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Abstract22

We provide a detailed description of the spatial distribution, seasonality and transformation23

of the main water masses within MacKenzie Polynya (MP) in Prydz Bay, East Antarctica,24

using data from instrumented southern elephant seals. Dense Shelf Water (DSW) formation25

in MP shows large spatial variability that is related to the (i) local bathymetry, (ii) water26

column preconditioning from the presence/absence of different water masses, and (iii) prox-27

imity to the Amery Ice Shelf meltwater outflow. MP exhibits sustained sea ice production28

and brine rejection (thus, salinity increase) from April to October. However, new DSW29

is only formed from June onward, when the mixed layer deepens and convection is strong30

enough to break the stratification set by Antarctic Surface Water above and Ice Shelf Water31

below. We found no evidence of DSW export from MP to Darnley polynya, as previously32

suggested. Rather, our observations suggest some DSW formed in Darnley Polynya may33

drain towards the western Prydz Bay. Then, DSW is exported offshore from Prydz Bay34

through the Prydz Channel. The interplay between sea ice formation, meltwater input, and35

sea floor topography is likely to explain why some coastal polynyas form more DSW than36

others, as well as the temporal variability in DSW formation within a particular polynya.37

Plain Language Summary38

Coastal polynyas are regions of open water surrounded by sea ice. They form when39

strong winds from the Antarctic continent push newly-formed sea ice away from the coast,40

as rapidly as it forms. Polynyas are therefore important sea ice factories. When sea ice41

forms, salt is released into the water below, increasing its salinity and density. The densest42

water in the World Ocean can be traced back to a few coastal polynyas along the Antarctic43

continent. This dense water formed in polynyas supplies the deep limb of a network of44

ocean currents that influences climate on global scales. Despite their importance, coastal45

polynyas remain poorly understood as they are difficult to reach and observe. Using data46

collected by instrumented elephant seals, we investigated seasonal changes in the MacKenzie47

Polynya in Prydz Bay, East Antarctica. Our study shows that dense water production is48

regulated by a complex interplay between three factors: strength of sea ice formation, the49

input of meltwater from ice shelves, and steering of the flow by sea floor topography. These50

new observations collected by seals contribute to a better understanding of dense water51

formation and the vulnerability of the global overturning circulation to future change.52

1 Introduction53

Coastal polynyas are regions of open water or low ice concentration where the ocean54

is directly exposed to the cold atmosphere. Persistent wind-driven sea ice export and heat55

loss in coastal polynyas results in continuous sea ice formation and brine rejection in winter.56

The cooling and salinification of the waters within polynyas during sea ice formation drive57

strong buoyancy loss and the formation of Dense Shelf Water (DSW), which is the precursor58

to Antarctic Bottom Water (AABW). AABW, the densest water mass in the ocean, is59

formed around Antarctica and transports cold, saline water to lower latitudes, ventilating60

the ocean abyss (Orsi et al., 2002; Foster & Carmack, 1976). Understanding the dynamics61

of coastal polynyas is critical to quantifying the sensitivity of AABW to changes in forcing62

and the future behavior of the deep overturning circulation. East Antarctic coastal polynyas63

also regulate the transport of ocean heat to the floating ice shelves fringing the Antarctic64

continent (Silvano et al., 2016). Export of DSW requires a compensating inflow of water65

from the open ocean (Morrison et al., 2020), which might increase heat supply to the66

continental shelf. On the other hand, strong air-sea heat loss in polynyas can remove heat67

from the ocean before it reaches the ice shelves. Previous studies have investigated seasonal68

and regional differences in the distribution of water masses in Antarctic polynyas from69

observations (Narayanan et al., 2019; Amblas & Dowdeswell, 2018). However, given the70

–2–



manuscript submitted to JGR: Oceans

limited number of observations at these high latitudes, the influence of polynyas on AABW71

formation remains poorly understood.72

Prydz Bay is a deep embayment along the East Antarctic coast (Figure 1). It is73

downstream from the Lambert Glacier - Amery Ice Shelf drainage system, which drains74

