
1. Introduction
The intrusion of warm Modified Circumpolar Deep Water (mCDW; ∼1.2°C, ∼34.6 g kg −1; Whitworth et al., 1998) 
onto the continental shelf of West Antarctica—that is, along the western coast of the Antarctic Peninsula and 
in the Bellingshausen and Amundsen Seas (Figure 1a)—contributes to melting of the region's glaciers and ice 
shelves (Jenkins et al., 2018; Wåhlin et al., 2010). Aided by the proximity of the Antarctic Circumpolar Current to 
the shelf break (Orsi et al., 1995), ocean and atmospheric processes control the delivery of mCDW to the ice front 
(e.g., Gunn et al., 2018; Kim et al., 2021; Kimura et al., 2017; Moffat et al., 2009; Nakayama et al., 2018; Oelerich 
et al., 2022). Widespread mCDW intrusions make sea floor temperatures over West Antarctica's continental shelf 
the warmest of all Antarctica's shelf seas (Thompson et al., 2018); the glaciers and ice shelves that meet these 
warm waters are the fastest melting on the continent (Rignot et al., 2019).

Glacial meltwater (i.e., fresh water derived from basal melting of ice shelves; “meltwater” hereafter) from 
mCDW-induced basal melting is injected at depth, but can rise to the surface if sufficiently buoyant given local 
stratification (Zheng et al., 2021). Meltwater can circle the continent (Nakayama et al., 2020) and modify ocean 
stratification, thus altering geostrophic circulation, vertical mixing and vertical and lateral heat fluxes. Trans-
port of meltwater to deep-water formation sites, such as the Ross Sea, can alter the properties and formation 
rates of water masses that ventilate the abyssal ocean (Jacobs & Giulivi, 2010; Lago & England, 2019; Silvano 
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Together, the observations and simulations reveal meltwater retention within a cyclonic in-trough gyre, which 
has the potential to promote climactically important feedbacks on circulation and future melting.

Plain Language Summary Recent research has advanced our understanding of interactions 
between warm ocean waters and the underside of Antarctica's floating ice shelves. But what happens to 
meltwater that these ice shelves release? Meltwater is fresh: it reduces the salinity of sea water and upsets 
the delicate balance between salty and fresh water that drives many polar ocean processes - for example, the 
sinking of cold, salty water to the deepest regions of the ocean, which is of global climatic importance. We use 
high-resolution observations and state-of-the-art model simulations to determine the pathways that meltwater 
takes as it flows in and around the Belgica Trough in the central Bellingshausen Sea, Antarctica. Meltwater is 
principally confined to the edges of the trough's clockwise gyre circulation. Meltwater from eastern ice shelves 
is generally found at shallower depths than meltwater from southern ice shelves; this explains evidence of two 
meltwater layers found in our observations. In addition, meltwater from eastern ice shelves is turbid, while 
meltwater from southern ice shelves is clear. These results will help us to better predict how Antarctica's coastal 
seas will respond to a warming climate as ever more meltwater is released into the ocean.
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Figure 1. (a) Bathymetric map of the Southern Ocean and Antarctic continental shelf in the region of the Antarctic Peninsula, with the region shown in panel (b) 
outlined in orange. (b) Dive-average currents (m s −1; key in top left) colored by depth-integrated meltwater content (m). Bathymetric shading is as in panel (a). Bold 
numbers indicate transect number and purple arrows approximate key flows based on dive-average currents; filled arrows indicate turbid flows, un-filled arrows indicate 
clear flows. In both panels, the 1,000 m isobath is indicated by the thick black line. Bathymetry is from RTopo-2.
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et al., 2018). Circulation and stratification changes induced by the addition of meltwater can alter ice-shelf melt 
rates (Donat-Magnin et al., 2017; Flexas et al., 2022), even if the meltwater injection occurs far from the ice shelf. 
Quantifying meltwater content over the Antarctic continental shelf, and describing its pathways and origins, is 
therefore key to understanding the impact of a warming, melting Antarctica on ocean circulation.

