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Water Mass Characteristics of the Antarctic Margins and
the Production and Seasonality of Dense Shelf Water
Aditya Narayanan1, Sarah T. Gille2, Matthew R. Mazloff2, and K. Murali1

1Indian Institute of Technology Madras, Chennai, India, 2Scripps Institution of Oceanography, University of California,
San Diego, La Jolla, CA, USA

Abstract Conductivity-temperature-depth data from instrumented seals of the Marine Mammals
Exploring Oceans from Pole to Pole program are analyzed to characterize the water masses and the
seasonality of the marginal seas. Bottom temperatures are found to be in a cold regime in Dense Shelf
Water (DSW) producing regions, identified in this study as the southern Weddell Sea, Cape Darnley, Prydz
Bay, Adélie Coast, and the western Ross Sea. DSW occupies the bottom of the Weddell and Ross Sea
continental shelves throughout the year: Production of DSW and vertical overturning occur only during
the winter. In the other DSW producing regions, salinity is reduced more markedly during the summer. We
identify the Princess Martha Coast, Leopold and Astrid Coast, and the Knox Coast as Low Salinity Shelf
Water producing regions, where modified Circumpolar Deep Water (CDW) intrudes onto the continental
shelf, reaching areas close to the ice shelves keeping the bottom temperatures in an intermediate regime.
The Prince Harald Coast, the Amundsen Sea, and the Bellingshausen Sea experience more intense CDW
intrusion, which keeps them in a warm regime year-round. CDW layer thicknesses correlate with the
meridional winds over the shelf sea, and with the zonal winds at the slope, while DSW layer thicknesses
correlate with the meridional winds over the shelf seas and the curl of the wind stress over the slope.
Locations of DSW on the continental shelf coincide with an absence of warmer CDW near the ice shelves.

1. Introduction
Dense Shelf Water (DSW, with practical salinity S > 34.5, conservative temperature −1.9 ◦C ≤ 𝜃 ≤ −1.8 ◦C,
and neutral density 𝛾n > 28.27; Baines & Condie, 1998; Foster & Carmack, 1976; see Table 1) is produced
in the marginal seas around Antarctica and plays an important role in ventilating the deep ocean. DSW
participates in the meridional overturning circulation when it overflows the shelf seas into the deeper ocean,
forming Antarctic Bottom Water (AABW, 𝛾n > 28.27; Orsi et al., 1999). DSW is hypothesized to function as a
buffer, separating the ice shelves from intruding warm Circumpolar Deep Water (CDW, S > 34.5, 𝜃 ≥ 0 ◦C),
and is an important factor determining the stability of the ice shelves (Jacobs et al., 1992; Silvano et al., 2016).

The production of DSW depends on complex interactions between wind stress, sea ice, ice shelves, polynya
formation, circulation in the shelf sea, and the water masses involved. Two major types of systems with DSW
formation have been identified. The first of these is the classically identified wide-continental-shelf system
(Foster & Carmack, 1976), which is found in regions such as the Weddell Sea and the Ross Sea. It involves the
mixing of intruding CDW with Winter Water (𝜃 < −1.7 ◦C and S < 34.5) formed on the continental shelf and
with shelf waters formed in coastal polynyas where brine discharge occurs due to sea ice production. The
water column becomes completely destratified in the winter months allowing DSW to flood the continental
shelf bottom. DSW further cools and slightly freshens due to the entrainment of Ice Shelf Water (ISW, 𝜃 <

−1.9 ◦C), and it collects in the marginal sea basins, forming bottom waters such as Weddell Sea Bottom Water
and Ross Sea Shelf Water (Jacobs et al., 1970). The residence time of bottom water in these wide continental
shelf regions is estimated to be roughly 6 years (Gill, 1973; Jacobs et al., 1985), allowing sufficient time for
the shelf water to collect at the sea bottom and become saltier. The western boundaries in the Ross and
Weddell Seas allow for the western intensification of the overflows, which eventually exit the sea basins,
forming bottom currents and downslope flows (Budillon et al., 2011; Foldvik et al., 2004).

The second system that supports DSW formation can occur in a number of narrow continental shelf regions
around the continental margin, as identified by Baines and Condie (1998). These regions, such as the Adélie
Land or Cape Darnley, lack the wide continental shelf, western boundary, and significant ice shelf-ocean
interaction that contribute to bottom water formation in the Weddell and Ross Seas. Adélie Land bottom
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Table 1
The Water Mass Definitions Used in This Study Are Listed Below

Water mass Definition Reference
DSW S > 34.5, −1.9 ◦C ≤ 𝜃 ≤ −1.8 ◦C, 𝛾n > 28.27 Williams et al. (2016)
High-density ISW S > 34.5, 𝜃 < −1.9 ◦C, 𝛾n > 28.27
ISW 𝜃 < −1.9 ◦C Schodlok et al. (2016)
LSSW 34.3 < S < 34.4, −1.9 ◦C ≤ 𝜃 ≤ −1.5 ◦C Schodlok et al. (2016)
mCDW −1.8 ◦C < 𝜃 < 0 ◦C, 28 < 𝛾n < 28.27 Williams et al. (2016)
CDW S > 34.5, 𝜃 ≥ 0 Jacobs et al. (1985)

Note. Schodlok et al. (2016) use a slightly different definition for LSSW with 34.3 < S < 34.35,
and Williams et al. (2016) do not have an upper temperature limit for mCDW. Figure S11 in
the supporting information shows these water masses in 𝜃-S space. High-density ISW, defined
below, is used for identifying DSW producing regions (Table S2). Symbols used are conservative
temperature (𝜃), practical salinity (S), and neutral density (𝛾n).

water, identified by Rintoul (1998), forms via a mechanism involving especially strong offshore winds per-
sistently keeping polynya regions open to produce DSW and Winter Water. Ohshima et al. (2013) described
the formation of bottom water in the Cape Darnley polynya, a region of intense sea ice production aver-
aging 8 m year−1 (Ohshima et al., 2016), which drives the formation of highly saline DSW in this region
despite the narrowness of the continental shelf. This results in nearly complete destratification during win-
ter months, which allows for strong vertical convection and for DSW to flood the bottom. Cape Darnley
DSW contributes 0.65–1.5 Sv to AABW formation (Ohshima et al., 2013). This raises the possibility that
other narrow-continental-shelf coastal polynya regions on the continental margin might also be AABW
production zones.

DSW production depends on salt flux from sea ice production and is suppressed by freshwater influx. For
example, regions such as the Amundsen Sea and the Sabrina Coast are active polynya regions with high sea
ice production rates (Nihashi & Ohshima, 2015), but DSW production is suppressed by the meltwater influx
in these regions (Petty et al., 2013; Silvano et al., 2018). Prydz Bay, with a relatively wide continental shelf
along with a relatively large cold-cavity ice shelf, is a region of DSW formation. However, multiple studies
have failed to observe DSW flowing off the Prydz Bay continental shelf (Meijers et al., 2010; Ohshima et al.,
2013; Smith et al., 1984). Williams et al. (2016) found that the low salinity meltwater outflow at the western
flank of the Amery Ice Shelf depresses the salinity of the DSW formed in the coastal polynya.