≈16% of the East Antarctic Ice Sheet (Fricker et al., 2000). On the eastern side of the bay,75

the seafloor shoals to depths of 200 m at the Four Ladies Bank (FLB in Figure 1) (O’Brien76

et al., 2004). On the western side of Prydz Bay, the Amery Depression is linked to the shelf77

break by the Prydz Channel, which is around 100 km wide, and its depth ranges from 70078

m at its inshore end to ≈500 m at the shelf break.79

Figure 1. The Prydz Bay region and its main features. The four polynyas in and around the

bay are delimited with brown contours, and they are from east to west: Barrier, Davis, MacKen-

zie and Darnley. The cyclonic gyre, centered on the Amery Depression and Prydz Channel, is

shown with a dashed black line. The blue dotted contours define the approximate mean posi-

tion of the most important fast ice structures within Prydz Bay as shown by satellite imaging

(https://worldview.earthdata.nasa.gov/).

The ocean circulation in Prydz Bay consists of a large cyclonic gyre, centered in the80

Amery Depression (Nunes Vaz & Lennon, 1996; Smith et al., 1984). The gyre is associated81

with a relatively narrow coastal current that brings modified Circumpolar Deep Water82

(mCDW) from the eastern flank of the bay to the eastern Amery Ice Shelf calving front.83

The flow strengthens along the western side of Prydz Bay, with speeds exceeding 1 m s−1
84

(Nunes Vaz & Lennon, 1996) and continues westward after leaving the bay. Around April, at85

the beginning of the austral winter, mCDW enters the Amery ice shelf cavity, causing basal86

melt of up to 2 m yr−1 as computed from observations during 2001 (Herraiz-Borreguero et87

al., 2015). Baroclinic eddies, which are formed during winter deep convection (down to 110088

m), also drive inflow of DSW formed in Mackenzie polynya (MP) into the ice shelf cavity89

(Herraiz-Borreguero et al., 2016). DSW is observed in front of the ice shelf calving front in90
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the summer months, beneath the summer mixed layer and the Ice Shelf Water (ISW) plume91

(when present). Due to the pressure dependence of the seawater freezing point, this DSW92

is warmer than the local in situ freezing point at depth and is therefore able to melt the93

basal surface of the ice shelf. (Herraiz-Borreguero et al., 2016; Silvano et al., 2016).94

The presence of three polynyas within Prydz Bay (Barrier, Davis and MacKenzie from95

east to west), suggests this region may be important for sea ice and DSW formation in East96

Antarctica. Moreover, Cape Darnley polynya, located due west of Prydz Bay, is one of the97

most active regional polynyas in terms of sea ice production (Tamura et al., 2008, 2016) and98

DSW formation (Ohshima et al., 2013; Aoki, Yamazaki, et al., 2020). Cape Darnley receives99

the westward coastal current after it leaves Prydz Bay (Nunes Vaz & Lennon, 1996) with an100

associated water-mass exchange between them. Previous studies have described the water-101

mass distribution and the role that ISW and mCDW play in controlling the formation rates102

and thermohaline properties of DSW within Prydz Bay (Herraiz-Borreguero et al., 2015,103

2016; Guo et al., 2019; Williams et al., 2016; A. P. S. Wong et al., 1998; W. Liu et al., 2018;104

Sabu et al., 2021). However, little attention has been paid to the water-mass distribution,105

properties and transformation within a particular polynya in relation to its bathymetry and106

hydrographic characteristics.107

MP, the polynya best sampled by instrumented southern elephant seals (Mirounga leon-108

ina) within Prydz Bay (Williams et al., 2016), occurs on the western flank of the Amery109

calving front between April and October. It is responsible for an average cumulative an-110

nual sea ice production of 68.2 km3 (over an average area of 3.9x103 km2) (Tamura et al.,111

2008), which makes it one of the ten highest ice-production polynyas in the Southern Ocean112