The Bellingshausen Sea is poorly observed, general features of the circulation having been elucidated only 
recently and with sparse observations (e.g., Jenkins & Jacobs,  2008; Ruan et  al.,  2021; Schulze Chretien 
et al., 2021; Thompson et al., 2020; Zhang et al., 2016). Two major troughs are present: Belgica Trough in the 
west and Latady Trough in the east (Figure 1b). As elsewhere, these troughs, both of which host cyclonic circu-
lations (Schulze Chretien et al., 2021; Zhang et al., 2016), appear to be the principal conduits by which mCDW 
transits the continental shelf and accesses the ice shelves (Ruan et al., 2021; Schulze Chretien et al., 2021). Flow 
in the troughs is largely barotropic (Schulze Chretien et al., 2021). Meltwater has been observed across the Bell-
ingshausen (Zhang et al., 2016), but there is evidence that it is concentrated in the northward flowing limbs of 
the troughs' cyclonic gyres (Ruan et al., 2021; Schulze Chretien et al., 2021; Zhang et al., 2016). Meltwater that 
reaches the shelf break is thought to exit the Bellingshausen via westward-flowing shelf-break currents, although 
evidence for this is less certain (Thompson et al., 2020; Zhang et al., 2016). Quantifying the meltwater circulation 
in all limbs of the troughs' circulation at a resolution sufficient to capture the small Rossby deformation radius at 
high latitudes would enable a more complete understanding of the role of meltwater in driving hydrographic and 
circulation changes in this rapidly warming region.

Here, we use novel ocean glider observations to estimate the glacial meltwater content in, and its transport 
around, Belgica Trough. Unlike previous ship-based surveys, the high horizontal resolution of our observations 
allows us to resolve the narrow boundary currents of the trough circulation for the first time. We perform tracer 
release experiments using a regional model to separate the pathways taken by, and density ranges occupied by, 
meltwater originating from the principal ice shelves of the Bellingshausen Sea's perimeter. Given the large differ-
ence in melt rates between the region's various ice shelves (Rignot et al., 2019), investigating this question should 
help elucidate future changes in the hydrography of the Bellingshausen Sea, and help refine projections of how 
attendant circulation changes might occur.

2. Methods
We analyze temperature, salinity, optical backscatter and dive-average current (Frajka-Williams et  al.,  2011; 
Garau et  al.,  2011; Green et  al.,  2014) observations collected by a Seaglider deployed in the Bellingshausen 
Sea (Lee et al., 2022). The glider occupied on-shelf and cross-slope transects between 1 February and 20 March 
2020; we present observations from six on-shelf transects (Figure 1b), with each transect lasting four to five days. 
We use the glider's temperature and salinity observations (Figure S1 in Supporting Information S1) to calcu-
late meltwater concentration following the method of Jenkins (1999), see also Biddle et al. (2017) and Zheng 
et al. (2021). Characteristic core temperature and salinity values of mCDW, winter water (WW) and meltwater 
are defined (Table S1 in Supporting Information S1); the meltwater content of an observation is then determined 
by quantifying the deviation, in the direction of pure meltwater, of that observation from the mCDW-WW mixing 
line in temperature-salinity space (Jenkins, 1999). The total geostrophic current, comprising the glider-derived 
geostrophic shear and a reference velocity based on the glider's de-tided (Padman et al., 2002, 2008) dive-averaged 
current, is used to estimate meltwater transport. A comprehensive description of the glider observations and the 
meltwater calculation method is presented in Supporting Information S1.

To investigate sources and pathways of meltwater, we perform high-resolution tracer release experiments using 
the Massachusetts Institute of Technology general circulation model, full details of which are given by Flexas 
et  al.  (2022). The model domain, which comprises the Amundsen and Bellingshausen Seas, is derived from 
the global configuration (LLC1080) used by the Estimating the Circulation and Climate of the Ocean project 
(ECCO; Forget et al., 2015) with a horizontal grid spacing of approximately 3 km. Initial and boundary condi-
tions are derived from a global state estimate (ECCO LLC270); surface forcing is taken from ERA5 (Hersbach 
et al., 2020). Outputs are given as daily means. We present a comparison of the observations and model output 
in Supporting Information S1.