DSW has a direct influence on the basal melt rates and the stability of the ice shelf. Although DSW is cold,
it can cause basal melting as it circulates beneath the ice shelves due to the pressure-dependent decrease
of the freezing point at depth (Millero, 1978). However, DSW near the ice shelf buffers the ice shelf and
ice sheets against the intrusion of warmer CDW, thereby reducing the net oceanic thermal forcing on the
ice shelf-ice sheet systems. The DSW bottom water outflow becomes part of the westward flowing slope
current maintained by the geostrophic balance at the Antarctic Slope Front. The balance is broken by bottom
friction, and negative buoyancy drives the downslope transport of DSW, eventually forming AABW (Price
& Baringer, 1994).

In regions that do not produce DSW, CDW more readily intrudes close to the ice shelves leading to high
basal melt rates, as seen in the Amundsen Sea (Jacobs et al., 2011) and the Bellingshausen Sea (Jenkins
& Jacobs, 2008). However, this is a complex problem, and the converse mechanism is also important: in
regions experiencing CDW intrusion close to the ice shelves, the elevated basal melt rate leads to a freshwater
influx that can suppress the formation of DSW. The suppression of DSW and vertical convection on the
continental shelf further allows more CDW intrusion near the base of the ice shelves (Silvano et al., 2018).
The Antarctic Circumpolar Current, the continental slope, and the Antarctic Slope Front present dynamical
barriers to the intrusion of CDW onto the continental shelf, which is broken by mean (Rodriguez et al., 2016)
and mesoscale processes that can drive CDW across these fronts (Gille et al., 2016; Heywood et al., 2014;
Klinck & Dinniman, 2010). These processes include bottom Ekman transport (Dinniman & Klinck, 2004),
eddies (Thompson et al., 2014), tides (Padman et al., 2009), mean transport (Stewart et al., 2018), cross-slope
canyon steered flow (St-Laurent et al., 2013), and Kelvin wave-driven undercurrents (Chavanne et al., 2010;
Webb et al., 2019). Petty et al. (2013) used mixed-layer models to show that atmospheric forcing plays an
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Figure 1. Number of profiles in the MEOP data set for years 2004 to 2017, aggregated in 0.5◦ × 0.5◦ cells for (a) all data
used in this study, (b) near-ice-shelf areas during summer (December through May), and (c) near-ice-shelf areas during
winter (June through November). The 1,000 m bathymetry contour is drawn to depict the continental shelf break.
Regions depicted are the Weddell Sea (WS), Princess Martha Coast (PMC), Prince Harald Coast (PHC), Cape Darnley
(CD), western Prydz Bay (WPB), eastern Prydz Bay (EPB), Leopold and Astrid Coast (LAC), Knox Coast (KC), Adélie
Coast (AC), western Ross Sea (RS), Amundsen Sea (AS), and Bellingshausen Sea (BS). The longitudinal limits of these
regions are marked by blue dashed lines. Annotations in the figure are color coded with dark blue for cold-regime
regions, light blue for intermediate regions, and red for warm-regime regions. For more details on regions, refer to
Table 2.

important role in determining CDW intrusion onto the continental shelf. Regions with strong easterlies
over the continental slope have isopycnals that slope downward to the south, preventing the intrusion of
CDW onto the continental shelf. In contrast, weak easterlies allow isopycnals to slope upward to the south,
enabling CDW to shoal onto the shelf sea (Schmidtko et al., 2014; Stewart & Thompson, 2012).

In this study, we contrast the various marginal seas of the Antarctic, with a specific focus on the seasonality
and regional distribution of DSW. We use data from the Marine Mammals Exploring Oceans Pole to Pole
program (MEOP; Roquet et al., 2011) to identify the major water masses present on the continental shelf
and immediately off-shelf. We study the seasonal variation of surface and bottom waters and estimate the
monthly layer thicknesses of the major water masses. This enables us to categorize the marginal seas sam-
pled by the MEOP program, distinguishing between those associated with (i) DSW production, (ii) modified
CDW (mCDW, −1.8 ◦C < 𝜃 < 0 ◦C, 28 < 𝛾n < 28.27; Williams et al., 2016) intrusion and Low Salinity
Shelf Water (LSSW, 34.3 < S < 34.4, −1.9 ◦C ≤ 𝜃 ≤ −1.5 ◦C; Schodlok et al., 2016) production, and (iii)
no DSW but with intense mCDW and CDW intrusion. We analyze the interplay between DSW, mCDW, and
CDW water masses on the continental shelf and show that where high water mass layer thicknesses of DSW
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Table 2
Regions Sampled in the MEOP Data Set

Region Code Longitudes Latitudes Years (since 2000) Regime Width of shelf (km)
Southern Weddell Sea WS 60◦W to 20◦W ≤75◦S 7–9, 11, 14, 17 Cold 209
Princess Martha Coast PMC 20◦W to 0◦ ≤65◦S 7–9, 11, 14–16 Intermediate 86
Prince Harald Coast PHC 29◦E to 37◦E ≤65◦S 4, 8, 11, 13–15, 17 Warm 161
Cape Darnley CD 60◦E to 70◦E ≤65◦S 4, 5, 7, 11–17 Cold 110
Western Prydz Bay WPB 70◦E to 75◦E ≤65◦S 5, 7, 9, 11–13, 15–17 Cold 191
Eastern Prydz Bay EPB 75◦E to 82◦E ≤65◦S 4–7, 9, 11, 12, 15–17 Cold 253
Leopold and Astrid Coast LAC 82◦E to 87◦E ≤65◦S 4, 9, 12, 13, 16 Intermediate 121
Knox Coast KC 101◦E to 112◦E ≤60◦S 4, 5, 7–17 Intermediate 125
Adélie Coast AC 135◦E to 145◦E ≤60◦S 5, 7–15, 17, 18 Cold 135
Western Ross Sea RS 160◦E to 180◦E ≤72.5◦S 10–12, 14, 16, 17 Cold 189
Amundsen Sea AS 120◦W to 100◦W ≤70◦S 5, 6, 8–10, 14 Warm 255
Bellingshausen Sea BS 100◦W to 60◦W ≤60◦S 5–10, 13–15 Warm 257

Note. Years with 100 or more profiles are listed. The regime in which each region lies is shown in column “Regime” (refer to sections 4 and 6).

are produced, there is a lack of CDW intrusion, and conversely, where CDW and mCDW intrusion is high,
there is minimal DSW formation. Further, among the DSW producing regions, we distinguish seasonal and
regional differences in DSW production, and we identify regions where meltwater suppresses the production
of DSW.