(Tamura et al., 2016; Nakata et al., 2021). Our study builds on previous studies of the113

role of polynyas in DSW formation within and around Prydz Bay (Williams et al., 2016;114

Herraiz-Borreguero et al., 2016; Ohshima et al., 2013) and in particular within MP (Xu115

et al., 2017). Here, we are interested in the seasonal transformation of the water masses116

within the MP. We document in detail the spatial variability of water-mass properties and117

highlight the influence of bathymetry on the water-mass distribution and DSW formation118

in MP. The main pathways of DSW export from Prydz Bay are also discussed.119

The unprecedented detail provided by seal-observed oceanographic data (McMahon et120

al., 2021) in MP provides new insights into the governing processes in a coastal polynya121

that is influenced by both strong sea ice formation and high input of glacial meltwater. The122

MP may illustrate how other coastal polynyas will respond to the future increase of fresh123

meltwater input in response to a changing climate. Our study therefore has implications for124

the design of sampling programs investigating water mass transformation and its sensitivity125

to change. The knowledge of physiographic features that favor (or inhibit) DSW formation126

can be used to target key regions and optimize sampling efforts, including the use of novel127

autonomous devices (Gwyther et al., 2020; Aoki, Ono, et al., 2020).128

This paper is organized as follows: in section 2, we introduce and describe the main129

water masses in Prydz Bay. Section 3 describes the data used, the methods of polynya130

identification and the computation of sea ice production (SIP). In section 4, we present the131

main results, including the seasonal transformation of water-masses, their distribution, and132

their spatial variability with a special focus on DSW formation and export pathways within133

MP. Finally, in section 5, we provide an overview of our results, and we discuss our main134

findings and how they compare with previous studies.135

2 Water masses in Prydz Bay136

Three water masses have been reported to be important within Prydz Bay: mCDW,137

DSW, and ISW (Smith et al., 1984; Orsi & Wiederwohl, 2009; Whitworth et al., 1998).138

The Antarctic Surface water (AASW), also described in this region (Whitworth et al., 1998;139

A. P. S. Wong et al., 1998; Orsi & Wiederwohl, 2009) has received less attention in the140
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literature but, since it is ubiquitous in summer and still present in early winter, we found it141

to be important for seasonal water-mass transformation.142

CDW is the warmest subsurface water mass offshore from the Antarctic continental143

shelf. When CDW intrudes onto the continental shelf, it undergoes strong mixing with the144

winter water above and across the Antarctic slope front (Whitworth et al., 1998; Orsi &145

Wiederwohl, 2009). The resulting water mass found on the shelf in some areas is much146

fresher and colder than its offshore source, and it is named modified (m)CDW (Foster &147

Carmack, 1976). Typically, mCDW is defined by a neutral density between 28.0 and 28.27148

kg m−3 and θ more than 0.1◦C above the surface freezing point (Table 1).149

AASW is a water mass of variable thickness that sits above the permanent pycnocline.150

Because of its location at the air-sea-ice interface, AASW is the most variable in properties151

of all Antarctic water masses. It undergoes strong seasonal transformation due to air-sea152

fluxes, so AASW temperature and salinity experience large fluctuations: AASW salinity153

ranges from less than 33 to about 34.5, and its temperature ranges from the surface freezing154

point to more than -1◦C. Winter buoyancy loss progressively transforms the warm and fresh155

AASW into a colder and saltier, hence denser, water mass that has been defined by some156

authors as Winter Water (Whitworth et al., 1998; A. P. S. Wong et al., 1998). However,157

for simplicity, in this study, we will not differentiate between the Winter Water (remnant158

of previous winter) and the warmer and fresher Summer Surface Water (A. P. S. Wong et159

al., 1998), and we will refer to both types as AASW (as in Sabu et al. (2021)). In coastal160

polynyas with sufficient sea ice formation, the resulting winter convection and mixed layer161

deepening mixes the AASW with the underlying water masses to eventually form DSW162