Tracers were released at a concentration of 1 kg kg −1 at all grid points within the nine ice shelf cavities of the 
Bellingshausen Sea perimeter on the first day of each month between August 2019 and July 2020 (inclusive). 
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Separate tracers were released under each ice shelf in order that the resulting tracer distributions might be consid-
ered individually. Tracer concentration is not the same as meltwater concentration, which would be greatest at 
the ice-ocean interface. Tracer concentration more accurately represents ice shelf cavity water; while it cannot be 
used to quantify meltwater concentration, it is used here as a proxy for identifying meltwater pathways. We pres-
ent results from the August 2019 release averaged over March 2020, that is, the time of the glider observations. 
We focus on tracers from the George VI and Venable ice shelf cavities.

We calculate the tracer-weighted mean density, 𝐴𝐴 𝜎𝜎 (kg m −3). We first calculate tracer mass, M (kg), in a given grid 
box, then calculate 𝐴𝐴 𝜎𝜎 according to:

� = ∫

0

−�
�� ��

/

∫

0

−�
� ��, (1)

where H is the depth of the seafloor (m) and z is depth (m). Finally, we calculate the mean of 𝐴𝐴 𝜎𝜎 over each month.

3. Glider Observations of Meltwater and Meltwater Transport
The glider's dive-average currents (Figure  1) confirm the cyclonic gyre circulation inside Belgica Trough 
described by previous studies (e.g., Schulze Chretien et al., 2021). There is a narrow band of northward flow 
in the southwest, in the vicinity of the 500 m isobath; we interpret this as the gyre's western boundary flow. 
Flow is approximately eastward to the immediate south of the shelf break; and there are two jets of generally 
southward flow in the central and eastern Trough, in water deeper than 600 m (Figure 1b). We do not observe 
the putative westward flow in the south that would be necessary to close the gyre circulation, likely because the 
glider sections do not extend sufficiently far south to reach the coast. To the east (84°W), in the shallower water 
between the Belgica and Latady troughs, there is also an approximately eastward flow to the south of the shelf 
break (Figure 1b); this suggests that the eastward flow within the trough may be a combination of a shelf-break 
feature and the trough's gyre circulation.

We observe net southward meltwater transport within Belgica Trough. In the north, two cores of pronounced 
eastward flow transport meltwater approximately parallel to the shelf break (Figure 2a). Depth-integrated melt-
water content in this northern region exceeds 0.35 m (Figure 1b, where depth-integrated meltwater content is 
the product of meltwater concentration and bin-thickness, summed over a profile); integrated meltwater trans-
port is 0.67 mSv (i.e., meltwater transport integrated over all depths between 30 and 70 km along transect one; 
1 mSv = 10 −3 Sv). In the central and eastern trough, two meltwater cores, each approximately 30 km wide, flow 
southward (Figure 2e). Depth-integrated meltwater content in these flows is approximately 0.3 m (Figure 1b); 
integrated meltwater transport is 0.50 mSv (0–80 km along transect five). The principal meltwater flow in the 
trough's western boundary current is limited in horizontal extent, being confined to a relatively narrow (10 km) 
northward-flowing core in the southwest (Figures  1b and  2e). Integrated meltwater transport is 0.17  mSv 
(0–25 km along transect three). In the shallow region between Belgica and Latady Troughs, outside Belgica 
Trough's gyre circulation, meltwater concentrations are relatively low (<1 g kg −1; Figures 2e and 2f). The sharp 
boundary between the two regimes can be seen approximately 80 km along transect five (Figure 2e). We note 
that the glider transects may have been too short to capture the full width of the various flows, particularly in the 
southwest (transect three); our observations may therefore under-estimate the total meltwater transport.

Meltwater layers in Belgica Trough are centered on different density classes in different places, and the thick-
ness of the meltwater layer varies spatially (Figure 2). In the northern and eastern trough, meltwater is present 
in an approximately 200 m-thick layer centered on the 27.7 kg m −3 isopycnal (Figures 2a and 2e). In the west-
ern trough, meltwater is present in an approximately 100 m-thick layer centered on and immediately below the 
27.6 kg m −3 isopycnal (Figures 2b–2d). Around the center of the trough, a similarly thin (100 m) meltwater layer 
is present between the 27.5 and 27.6 kg m −1 isopycnals (Figures 2b and 2d).