2. MEOP Data Set
The marginal seas of the Southern Ocean have been chronically undersampled. However, the instrumented
seal data set (Treasure et al., 2017) of the MEOP program provides a growing source of direct observations,
with profiles often collected close to the ice shelves and during the winter. Profiles in the MEOP data set
are spatially clustered and the sampling locations vary over time, depending on the migratory and foraging
patterns of the instrumented mammals and the location of the colonies where the tagging was done. The
profiles in this data set were collected over the period 2004 to 2017. Treasure et al. (2017) provide details on
tagging locations, the foraging behavior of the seals, and the possible sampling biases arising from this.

Only profiles south of 60◦S have been considered for this study. The sampling densities were higher in the
southeastern Weddell Sea, Prydz Bay, Knox Coast, Adélie Coast, western Ross Sea, Amundsen Sea, and the
Bellingshausen Sea (Figure 1). Figures 1b and 1c show the sampling locations in the near-ice-shelf regions
(see section 3) during summer and winter respectively. Note that sampling is better in summer. A key limita-
tion of this study is that the sampling locations differ across seasons, and this may have had an effect on our
results, which is not quantified here. Further, the MEOP data set does not sample all the coastal polynyas,
and this analysis is likely to have missed some important DSW-producing regions such as the eastern Ross
Sea, the southwestern Weddell Sea, and a few coastal polynyas.

Roquet et al. (2011) described the delayed-mode calibration and statistical corrections that the CTD data
collected by the tagged seals undergo before being released by the MEOP consortium. They estimate
the instrument accuracy to be ±0.02 ◦C for temperature and ±0.1 for salinity without corrections. The
delayed-mode calibration could be carried out either (i) in regions where ship based CTD measurements
were available, improving accuracies to ±0.01 ◦C for temperature and ±0.03 for salinity, or (ii) in regions
where the seals dived into the well-defined Lower CDW layer, improving accuracies to±0.01 ◦C for tempera-
ture and ±0.02 for salinity. In other regions, the data undergo correction using a statistical cross-comparison
technique. Corrections for the thermal mass error and instrument errors due to the miniaturization of the
tags are also applied (Siegelman et al., 2019). In this study, we have only used data bearing a “good” quality
flag, and we propagate the instrumental errors through all our calculations (see section 3). However, despite
selecting for “good” data, manual quality inspection is also required based on our prior knowledge of the
regions being studied. We found eight tags (tag serial numbers given in the supporting information text) that
observed improbably high salinities (35 < S < 35.5) on the continental shelves of the Adélie Coast, Ross
Sea, and the Weddell Sea, and data from these have been discarded from our analysis.

NARAYANAN ET AL. 4



Journal of Geophysical Research: Oceans 10.1029/2018JC014907

3. Methods
In this study, we focus on 12 major regions, as shown in Table 2. The distance is computed between
each profile location and the closest point on the ice-shelf-edge or the grounding line, whichever is closer
(GSHHG-2014; Wessel & Smith, 2014). Profiles that occur within a 75 km distance are considered as NIS
(near-ice-shelf), and profiles that occur beyond are considered as DIS (distant-from-ice-shelf). Only pro-
files that occur over a seabed depth of 3,000 m or shallower are considered here to limit the data to the
continental-shelf and continental-slope region. Throughout the text, we further divide these regions into two
major groups (refer to Table S2). The first group consists of DSW-producing cold-regime regions where 5% or
more of the data points in the NIS areas were consistent with DSW during the period from June to Novem-
ber. The second group of regions consists of non-DSW-producing intermediate-regime and warm-regime
regions where less than 5% of data points in the NIS areas observed DSW during the June-to-November
period. Note that dense ISW (with S> 34.5 and 𝛾n > 28.27 kg m−3) is also considered as DSW to compute
the percentage of DSW data points. Sections 4 and 6 provide more information on how we categorized the
regions into the three different regimes.

Surface properties (not presented in the main text) are averaged over the upper 100 m of the water column
and are referred to in the supporting information text as the surface box. The bottom box is defined as the
portion of the water column below a cutoff depth, with the cutoff depth selected so that water in the bottom
box can be characterized as having bottom properties. The property means are sensitive to the selection of
bottom box depth cutoff. The root-mean-square error between the different choices are tabulated in Table
S1 in the supporting information. In the main text, we use the bottom box defined to extend from 250 m
depth to the sea floor, encompassing measurements collected at depths of 250 m depth or deeper. We also
show temperature and salinity monthly means, with bottom boxes defined for depths below 375 or 500 m
in Figures S1–S4 in the supporting information. For the cold-regime regions (Weddell Sea, Cape Darnley,
Prydz Bay, Adélie Coast, and Ross Sea), deeper bottom boxes show slightly lower temperatures and slightly
higher salinity. For the intermediate-regime regions (Princess Martha Coast, Leopold and Astrid Coast,
and Knox Coast), deeper bottom boxes show a slight increase in mean temperature. In the warm-regime
regions (Prince Harald Coast, Amundsen Sea, and the Bellingshausen Sea), the deeper bottom boxes show
an increase in mean temperature. When we compare the results across regions, the results remain consistent
regardless of whether we use 250, 375, or 500 m. In the main text, the decision to use bottom boxes extending
from 250 m to the bottom is motivated by the need to have a consistent definition across all regions.

The error bars in the monthly mean surface box and bottom box property plots are defined as (1),

𝜖 =
√

CTD
2
error + 𝛼

𝜎CTD√
N

2
(1)

where N is the number of data points over which monthly mean is computed and 𝛼 = 1.96 is the factor
of multiplication to obtain a 95% confidence limit on the standard error of the mean. For the surface box,
𝜎 denotes the standard deviation over all the data points in each month, whereas, for the bottom box, 𝜎
is computed over the entire year and not individually for each month. CTDerror is the formal error of the
corrected data as published by MEOP and represents a 95% confidence limit.

Water mass layer thicknesses were computed by dividing the water column in each region and in each month
into vertical bins of 20 m and computing the fractional amount of each of the five water masses in each depth
bin. The seal tags transmit compressed low-resolution data packets consisting of about 15 data points in the
vertical, using a Broken Stick Method, for each profile (Photopoulou et al., 2015). We use these data points,
without any interpolation, in our analysis. Since we include all the profiles available in the region and month
being considered, most depth bins in the upper 500 to 700 m water column contain data (Figures S12 and
S13). Some of the deeper bins, closer to the deepest depth of dive, may have no data and these bins are then
discarded in the analysis. An important note here is that the low vertical resolution, and the spatiotemporal
biases in sampling may have caused our analysis to miss some water masses.