(Baines et al., 1998).163

DSW, formed in coastal polynyas, is the densest water mass on the Antarctic continental164

shelf (Rintoul, 1998; Gordon & Tchernia, 1972; Herraiz-Borreguero et al., 2016) and is165

defined over a narrow T-S range (Table 1). DSW forms when winter cooling and salinification166

during sea ice formation drives strong convection over the water column. With sufficient167

negative buoyancy and an export pathway across the shelf break, DSW mixes down the168

continental slope with ambient water masses to produce AABW (Ohshima et al., 2013).169

Modified Shelf Water (mSW) is defined as water denser than γ=28.27 kg m−3, warmer170

than DSW and whose temperature falls below -1.7°C (Orsi & Wiederwohl, 2009; Foster171

& Carmack, 1976). mSW can be found (i) on the continental slope, formed when the172

overflowing DSW meets the ambient slope water (mainly mCDW) or (ii) on the shelf from173

mixing between the ambient DSW and inflowing mCDW. In both cases, mSW is the result of174

mixing between mCDW and DSW and shows T-S characteristics intermediate between these175

water masses. The mSW found on the slope is considered to be the precursor of AABW176

(Orsi & Wiederwohl, 2009; Foster & Carmack, 1976; Ohshima et al., 2013; Williams et al.,177

2008).178

ISW, defined by a potential temperature below the surface freezing point (Table 1), is179

the coldest water mass in Prydz Bay. To avoid confusion between ISW and super-cooled180

water near the sea surface (Haumann et al., 2020), we define ISW to be water cooler than the181

surface freezing point and deeper than 100 m depth. After visually exploring the available182

data, the threshold of 100 m depth was made because no ISW was ever found in the upper183

100 m of the water column, and conversely super-cooled surface waters were not found184

deeper than this depth. ISW forms when the deepest water mass on the shelf (DSW or185

mCDW) accesses the ice-shelf cavity and produces glacial meltwater through basal ice shelf186

melt. We refer to ISW as the mixture of glacial meltwater and ambient seawater with187

temperature below the surface freezing point. This meltwater is positively buoyant due to188

its low salinity, so it ascends and mixes until it reaches a level of neutral buoyancy, above189

or within the layer of its source water mass. The resulting mixture is defined as ISW if190

its temperature is colder than the surface freezing point (Herraiz-Borreguero et al., 2016;191

C. Liu et al., 2018; Bindoff et al., 2001).192

–5–



manuscript submitted to JGR: Oceans

Table 1. Water-mass classification based on Herraiz-Borreguero et al. (2016, 2015); Williams et

al. (2016) and Orsi and Wiederwohl (2009).

Water mass Salinity Potential temperature Neutral density

AASW S < 34.4 θ > Tf γ < 28
mCDW - θ > Tf + 0.1 28 < γ < 28.27
ISW - θ < Tf − 0.05 -
DSW S > 34.5 Tf − 0.05 < θ < Tf + 0.1 γ > 28.27
mSW - Tf + 0.1 < θ < −1.7 γ > 28.27

∗Tf : surface freezing point.

3 Methods193

3.1 Data194

In this study, we have used vertical temperature-salinity profiles collected by south-195

ern elephant seals instrumented with Conductivity-Temperature-Depth Satellite-Relay Data196

Loggers (CTD-SRDLs) during their annual post-moult foraging trips. Elephant seals have197

been very effective Southern Ocean samplers (Roquet et al., 2014), particularly in providing198

almost all the available data within polynyas during winter (Labrousse et al., 2018; Mal-199

press et al., 2017). The profile data were retrieved from the Marine Mammals Exploring the200

Oceans Pole to Pole (MEOP) database (http://www.meop.net/), which is a comprehensive201

quality-controlled database (Roquet et al., 2014).202

Multiple seals sampled Prydz Bay between 2009 and 2017 but, within the MP, there203

are no data before 2011, and most of the sampling was carried out between 2011 and 2013.204