Meltwater layers in Belgica Trough may be distinguished by their turbidity. The turbidity of the thick, 
high-meltwater flows in the northern and central trough is indistinguishable from that of the surrounding water 
(Figures 2a and 2e, open arrows in Figure 1b). In contrast, meltwater in the western boundary current is more 
turbid than the surrounding water (Figures 2b and 2c, filled arrow in Figure 1b). We note that the vertical extent 
of the high-turbidity regions associated with the western meltwater flows is greater than the vertical extent of 
the meltwater flows themselves. This is a consequence of our choosing core temperature and salinity values of 
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mCDW and WW that produce conservative estimates of meltwater. Using less conservative core temperature 
and salinity values of mCDW and WW (e.g., from transect three) increases the vertical extent over which melt-
water is found and improves the spatial correlation between meltwater and turbidity (Figure S6 in Supporting 

Figure 2. For each transect, top panel: meltwater concentration (g kg −1); middle panel: meltwater transport (m 3 s −1), where positive transport indicates northward or 
eastward flow; and bottom panel: turbidity (10 −3 m −1). Contours in all panels indicate potential density (kg m −3). The orientation of each transect is indicated by the 
compass points given at each end of the top panel. Regions excluded from the meltwater calculations are indicated by the gray dots.
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Information S1). The distinct optical properties suggest that the two meltwater layers either originate from differ-
ent ice shelves with different sediment loads, or that they originate from different locations such that their sedi-
ment load has had longer to be deposited en route.

4. Sources and Pathways of Glacial Meltwater
We turn to model simulations and tracer release experiments to investigate pathways of meltwater within the 
Bellingshausen, as well as the provenance of meltwater in Belgica Trough. Tracers released under both George 
VI and Venable ice shelves are present within the gyre circulation of Belgica Trough 7 months after release, that 
is, in March 2020 at the time of the glider observations (Figure 3; similarly to Figure 1b, we plot depth-integrated 
tracer content, i.e., the product of tracer concentration and bin-thickness, summed over a profile). Tracer released 
under George VI ice shelf that exits the cavity via its northern opening (70°S, 70°W) is advected southwards in 
the eastern Bellingshausen (Figures 3a and 3f). Tracer that exits the George VI cavity via the southern opening 
(73°S, 72°W) is advected westward by the Antarctic Coastal Current (Schubert et al., 2021) and is, east of 85°W, 

Figure 3. Depth-integrated tracer content (m) of tracers released under (a) George VI and (b) Venable; the black lines indicate the sections used to calculate tracer 
transport. Mean density (kg m −3) of tracers released under (c) George VI and (d) Venable. (e) The difference in mean density between tracer released under George VI 
and Venable (George VI minus Venable). Variables in panels (a) to (e) are averages over March 2020; densities are plotted only over the continental shelf. (f) Schematic 
of meltwater transport pathways. Meltwater from George VI is represented by the blue arrows; meltwater from Venable is represented by the orange arrows. Regions 
between the 500 and 1,000 m isobaths are shaded light gray. In all panels: the ice edge is indicated by the black line and the 1,000 m isobath by the thick gray line. In 
panels (a) to (e), the 500 m isobath is indicated by the thin gray line and the glider path is indicated by the green line. George VI and Venable ice shelves are colored 
blue and orange respectively. Bathymetry is from RTopo-2.

 19448007, 2023, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
102785 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [18/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

SHEEHAN ET AL.

10.1029/2023GL102785

7 of 11

largely confined to the coast (Figures 3a and 3f). West of approximately 90°W—that is, to the west of Belgica 
Trough—George VI tracer spreads northwards across the continental shelf, eventually reaching the shelf break 
(Figures 3a and 3f). All tracer released under Venable ice shelf is transported westward, spreading over the west-
ern Bellingshausen from the ice edge to the shelf break (Figure 3b). This generally westward tracer transport is 
a common feature of simulations of the Bellingshausen Sea (Dawson et al., 2023; Nakayama et al., 2014, 2017). 
Nakayama et al. (2014) show that, after a 10-year simulation, westward export tends to be concentrated to the 
south of the shelf break; in our year-long simulation, tracers first reach the western Bellingshausen in the Antarc-
tic Coastal Current, before spreading northwards to the shelf break over the ensuing months (Figure 3 and Figure 
S8 in Supporting Information S1).