Each individual data point in the depth and month bin was categorized as one of five water masses using
the property ranges in Table 1 to obtain the fractional volume of each water mass in that bin. Finally, in
each month, the fractional volumes of each water mass type were vertically integrated to determine the
thickness of the water mass layer (i.e., the volume per unit area), with the assumption that water mass
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properties are statistically homogeneous in each of the NIS and DIS regions. As a caveat, the water mass
budgets computed here are representative only of the depth range and geographic coverage sampled by
MEOP within each region. In each month and in each region, the 95% confidence interval was computed
using the empirical bootstrap method (Efron & Tibshirani, 1994) by randomly resampling 1,000 times (with
replacement) from each depth bin. In deeper depth bins, since the number of data points in the original
sample is low to begin with, the resampling technique does not add any useful information regarding the
confidence interval. However, in the intermediate and near-surface depth bins, the resampling technique
provides a reasonable estimate of the confidence interval.

Water mass properties in different regions are compared using two strategies. First, the correlation coeffi-
cient between the average monthly DSW and CDW water mass layer thicknesses is computed. Second, for
each region, the probability of either DSW or CDW being present is computed conditional on the presence
or absence of CDW or DSW, using the climatological monthly mean water mass layer thicknesses. In this
analysis, a water mass is considered to be present in a given month and region if its vertically integrated
thickness exceeds the thickness of a single depth bin (i.e., 20 m). The presence or absence of a water mass
is determined for each month in the climatology, and probabilities are aggregated separately for summer
(from December to May) and winter (from June to November). The analysis includes both the NIS and DIS
areas in each of the 12 regions. The 95% confidence interval was obtained by using the empirical bootstrap
technique with 10,000 re-samplings for each seasonal bin.

Surface wind (10 m above the surface) data used in this study are from the ECMWF ERA-Interim monthly
mean data set (Dee et al., 2011). The climatological mean of the monthly mean winds was computed over
2004–2017, the same period as the MEOP data set. Further, the spatial mean of the zonal wind and the
curl of the wind stress at the continental slope within each region was used. However, the meridional wind
was spatially averaged over the whole shelf sea (inshore of the 3,000 m isobath) of each region within the
longitudinal and latitudinal limits as shown in Table 2, and the climatological monthly mean values were
used. The continental slope was defined as the region with depths between 800 and 3,500 m where the
gridded bathymetry (GEBCO 2014, 30 second arc bathymetry; Weatherall et al., 2015) gradient exceeds a
value of 0.002. Appropriate latitudinal bounds for each region were used to prevent the high gradient regions
near the coast from being selected. The width of the continental shelf was computed as the average of the
shortest distance from the points on the slope to the ice shelf edge or the grounding line. The correlation
coefficient between wind forcing and water mass layer thicknesses was computed using the monthly mean
wind data and the monthly water mass layer thickness data. The zonal wind (U10) is used as a proxy for the
alongshore wind over the continental slope, and the meridional wind (V10) is used to identify southerlies.
The curl of wind stress was computed from gradients of the turbulent surface stress in the ERA-Interim
data set.

4. Bottom Box Seasonality
Monthly mean properties for regions associated with DSW production (the southern Weddell Sea, Cape
Darnley, Prydz Bay, Adélie Coast, and the western Ross Sea; see Table S2) are shown in Figure 2. In the Ross
Sea (RS), and to some extent in the Weddell Sea (WS) and Prydz Bay (PB), DIS sampling occurred mostly
on the continental shelf. In the other regions, DIS sampling occurred close to the shelf break and on the
continental slope (see Figure S9), where the CDW layer elevates the bottom box temperatures. This is due
to the larger width of WS, RS, and PB shelf seas compared to the other regions.

During the sea ice peak period from July to September, the bottom box temperatures are low in the WS-NIS
(Figure 2a, mean temperature of �̄� = −1.89 ± 0.05 ◦C), the RS-NIS (Figure 2i, �̄� = −1.87 ± 0.06 ◦C), and the
WPB-NIS (Figure 2c, �̄� = −1.86 ± 0.05 ◦C). For the same period, in the deeper bottom box, from 500 m and
below, WS-NIS temperatures are even lower (Figure S2a, �̄� = −2.11 ± 0.05 ◦C) and are indicative of ice shelf
meltwater outflow occurring at the Filchner Ice Shelf edge, which is consistent with the observations made
by Foldvik et al. (1985) and Ryan et al. (2017).

The bottom box temperatures in the narrow-continental-shelf regions, during the period from January to
March in the Cape Darnley-NIS (CD-NIS) (Figure 2b), have �̄� = −1.69 ± 0.12 ◦C, from January to May
in the Adélie Coast-NIS (AC-NIS) (Figure 2h), have �̄� = −1.63 ± 0.14 ◦C, and from March to May in the
East WS-NIS have �̄� = −1.75 ± 0.05 ◦C. These temperatures are slightly elevated when compared to the
other NIS regions, which all have wide continental shelves. The WS-NIS region includes both the wide
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Figure 2. Monthly means of bottom (250 m and below) properties of Weddell Sea, Cape Darnley, west and east Prydz Bay, Adélie Coast, and the Ross Sea. Blue
circles indicate salinity, while red crosses are for conservative temperature. Error bars are instrument error and standard error of mean (see section 3). Number
of years during which each month was sampled is on upper X axis. Gray bars are sample size (plotted against extreme left Y axis). Annual mean salinity and
conservative temperature are shown by the broken horizontal line in blue and red respectively. Inset maps indicate the longitudinal extent of each region.

continental-shelf area near the Filchner Ice Shelf, where bottom box temperatures remain low year-round
(with �̄� = −1.87 ± 0.05 ◦C in the NIS areas between 45◦W and 30◦W), and the narrow-continental-shelf
area near the Stancomb Brunt Ice Shelf in the eastern Weddell Sea, where the slightly elevated bottom box
temperatures occur (with �̄� = −1.73 ± 0.05 ◦C in the NIS areas between 30◦W and 20◦W). However, CDW
is not present in these regions, as seen in the TS plots in section 5, and the bottom box mean temperatures
remain low in the deeper bottom boxes (Figures S1 and S2). In all the DSW-producing NIS regions, the
mean bottom box temperatures remain below −1.5 ◦C, with no CDW present near the ice shelves (Figure 2).
Hence, we categorize these regions as being in a cold regime.

While most regions show warmer bottom box temperatures in the DIS regions of Figure 2, the Weddell and
Ross Seas (WS-DIS and RS-DIS) generally show low temperatures, with no CDW on the continental shelf.
An exception occurs in August in the WS-DIS region (Figure S2d). However, the profiles containing CDW
in the WS-DIS occurred close to the continental shelf break (Figure S5).
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Figure 3. (a–l) Monthly means of bottom properties, 250 m and below for the Princess Martha Coast, Prince Harald Coast, Leopold and Astrid Coast, Knox
Coast, Amundsen Sea, and Bellingshausen Sea. Blue circles indicate salinity, while red crosses are for conservative temperature. Error bars are instrument error
and standard error of mean (see section 3). Number of years during which each month was sampled is on upper X axis. Gray bars are sample size (plotted
against extreme left Y axis). Annual mean salinity and conservative temperature are shown by the broken horizontal line in blue and red respectively. Inset
maps indicate the longitudinal extent of each region.

