 
ice shelves in the BellS will be a critical part of the larger region’s response to a warming Southern Ocean. 
Relatively little is known about mechanistic controls on the BellS circulation features, in large part because 
dedicated observations in this region have been rare. A combination of ship-based and glider-based hy-
drography, along with lowered ADCP data, has provided a shelf-wide snapshot of this circulation as well as 
transports of heat and meltwater.

On the BellS shelf, MCDW is found mostly below 300 m. The warmest MCDW is found on the eastern side 
of Latady Trough, and this water mass cools progressively from east to west. There are multiple lines of 
evidence, including direct velocity measurements, meltwater concentrations, and heat transport estimates, 
showing that the observed cooling is indicative of modification through interaction with one or perhaps 
multiple ice shelves along the coast of the BellS. The signature of these modifications is most pronounced 
in water flowing offshore on the western edges of the two prominent troughs. This suggests that the ice 
shelf interactions support cyclonic lateral circulations in both Belgica and Latady troughs as well as an 
overturning in density space. The overturning circulation is evident through the change in density classes 
that host the denser, less-modified, onshore-flowing MCDW and the lighter, more-modified (e.g., higher 
meltwater concentrations), offshore-flowing MCDW. While meltwater is broadly distributed over the shelf, 
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peak values are found immediately in front of Venable Ice Shelf and can be tracked, along density surfaces, 
toward the continental shelf break along the western edge of Belgica Trough.

The volume transport is nearly closed across both shelf-break and mid-shelf sections, suggesting that po-
tential aliasing problems related to the “snapshot” nature of the LADCP observations (tidal velocities) are 
minimal. The cumulative transport, comparable to a horizontal streamfunction, reaches a maximum value 
of between 1 and 1.5 Sv in each trough, comparable to the circulation strength in the eastern Amundsen 
Sea. Due to the largely barotropic nature of the flow, we infer the baroclinic circulation, more closely linked 
to the overturning to be smaller (Wåhlin et al., 2020). The largest onshore heat transport occurs at the east-
ern side of both troughs. The thickness of the MCDW layer and its heat content also peak on the eastern 
side of each trough; the MCDW layer is progressively eroded and cooled while circulating inside the troughs 
(Figure 11).

While these observations improve our understanding of the BellS circulation, open questions remain. In 
particular, due to sea ice conditions during the cruise, we were not able to close the eastern boundary of 
Latady Trough, and the origin of the water flowing into this trough remains unclear. Future observations 
are needed to assess the link between inflow to the BellS and the Antarctic Coastal Current and how this can 
influence ice-shelf melt rates (Kim, 2016; Moffat et al., 2008). The processes that connect the circulations of 
the WAP (east of the BellS), the BellS continental shelf, and the Amundsen Sea (west of the BellS), and the 
time scales over which forcing anomalies are communicated between these regions, is an important avenue 
for further study. Such a connection would be a crucial piece in understanding heat and meltwater transport 
throughout the region. Based on the large-scale cyclonic circulation over the West Antarctic shelf (Assmann 
et al., 2005; Holland et al., 2010), this connection would imply that the circulation over the BellS continental 
shelf is influenced by physical processes along the Antarctic Peninsula that have been experiencing signif-
icant changes in response to a warming climate (Turner et al., 2005), while the circulation in the rapidly 
evolving Amundsen Sea may be influenced by upstream processes in the BellS. The latter relationship is 
possible considering evidence in these observations that meltwater exported from the BellS shelf is directed 
into a slope current that, in turn, is directed toward the Amundsen Sea.

Data Availability Statement
All data used in this study are available at https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0210639.
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