In the southwestern Belgica Trough, a narrow filament of tracer flows northward, toward the shelf break, in the 
region of the trough's western-boundary current (Figures 3a and 3b); we observe northward meltwater transport in 
this same feature (Figures 1 and 2c). The northward-flowing filament branches off from a small (i.e., 80–100 km 
across) cyclonic gyre feature immediately to the north of Venable; this Venable gyre itself draws tracer from the 
Antarctic Coastal Current at approximately 89°W, and tracer from both ice shelves circulates within it (Figures 3a 
and 3b). To the east, a second tongue branches off the Venable gyre and follows the 500 m isobath into the 
south-central Belgica Trough; this is particularly apparent in the distribution of the Venable tracer (Figure 3b).

Not all meltwater found in Belgica Trough flows into the trough from the south. Instead, Venable tracer flows 
into Belgica Trough in the northwest, having first spread over the western Bellingshausen. An eastward-flowing 
filament of tracer from Venable enters Belgica Trough at approximately 71°S (Figures 3b and 3f). The beginnings 
of such an eastward filament can be seen in tracer from George VI: this filament reaches the northern Belgica 
Trough in subsequent months (Figure S8 in Supporting Information S1). High meltwater concentrations and high 
meltwater transport are present in this eastward flow in the glider observations (Figure 2b).

Tracer from Venable is also present in the central and eastern Belgica Trough, in the region of the two cores of 
southward meltwater transport seen in the observations (Figures 2 and 3b and Figure S10 in Supporting Infor-
mation S1). Again, tracer from George VI is absent from this region in March 2020, but is present in subsequent 
months (Figure S8 in Supporting Information S1). The concentration of Venable tracer in this region increases 
in subsequent months, and the filament penetrates further southward (Figure S8 in Supporting Information S1). 
As in the western Belgica Trough, tracer re-circulating in the eastern trough largely remains in waters deeper 
than 500 m (Figure 3d). This agrees with our observations of this southward flow (Figures 1b and 2e): meltwater 
concentrations are high in the southward flow within the trough, and lower outside the trough's cyclonic gyre, that 
is, in the shallower region between Belgica and Latady troughs.

We calculate the cumulative sum of tracer mass, as a percentage of the total mass of tracer released, that crosses: 
a meridional section at 86°W, between 70 and 71°S (i.e., the eastward flow in the northern Belgica trough); and 
a zonal section at 71°S, between 83 and 86°W (i.e., the southward re-circulation). Over the year-long simulation, 
0.6% of the George VI total tracer mass crosses the meridional section, and 0.3% crosses the zonal section. Of the 
Venable tracer, 4.7% crosses the meridional section and 3.1% crosses the zonal section.

Tracers from George VI and Venable ice shelves predominate at different mean densities, 𝐴𝐴 𝜎𝜎 , within the Belling-
shausen Sea. In the southwestern Belgica Trough, as across the western Bellingshausen, tracer from George VI is 
found at mean densities between approximately 27.4 and 27.6 kg m −3 (Figure 3c); tracer from Venable is found 
at greater mean densities: between approximately 27.6 and 27.8 kg m −3 (Figure 3d). This density difference of 
approximately 0.1–0.2 kg m −3 in the western Bellingshausen is broadly consistent over time (not shown). In both 
the northern and eastern Belgica Trough, the difference between the mean densities of the George VI and Venable 
tracers is, in places, close to zero (Figure 3e). This qualitative pattern is consistent for tracer released in all months 
(not shown). The fact that tracer originating under Venable is found on denser isopycnals than tracer from under 
George VI may explain why the former penetrates the cavities under western ice shelves such as Abbot, whereas 
the latter, higher in the water column, remains in open water (Figures 3a and 3b).