Mean salinities differ by region with highest year-round values in RS-NIS (Figure 2i) and RS-DIS (Figure 2l),
where bottom box salinity always exceeds 34.5. WS-NIS (Figure 2a) and WS-DIS (Figure 2d) also have rela-
tively stable year-round salinities, albeit with slightly lower values than in the RS-NIS and RS-DIS. In other
NIS regions, salinities undergo seasonal and month-to-month variations. The largest variations occur in
CD-NIS (Figure 2b) and WBP-NIS (Figure 2c), with both regions showing a marked decrease in summer-
time salinity. Both of these regions have comparable sea ice production rates (Nihashi & Ohshima, 2015);
differences in timing and bottom box salinity maxima are consistent with the hypothesis that summer melt-
water from the Amery Ice Shelf modulates DSW production in WPB-NIS (Williams et al., 2016), while in
the Cape Darnley region, winter DSW production is the primary driver of salinity changes (Ohshima et al.,
2013). The high salinities and low temperatures across all the NIS panels in Figure 2 are indicative of the
presence of DSW.
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Figure 4. (a–l) Conservative temperature (CT) versus salinity plots with curves of 𝛾n = 28.00, 28.27 kg m−3 plotted.
Surface freezing point is marked by the broken blue line at 𝜃 ≈ −1.9 ◦C, and the red broken line indicates 𝜃 = 0 ◦C.
Region codes are as in Table 2. Inset maps indicate the longitudinal extent of each region.

The monthly mean properties for regions not associated with DSW production (the Princess Martha Coast,
Prince Harald Coast, Leopold and Astrid Coast, Knox Coast, Amundsen Sea, and the Bellingshausen Sea)
are shown in Figure 3. The NIS bottom box temperatures are the highest in the Bellingshausen Sea (BS-NIS,
Figure 3i) with �̄� = 0.84 ± 0.05 ◦C, followed by the Amundsen Sea (AS-NIS, Figure 3h) with �̄� = −0.5
± 0.05 ◦C, and the Prince Harald Coast (PHC-NIS, Figure 3b) with �̄� = −0.77 ± 0.08 ◦C. In the deeper
bottom box (defined as depths below 500 m supporting information Figures S4i, S4h, and S4b), the mean
conservative temperatures are all above 0 ◦C. Hence, we categorize these regions as being in a warm regime.

In the Princess Martha Coast (�̄� = −1.74 ± 0.05 ◦C; Figure 3a, PMC-NIS), the Leopold and Astrid Coast
(�̄� = −1.7 ± 0.1 ◦C; Figure 3c, LAC-NIS), and the Knox Coast (�̄� = −1.55 ± 0.06 ◦C; Figure 3g, KC-NIS),
we find lower bottom box temperatures. We use the bottom box defined as depths below 500 m to show
that the mean bottom box conservative temperature in the NIS regions of the Princess Martha Coast (�̄� =
−1.34 ± 0.06 ◦C; Figure S4a), the Leopold and Astrid Coast (�̄� = −0.87 ± 0.20 ◦C; Figure S4c), and the Knox
Coast (�̄� = −1.47 ± 0.05 ◦C; Figure S4g) are higher (𝜃 > −1.5 ◦C) than the bottom box conservative temper-
atures of the DSW-producing cold-regime regions, while still being cooler than the mean temperatures of
the warm-regime regions, placing them in an intermediate regime.

The high bottom box mean salinities in the warm-regime regions of PHC-NIS, AS-NIS, and BS-NIS are
seen more prominently in the deeper bottom boxes in supporting information Figures S3 and S4, which,
when coupled with the higher temperatures, are indicative of the presence of CDW in the NIS regions.
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Figure 5. (a–l) Conservative temperature (CT) versus salinity plots with curves of 𝛾n = 28.00, 28.27 kg m−3 plotted.
Surface freezing point is marked by the broken blue line at 𝜃 ≈ −1.9 ◦C, and the red broken line indicates 𝜃 = 0 ◦C.
Region codes are as in Table 2. Note that the CT scale changes for the bottom row. Inset maps indicate the longitudinal
extent of each region.

In the intermediate-regime regions, the mean bottom box salinities are lower and are indicative of LSSW
production.

5. Water Mass Characteristics
In this section, we use standard temperature-salinity (𝜃-S) plots to identify the major water masses in each
region. We have grouped regions (see Table S2) where DSW is found in the near-ice-shelf (NIS) regions into
Figure 4 and regions where DSW is not found in the NIS regions into Figure 5.

Across all the NIS panels of Figure 4, we observe low temperature DSW and mCDW but no CDW. In the DIS
regions, which sample closer to the continental shelf break, we observe DSW along with both mCDW and
CDW. However, the profiles detecting CDW occurred near the continental-shelf-break and slope region as
can be seen in supporting information Figure S5.

As noted in section 1, the wide continental shelves and large cold-cavity ice shelves of the Weddell and Ross
seas produce relatively less meltwater that can offset brine discharge from sea ice formation and are con-
ducive to DSW production. WS-NIS primarily consists of profiles close to the Filchner and Stancomb Brunt
Ice Shelf edges, while data for WS-DIS primarily consists of profiles on the continental shelf in the south-
eastern Weddell Sea (see Figure S9). The Weddell Sea has higher density DSW on the western continental
shelf (with S > 34.7 and 𝜃 < −1.7 ◦C; Foldvik et al., 1985), and this is not well sampled in the currently
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available MEOP data set. The horizontal dashed lines in Figure 4 indicate the freezing point of seawater. In
Figures 4a, 4d, 4i, and 4l, T-S points located below the dashed line correspond to cold ice shelf meltwater
with high salinity in both the NIS and DIS regions of the Weddell Sea (WS) and Ross Sea (RS). We observe
DSW with S > 34.6 in both the NIS and DIS regions of the WS and RS with the RS having the densest and
highest salinity DSW. Orsi and Wiederwohl (2009) showed that the highest salinity DSW (with S > 34.7) is
found in the western Ross Sea continental shelf, while the Central and Eastern Ross Sea continental shelves
have lower salinity DSW.

Cold ISW of low salinity (S < 34.5) is observed in WPB-NIS (in Figure 4c), which is indicative of significant
meltwater outflow from the Amery Ice Shelf. The DSW in Prydz Bay has lower salinity than in the NIS
regions of the Weddell Sea, Ross Sea, Adélie Coast, and Cape Darnley, where we see higher salinity DSW
forming. High salinity DSW is present in CD-NIS and ISW is absent (Figure 4b), as this region does not have
a significant ice shelf.