The time series of data collected by each seal within the MP over the whole period is shown205

in Figure 2. The longest periods are observed in 2012 and 2013, the latter sampling being206

carried out by one individual seal between March and October. However, in 2011 we have207

the benefit of different seals sampling simultaneously within the MP between April and208

June. This simultaneous sampling in 2011 allows the spatial variability inside the polynya209

to be described, while the sampling in 2013 by a single seal in a very restricted location210

allowed for a detailed look at the seasonal evolution of DSW.211

Figure 2. Number of seal profiles per day in MP between 2011 and 2017.
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The bathymetry of Prydz Bay was obtained from Schaffer et al. (2019), (https://doi.org/212

10.1594/PANGAEA.905295). The monthly sea-ice concentration dataset estimated from213

SSM/I was used to identify the polynya boundaries at a resolution of 12.5 km. It was ob-214

tained from ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/psi-concentration/data/.215

3.2 Polynya identification216

We identified polynyas using a combination of dynamic sea-ice concentration and static217

bathymetric data. First, Prydz Bay was divided into coarse-scale polygons, each one con-218

taining one polynya as based on previous descriptions in the literature (Arrigo & van Dijken,219

2003; Labrousse et al., 2018; Tamura et al., 2016; Amblas & Dowdeswell, 2018). After this220

first identification, two criteria were used to define the area of each polynya and to assign221

seal CTD profiles to them. In winter (from April to October), monthly sea-ice concentration222

contours of 75% within each polygon were selected, and all data inside those contours were223

assigned to belong to the given polynya. The criterion of 75% was visually examined and224

compared with lower values of sea ice concentration (at 5% intervals from 60% to 75%),225

but the shape and extent of the polynya showed little variation. In order to include more226

data in our analyses and following Massom et al. (1998) and Xu et al. (2017), the 75%227

threshold was used. With this method, polynya surface area changes monthly. In summer228

(from November to March), when most of the region is indeed ice-free, we assigned CTD229

profiles that were located within the 75% contours of mean sea-ice concentration between230

April and October of the preceding winter. To avoid including data off the continental shelf,231

the contours are further constrained by the continental slope (defined by depths > 1500 m).232

3.3 Sea Ice Production (SIP)233

In coastal polynyas, SIP is directly related to the formation and evolution of DSW. The234

surface layer salinifies quickly due to ocean heat loss and subsequent brine rejection during235

the sea ice formation season. The increase in salinity, and so density, drives convection236

and mixing with the underlying water masses, ultimately forming DSW. Therefore, the237

computation of the SIP provides insight on a key mechanism for the seasonal water mass238

transformation inside polynyas. In this study, the sea ice formation rate (Vi) has been239

computed based on the method of Charrassin et al. (2008). To minimise aliasing of spatial240

variability, we used data from an individual seal that sampled in a restricted location during241

2013 between times t1 and t2 during the ice formation season. This method estimates SIP242

from the increase in salinity between t1 and t2.243

Vi =
ρ0(Vt1St1 − Vt2St2)

ρiSi
(1)

where ρ0 = 1027 kg m−3 is a reference density of seawater, ρi = 920 kg m−3 is the sea244

ice density, Si = 10 is the salinity of the sea ice formed, Vt1 is the initial volume of water245

at time t1, with salinity St1 ; and Vt2 = Vt1– Vi is the volume of seawater at time t2, with246

salinity St2 .247

Here we calculate the mean salinity over the first 300 m of the water column. This248

depth was chosen as an ’ad hoc’ criterion for the particular small region in the western MP249

sampled by the single seal in 2013. This choice represents a compromise between having250

a sufficient number of CTD profiles reaching this depth (300 m) and considering a thick251

enough layer to have a representative quantity. Moreover, in 2013, the bottom of the dive252

also reached ≈ 300 m on average, and from June, full convection to this depth is achieved.253