The mean densities of tracer from George VI, in the eastern Bellingshausen, and Venable, in the southern Belling-
shausen, are representative of the mean densities of tracer released under the other ice shelf cavities of the eastern 
and southern Bellingshausen respectively: in Belgica Trough and across the western Bellingshausen Sea, tracer 
from eastern ice shelves (i.e., George VI, Wilkins and Bach) is found at lesser mean densities (i.e., shallower) 
than tracer from southern ice shelves (i.e., Venable and Ferrigno). This modeling result is consistent with the 
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difference between the density of meltwater layers that we observe in Belgica Trough. Relatively dense meltwa-
ter layers, such as that observed in the northern and western trough (≥27.7 kg m −3; Figures 2a and 2e) contain 
meltwater from southern ice shelves; relatively light meltwater layers, such as those observed in the southwestern 
trough (≤27.6 kg m −3; Figures 2b and 2c) contain meltwater from eastern ice shelves.

We may now synthesize results from the observations and the modeling experiments in a schematic of meltwater 
transport in the Bellingshausen Sea (Figure 3f). While the model suggests that tracers from the ice shelves of the 
eastern and southern Bellingshausen enter Belgica Trough in the southwest, that is, from the small gyre imme-
diately north of Venable Ice Shelf (orange in Figure 3), we observe only lighter meltwater flowing northward 
in the western boundary current (Figures 2b and 2c). Consequently, we conclude that meltwater in the western 
boundary current originates from the eastern Bellingshausen (e.g., George VI). Furthermore, meltwater from the 
eastern Bellingshausen would therefore appear to be responsible for the high-turbidity signal in the observations. 
Meltwater observed in the northern and western Belgica Trough is present in a thicker, lighter layer, and is of low 
turbidity. These differences suggest a different origin to the denser, more turbid meltwater layer observed in the 
western Bellingshausen; the model results suggest that meltwater in the northern and western Belgica Trough 
originates from the southern Bellingshausen (e.g., Venable). We note that the model indicates a pathway for dense 
Venable meltwater via the western boundary current (Figure 2b); this is not observed, but its absence may be due 
to temporal variability that we miss with a single glider transect, or else due to spatially incomplete observations 
because the glider did not go south to the coast because of sea-ice coverage. Nevertheless, the lack of dense 
Venable-origin meltwater observed in the western boundary current invites speculation on an alternative pathway 
between Venable and the northwestern Belgica Trough: the tracer results suggest that this is via the western Bell-
ingshausen (Figure 3). And since high-turbidity meltwater in Belgica Trough originates from further away than 
low turbidity-meltwater, we discount the hypothesis that the difference is due to high-turbidity meltwater having 
been transported further from its source, depositing its sediment load en route; rather, meltwater from different 
ice shelves must have different initial sediment loads. This result may have important implications for the poten-
tial injection of iron, and other micro-nutrients and tracers into the Bellingshausen.

5. Discussion and Conclusions
Small-scale gyres are common features of the Antarctic continental shelf (e.g., Zheng et al., 2022), and they create 
the conditions in which meltwater re-circulations can occur. Given the influence of meltwater on the strength of 
the shelf circulation (e.g., Thurnherr et al., 2014), retention and re-circulation have the potential to induce positive 
feedbacks. For instance, increased melting can strengthen the on-shelf overturning circulation via water mass 
transformation, but advection of meltwater also influences the on-shelf density structure that determines the hori-
zontal geostrophic circulation (Thompson et al., 2020). Both overturning and horizontal circulations influence 
the delivery of mCDW to the ice front, potentially allowing for ice-shelf melt feedbacks. Furthermore, an increase 
in meltwater-induced stratification in southward flows, which are responsible for the delivery of mCDW to the 
ice-front, could suppress the upward mixing of heat out of the mCDW layer (Flexas et al., 2022); warmer mCDW 
would then reach the ice front. Therefore, in addition to examining the far-field transport of West Antarctic 
meltwater and its downstream influence (e.g., Lago & England, 2019; Silvano et al., 2018), future work should 
consider to the local influence of meltwater build-up within in-trough gyres. Further, we note that our simulated 
pathways are strongly dependent on model bathymetry. Given the relative lack of ship-based bathymetry in the 
Bellingshausen Sea (although instrumented seals have been used to improve coverage; Padman et  al., 2010), 
additional meltwater pathways may exist; these pathways, and their contribution to retention and re-circulation, 
could usefully be re-examined in future as bathymetry products improve.