CDW is present, in both the NIS and DIS regions, across all the panels in Figure 5. mCDW is warmer
across all the NIS panels in the warm and intermediate-regime regions compared to the NIS regions of the
cold-regime regions discussed earlier. The Princess Martha Coast, Leopold and Astrid Coast, and the Knox
Coast have narrow continental shelves with CDW intruding close to the ice shelf edge. The Prince Harald
Coast, the Amundsen Sea, and the Bellingshausen Sea have intense CDW intrusions onto the continental
shelf near the ice shelves as seen in Figures 5b, 5h, and 5i, with the BS-NIS region being the only NIS region
with no cold temperature (< −1.5 ◦C) mCDW. DSW is completely absent across all the panels of Figure 5.
The monthly water mass layer thicknesses are presented later in section 6.

There exists a strong distinction between the water masses of the cold-regime regions of Figure 4 and those
of the warm and intermediate-regime regions shown in Figure 5. In the cold-regime NIS regions, DSW is
present and CDW water masses are absent. Conversely, in the warm and intermediate-regime NIS regions,
DSW is largely absent, while warmer mCDW and CDW are seen to be intruding close to the ice shelves.

6. Water Mass Seasonal Layer Thicknesses
Monthly layer thicknesses of water masses for cold-regime regions are shown in Figure 6. Small quantities of
mCDW are present during the summer months when DSW layer thicknesses are lower, and mCDW is mostly
absent during the winter months when DSW layer thicknesses are higher in the wide continental shelf
regions of WS-NIS (Figure 6a), WPB-NIS (Figure 6c), EPB-NIS (Figure 6g), RS-NIS (Figure 6i), and RS-DIS
(Figure 6l). In the DIS areas of these wide-continental-shelf regions, mCDW is present almost throughout the
year, except in RS-DIS, where small quantities (<100 m) are found. The RS-DIS region is unusual, because
sampling occurred mostly on the continental shelf. In contrast, for the other DIS regions, sampling was
distributed on the slope as well as near the continental shelf break, which resulted in a stronger distinction
between NIS and DIS properties for regions other than the RS. Note that in some of the NIS regions, a
fraction of ISW is higher in density and salinity (with S > 34.5 and 𝛾n > 28.27 kg m−3; see Table 1) and
is probably DSW that has mixed with meltwater. High-density ISW, as a fraction of total ISW, amounts to
∼20% in the WS-NIS (with a maximum of ∼70% in September), ∼40% in WPB-NIS, ∼40% in EPB-NIS, and
∼90% in RS-NIS and RS-DIS combined.

The layer thicknesses of DSW peak in September in WS-NIS (Figure 6a, where∼70% of the ISW is cold DSW),
WPB-NIS (Figure 6c), and RS-NIS (Figure 6i), occupying almost the whole water column of these shelf seas
close to the ice shelves. The DSW layer thicknesses are low during the summer months and grow during the
sea ice growth period. The monthly mCDW layer thicknesses in WPB-NIS (Figure 6c) and RS-NIS (Figure 6i)
are low and are present predominantly during the summer months, when no CDW is present. Loose et al.
(2009) observed greater concentrations of CDW and ISW in the eastern Ross Sea, which is not sampled in
the MEOP data set. mCDW in WS-NIS (Figure 6a) and EPB-NIS (Figure 6g) is absent in September during
the peak sea ice period. In the narrow-continental-shelf NIS regions of Cape Darnley (Figure 6b) and Adélie
Coast (Figure 6h), mCDW is present almost throughout the year, while CDW is absent in these regions
as well.

High monthly layer thicknesses of ISW are found in the WS-NIS (Figure 6a), WPB-NIS (Figure 6c), WS-DIS
(Figure 6d), EPB-NIS (Figure 6g), RS-NIS (Figure 6i), and RS-DIS (Figure 6l). The mean bottom box salinity
of ISW is 34.53 ± 0.10 in WS-NIS, 34.46 ± 0.05 in WPB-NIS, 34.74 ± 0.08 in RS-NIS, and 34.78 ± 0.12 in
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Figure 6. (a–l) Monthly water mass thickness for the DSW producing regions of Southern Weddell Sea, Cape Darnley, Western Prydz Bay, Eastern Prydz Bay,
Adélie Coast, and western Ross Sea. Water masses are as defined in section 3. Black circular markers show the thickness of water column sampled in each
month. Error bars denote the bootstrapped 95% CI. Inset maps indicate the longitudinal extent of each region.

RS-DIS, with the ISW in WPB-NIS and WS-NIS having lower bottom box salinities. Williams et al. (2016)
showed that this ISW outflow from the Amery Ice Shelf in WPB-NIS is responsible for suppressing the
formation of DSW and for lowering the mean salinity of the DSW formed in the Western Prydz Bay. Budillon
et al. (2011) found that the DSW overflows in the western Ross Sea continental shelf through the Drygalski
Trough were warmer and no ISW was observed, while the overflows in the central Ross Sea through the
Glomar-Challenger Trough were cooler with ISW being present. In Cape Darnley and the Adélie Coast, we
find no significant quantities of ISW.

The monthly water mass layer thicknesses for the intermediate and warm-regime regions are shown in
Figure 7. Relatively high annually averaged monthly layer thicknesses of mCDW are found in the narrow
continental shelf intermediate-regime NIS regions of Princess Martha Coast (105±26 m, Figure 7a), Leopold
and Astrid Coast (108 ±24 m, Figure 7c), and the Knox Coast (321 ±36 m, Figure 7g), with the Knox Coast
experiencing the highest quantity of mCDW intrusion among all the 12 NIS regions.
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Figure 7. (a–l) Monthly water mass thickness for the non-DSW producing regions of Princess Martha Coast, Prince Harald Coast, Leopold and Astrid Coast,
Knox Coast, Amundsen Sea, and Bellingshausen Sea. Water masses are as defined in section 3. Black circular markers show the thickness of water column
sampled in each month. Note that the vertical scale changes for panel “(l) BS-DIS.” Error bars denote the bootstrapped 95% CI. Inset maps indicate the
longitudinal extent of each region.

The effect of the relatively higher quantity of mCDW in PMC-NIS, LAC-NIS, and KC-NIS is observed in
the slightly elevated bottom box conservative temperatures that we see in these regions, as discussed in
section 4. A classical mechanism of DSW formation involves the mixing of intruding mCDW with cold
Winter Water and shelf waters produced in coastal polynyas to form DSW water masses (Foster & Carmack,
1976). Silvano et al. (2018) show that DSW production is insufficient to destratify the water column and cause
deep convection in the Sabrina Coast (situated to the east of Knox Coast). In the absence of deep convection,
without ventilating heat to the atmosphere, the intruding CDW can access the base of the ice shelves, where
it elevates ice shelf melt rates. This, in turn, further suppresses DSW formation and results in the formation
of LSSW. This hypothesis is consistent with our observations in the Princess Martha Coast, Leopold and
Astrid Coast, and the Knox Coast where we find mCDW and LSSW year-round in the NIS regions. As shown
in section 4, the bottom box temperatures in the intermediate-regime NIS regions are slightly warmer than
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Figure 8. Summer (December to May) and wintertime (June to November)
probabilities of the presence of DSW and CDW water masses conditional on
each other's presence and absence across NIS and DIS areas of all 12 regions
(refer to section 3). Error bars are the bootstrapped 95% confidence interval.

in the cold-regime NIS regions, while the bottom box salinities in
the intermediate-regime regions are lower than what we find in the
cold-regime NIS regions.

To put these results in context, we illustrate the effects of heightened
intrusions of CDW and mCDW on the ice shelves by presenting melt
rate estimates made by Rignot et al. (2013). They estimate the basal
melt rates in the Totten Ice Shelf (east of the Knox Coast) to be 63.2 ±
4 Gt/year (10.5 ± 0.7 m/year), Shackleton Ice Shelf (east of LAC) to be
72.6 ± 15 Gt/year (2.8 ± 0.6 m/year), West Ice Shelf (in the LAC) to be
27.2± 10 Gt/year (1.7± 0.7 m/year), the Fimbul Ice Shelf (in the PMC) to
be 23.5 ± 9 Gt/year (0.6 ± 0.2 m/year), and the Ekstrom Ice Shelf (in the
PMC) to be 4.3 ± 2 Gt/year (0.6 ± 0.2 m/year). For comparison, the same
study estimates the basal melt rates of ice shelves in the wider continen-
tal shelf seas of the Ross Sea and Weddell Sea, with the Ross East Ice Shelf
basal melt rate at 49.1±14 Gt/year (0.3±0.1 m/year), Ross West Ice Shelf
at −1.4 ± 20 Gt/year (0 ± 0.1 m/year), Filchner Ice Shelf (in the WS) at
41.9±10 Gt/year (0.4±0.1 m/year), and the Ronne Ice Shelf (in the RS) at
113.5±35 Gt/year (0.3±0.1 m/year). In the intermediate regime, narrow
continental shelf regions of PMC, LAC, and KC, the meltwater inflow,
which is similar in magnitude to the meltwater inflow in the wider con-

tinental shelves of the WS and RS, results in a thicker layer of fresh water at the surface that is sufficient to
offset brine discharge from sea ice formation, and this is consistent with the suppression of DSW formation.

High annually averaged layer thicknesses of CDW were found in the warm-regime NIS regions of the Prince
Harald Coast (PHC-NIS, 344 ± 24 m, Figure 7b), Amundsen Sea (AS-NIS, 437 ± 18 m, Figure 7h), and the
Bellingshausen Sea (BS-NIS, 575 ± 26 m, Figure 7i). The MEOP data indicate no DSW or LSSW in these
regions. In addition, mCDW is mostly absent in these regions.

These results suggest that in regions experiencing CDW intrusion onto the inner continental shelf, DSW
is largely absent, and conversely, in regions where DSW is produced, CDW intrusion onto the inner
continental-shelf is largely absent. We test this hypothesis by computing the probabilities of the presence
or absence of DSW conditional on the presence or absence of CDW (and vice versa: CDW conditional on
DSW) using the water mass layer thicknesses computed over both the NIS and DIS areas for all depth bins
and all months. Figure 8 shows that the probability of finding DSW given the presence of CDW is low in
both summer and winter. In contrast, the probability of finding DSW given no CDW presence in both sum-
mer and winter is high. Similarly, the probability of finding CDW given DSW presence in both summer and
winter is low, and the probability of finding CDW given no DSW presence, in both summer and winter,
is high. We find that DSW and CDW layer thicknesses are negatively correlated with a coefficient of −0.5
(CI= [−0.75to − 0.12]).

7. Wind Dynamics at the Shelf Break
The regime of each marginal sea ultimately depends upon the factors that drive DSW formation and the
transport of CDW onto the continental shelf. Winds at the shelf break are important drivers of water mass
exchange across the Antarctic Slope Front (Stewart & Thompson, 2012). As noted in section 3, three kinds
of wind forcing are considered here: zonal winds (−Uslope), wind-stress curl (−(∇⃗ × 𝜏)slope) spatially aver-
aged over the continental slope, and meridional winds (V) averaged over the continental shelf within the
latitudinal and longitudinal limits in Table 2. Easterly zonal winds drive a net southward Ekman trans-
port of waters toward the coast resulting in coastal downwelling. This southward transport causes the CDW
isopycnal surfaces from the open ocean to slope downward southward toward the slope front, restricting
the CDW on-shelf transport (Spence et al., 2014). Southerly meridional winds blowing over the continen-
tal shelf advect sea ice away from the coastal polynya regions, increasing the sea ice production and export,
and thus increasing the brine rejection leading to more DSW production (Abernathey et al., 2016). Finally,
cyclonic wind stress curl −(∇⃗ × 𝜏)slope can drive an upwelling Ekman pump, which can transport the deeper
warm CDW water masses onto the continental shelf (Rodriguez et al., 2016).
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Figure 9. (a–c) Correlation between water mass layer thicknesses and the (i) climatological monthly mean of across
slope easterlies (−Uslope) averaged at the continental slope of each region, (ii) climatological monthly mean southerlies
spatially averaged over each region (V), and (iii) the climatological monthly mean of the cyclonic curl of the wind
stress −(∇⃗ × 𝜏)slope spatially averaged at the slope of each region. Panels are divided into (a) NIS, (b) DIS, and
(c) NIS+DIS areas of all the 12 regions. The error bars indicate the 95% CI for the correlation coefficient.

Before we present our results, we note here that our regression analysis may be missing causal relations by
blending variability in time (monthly means) and space (across 12 regions). Another important caveat is
that the wind data used here represent the climatological mean over the period 2004 to 2017. However, the
water mass hydrography in each region is from a shorter time period (as shown in Table 2), with spatial and
temporal sampling inhomogeneities that prevented us from weighting and selecting wind data from specific
years to carry out the correlation. Further, the correlations we report here do not conclusively establish
the mechanisms, which will instead require confirmation through more detailed process studies involving
oceanographic observations and numerical models.