We show that meltwater originating from different ice shelves becomes neutrally buoyant at different densi-
ties: meltwater from ice shelves in the eastern Bellingshausen becomes neutrally buoyant at lighter densities 
than meltwater from ice shelves in the southern Bellingshausen. The average density of meltwater from George 
VI and Venable decreases with distance from each ice shelf (Figures  2c and  2d), consistent with its mixing 
predominantly with lighter waters above. We also note that, at the ice front, in the model as in reality, the draft 
of Venable (280 m) is deeper than the draft of George VI (65 m in the north, 165 m in the south; Morlighem 
et al., 2020): indeed tracer from Venable is injected at greater densities than tracer from George VI (Figures 2c 
and 2d). Alongside the markedly different observed turbidity signatures of meltwater originating from the ice 
shelves of the eastern and southern Bellingshausen this suggests that the density of a meltwater layer may point 
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to its origin. Observations of meltwater in cavity outflows would help determine whether, in the real ocean, the 
density of a meltwater layer is largely set by the density at which it exits a cavity; and observations of turbulence 
over the Antarctic continental shelf would help determine the importance of downstream mixing in altering the 
initial density of a layer.

Meltwater released by ice shelves in one region may influence the circulation of the Antarctic continental shelf 
in different ways to meltwater released elsewhere. The volume of meltwater released by a given ice shelf, and 
the corresponding change in the stratification, may alter the density at which meltwater released downstream 
becomes neutrally buoyant. Differences in meltwater turbidity, which we propose are indicative of differences 
in turbidity at the original ice shelves, suggest that biogeochemical processes influenced by meltwater may be 
sensitive to the ice shelf from which a given meltwater sample originates. An increase in the melt rate of one ice 
shelf may therefore have a different physical and biogeochemical influence on Antarctica's continental shelf seas 
than the same increase in the melt rate of another ice shelf. Together, this suggests that not all meltwater is created 
equal: a full understanding of the influence of meltwater on the Antarctic continental shelf requires a quantita-
tive understanding of the melt rate of individual ice shelves and the subsequent transport pathways of individual 
meltwater layers. Furthermore, an intricate system of small-scale gyres and boundary currents over the continen-
tal shelf determines the large-scale distribution of meltwater. The resulting distribution will play a large role in 
determining meltwater's overall influence on the circulation, both locally and downstream. Characterization of 
variability in these circulation features and their impact on ocean-ice interactions remains an under-explored but 
important research direction.

Data Availability Statement
The Seaglider observations (Lee et al., 2022) used in this study are archived at the British Oceanographic Data 
Centre (bodc.ac.uk) with the https://doi.org/10.5285/ea24b8e5-b10e-68bf-e053-6c86abc06c97. MITgcm and its 
user manual are available at: mitgcm.org/ and the source code may be downloaded from: github.com/MITgcm/
MITgcm. Information on the ECCO LLC270 ocean-ice state estimate is available at: hdl.handle.net/1721.1/119821 
and instructions for its download are available at: ecco-group.org/products-ECCO-V4r4.htm. The ERA5 
re-analysis is available from the ECMWF (ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5), and instruc-
tions for its download are available at: confluence.ecmwf.int/display/CKB/How+to+download+ERA5. ERA5 
hourly re-analysis output is also archived at the Copernicus Climate Data Store (data.marine.copernicus.eu/prod-
ucts) under the https://doi.org/10.24381/cds.adbb2d47 (for single-level variables) and https://doi.org/10.24381/
cds.bd0915c6 (for multi-level variables). The WAIS 1080 model set-up, as well as an explanation of how to set 
up the tracer release experiments, is available at https://doi.org/10.5281/zenodo.6842019. RTopo-2 bathymetry 
(Schaffer & Timmermann, 2016) is available from Pangaea (www.pangaea.de) with the https://doi.org/10.1594/
PANGAEA.856844. Data processing and figure preparation were carried out using Matlab R2021a.
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