Figure 9 shows the correlation of climatological monthly mean water mass layer thicknesses with the clima-
tological monthly mean winds. The layer thicknesses of CDW, in the NIS regions, correlate negatively with
the easterlies at the slope (r = −0.5, CI = [−0.63 to −0.36]; Figure 9a) which is consistent with the hypothe-
sis that the easterlies at the slope restrict the upwelling of CDW. In the DIS regions, CDW layer thicknesses
correlate negatively with the easterlies (Figure 9b). However, rather counter-intuitively, the correlation is
weaker here than in the NIS regions. We note here that CDW transport is affected by both mean and tran-
sient processes. The resulting interaction between intruding CDW and shelf water masses is complex, and
a much more detailed analysis of models and observations is needed to explain this difference.

Further, in the NIS regions, CDW correlates negatively with the southerlies (r = −0.51, CI = [−0.63 to
−40.36]), while DSW correlates positively (r = 0.58, CI = [0.45 to 0.69]) with the southerlies (Figure 9a). This
is consistent with the hypothesis that the southerlies help advect sea ice northward, enabling DSW formation
by enhancing the sea ice production rate in the coastal polynya, and thereby setting up deep convection.

In the NIS region (Figure 9a), DSW and ISW correlate negatively and mCDW and LSSW correlate positively
with the cyclonic curl of the wind stress at the slope. In the DIS region (Figure 9b), we find that DSW and
ISW correlate and LSSW anticorrelates with the cyclonic curl of the wind stress. Rodriguez et al. (2016)
suggested that the time-mean component of the curl is a primary driver bringing CDW onto the continental
shelf. (For a discussion of these results, please see section 8 below.) As a caveat, we note here that our water
mass layer thickness analysis may underestimate the quantity of mCDW and CDW, as the deeper depth bins
are poorly sampled in the MEOP data set.

8. Discussion and Conclusions
This study has used the MEOP database of hydrographic data from tagged seals to evaluate water mass
properties in Antarctic marginal seas. We have categorized regions by their relative layer thicknesses of
distinct water masses. The western Ross Sea, southern Weddell Sea, western Prydz Bay, eastern Prydz Bay,
Cape Darnley, and the Adélie Coast are identified as DSW-producing regions, meaning that at least 5% of

NARAYANAN ET AL. 15



Journal of Geophysical Research: Oceans 10.1029/2018JC014907

the data points in the near-ice-shelf areas were consistent with DSW. These regions are also characterized
by cold water at the base of the water column. The base of the water column here refers to the bottom box
used in our analysis and extends up to the lowest depth of dive. However, since DSW are the densest water
masses in these regions, they may extend beyond this depth for cases when the seals do not sample all the
way to the seabed. Because the MEOP data are limited to places where instrumented elephant seals travel
and locations where tagging took place, the data set does not sample some of the important DSW producing
regions, such as the southwestern Weddell Sea and the eastern Ross Sea, and possibly some other narrow
shelf polynya regions.

Throughout the year, DSW was observed at depth in the southern Weddell Sea and western Ross Sea, with
the summer months showing a slight freshening. Summertime bottom box freshening and a reduction of
DSW layer thickness are observed in western Prydz Bay. Our analysis confirms the hypothesis that the wide
continental shelves in the WS, RS, and to some extent in Prydz Bay, allow sufficient residence time for the
DSW to collect at the bottom and salinify. Other regions lack the large storage capacity, as they have narrower
shelves, and we observe DSW bottom water only in the wintertime when DSW is produced at the surface,
while in summertime the bottom water freshens with S < 34.5. No CDW intrusion was observed in the NIS
region among these DSW producing regions.

The NIS areas of Princess Martha Coast, Leopold and Astrid Coast, and the Knox Coast fall into an inter-
mediate regime. They are LSSW producing regions, where mCDW intrudes year-round. We find lower
bottom salinities in these regions and slightly elevated bottom temperatures during the austral summer,
with the Leopold and Astrid Coast having the most elevated bottom temperatures among all cold and
intermediate-regime regions. The data confirm that the Prince Harald Coast, Amundsen Sea, and Belling-
shausen Sea are in a warm-regime, with warm water supplied via intense CDW intrusion in the near ice
shelf region.

The shelf sea water mass layer thicknesses of DSW and CDW correlate with the meridional winds over
the shelf sea, and CDW layer thicknesses also correlate with the zonal winds at the slope. The presence
of CDW in the DIS areas (close to the continental-shelf break) of cold-regime DSW-producing regions and
the absence of CDW in the NIS areas of the same regions are consistent with the hypothesis (Silvano et al.,
2016; Williams et al., 2016) that the presence of DSW on the continental shelf and the full water column
convection occurring in these regions displaces intruding CDW water masses toward the surface, where
they lose heat and mix with surface and shelf water masses and undergo transformation within the mixed
layer (Marshall et al., 1999) to form cooler water masses (Abernathey et al., 2016). Further, our observation
in the NIS areas that DSW weakly anticorrelates and mCDW correlates with the cyclonic curl of wind stress
at the slope (Figure 9a) implies that upwelling processes contribute to conditions on the continental shelf,
which is also consistent with this hypothesis.

Conditional correlations suggest a low probability of finding both DSW and CDW water masses present
together. In the NIS regions the data suggest that DSW production buffers the ice shelves from the intruding
mCDW and CDW. However, during the austral summer, DSW layer thicknesses fall, and mCDW is found
intruding into the NIS regions. In the NIS regions absent of DSW, we observe large layer thicknesses of
mCDW and CDW intruding close to the coastal polynya region. This mutually exclusive nature in the occur-
rence of DSW and CDW in the shelf seas is the underlying cause behind the sharp distinction in bottom
sea temperatures of the marginal seas. The DSW-CDW interactions and the associated mechanisms need
further investigation. As stated above, the results support the hypothesis that the presence of DSW and the
processes enabling deep convection on the continental shelf, play an active role in dynamically blocking and
transforming the intruding mCDW and CDW water masses before they can reach the ice shelves (Jacobs
et al., 1992; Porter et al., 2019). However, there are other possible explanations for the observed distribution
of bottom temperatures that cannot be ruled out from our results.

Schmidtko et al. (2014) have shown that the CDW layer is shoaling around the Southern Ocean, which
could lead to increased coastward oceanic heat transport in the coming decades. The CDW observed at the
continental-shelf break of the Weddell Sea at 500 m depth raises concerns, as CDW intrusion onto the con-
tinentel shelves of the Weddell Sea and the Ross Sea would have a serious warming effect on the ice shelves
and on the ice sheets that they buffer (Hellmer et al., 2012). Moreover, Holland et al. (2019) show that future
increases in anthropogenic greenhouse gas emissions can drive the formation of anomalous westerlies at the
continental shelf break that can increase the shoreward heat transport. Our findings indicate that polynya
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and wide-shelf seas of the Antarctic are important regions of DSW production and that DSW and CDW
rarely coincide. Thus, for accurate projections of future glacial melt rates the complex interplay between
winds, sea ice, and remote circulations in DSW formation must be further investigated.
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