This method has been used in a number of studies (Labrousse et al., 2018; Williams254

et al., 2011) but it has three main shortcomings: (i) it neglects the contribution of lateral255

advection and precipitation to the salinity change, (ii) the fixed depth over which the mean256

salinity increase is computed can result in underestimation of SIP when convection exceeds257
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300 m depth, and (iii) it does not account for the spatio-temporal variability of the salinity258

sampling by the seals. To minimize the effect of these limitations, we restrict the compu-259

tation of SIP to profiles collected by a single seal in the western part of the MacKenzie260

Polynya during 2013. Here, little mCDW or ISW reaches the shallower bathymetry (see261

below), reducing the impact of lateral advection, and the small region sampled by this seal262

reduces the impact of variable spatial sampling on the salinity budget and SIP computation.263

Comparison between seal-derived and satellite-derived SIP have been previously performed264

by Tamura et al. (2016) during 2013. These authors found good agreement between these265

two datasets both in total magnitude (difference within 20%) and monthly variability.266

In MP, the inflow of mCDW is limited (Herraiz-Borreguero et al., 2015; Williams et267

al., 2016; Xu et al., 2017; C. Liu et al., 2018), and therefore its contribution to changes in268

the salinity budget is likely to be small. In contrast, the inflow of ISW might be significant269

(Herraiz-Borreguero et al., 2015; Williams et al., 2016; Xu et al., 2017) which might result270

in a non-negligible contribution of advection to the SIP. To provide further insight on the271

uncertainties associated with the choices made in the SIP computations, Figure S1 (supple-272

mentary information) shows the SIP computed over the first 100 m of the water column and273

without the influence of ISW. Despite the role of advection, which we cannot quantify, when274

the seals sample in a single location (analogous to a mooring), we assume that the main275

contribution to the salinity changes is the seasonal evolution of the water masses, mainly276

driven by SIP. In this study, over the sampling period, convection episodically reached the277

seafloor when it was deeper than 300 m, so the SIP rate could be underestimated.278

4 Results279

4.1 Seasonal water-mass variability280

Here we describe the seasonality of the main water masses within Prydz Bay from281

three perspectives. First, we provide an overview of the horizontal distribution of the water282

masses across the whole of Prydz Bay, providing regional context for the MP. Second, we283

focus on the MP and describe the seasonality of (i) its T-S features and (ii) the vertical284

distribution of the main water masses. Due to sampling limitations, interannual variability285

is not specifically addressed in this study, although some qualitative comparisons can be286

made between 2011 and 2013, the three years with the longest time series. In this section287

we use a different color palette to represent each water mass. This allows us to illustrate288

their spatial and temporal distribution as well as the seasonal evolution of the salinity of289

each water mass.290

4.1.1 Horizontal distribution291

The horizontal distribution of the four main water masses in Prydz Bay between March292

and October is shown in Figure 3. The periods were grouped in order to have a representative293

amount of data in each plot over months with similar characteristics. Only the maximum294

salinity per profile for each water mass is shown in Figure 3.295

mCDW (Figure 3a-e) extends over most of Prydz Bay in late summer (March). The296

exceptions are the MacKenzie and Barrier polynyas, where its presence is limited over this297

period and negligible the rest of the year (the area sampled also decreases during the year, as298

the ice cover increases and the seals retreat from the ice-covered regions). In May, mCDW299

is no longer observed within Cape Darnley, and in winter (June-July), only a few profiles300

with relatively cold mCDW (not shown) are found near the edge of the Cape Darnley301

polynya. In contrast, mCDW is always present offshore and shows little apparent seasonal302

variability. The sporadic presence of mCDW on the shelf may reflect: (i) seasonal variability303

in the mCDW inflow, (ii) the lack of observations in the ice-covered region and, (iii) winter304

transformation of mCDW as it crosses the shelf and in polynyas. The overflow of DSW305

down the continental slope in winter may be compensated by inflow of mCDW onto the306
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Figure 3. Seasonal distribution of the main water masses in the Prydz Bay region. (a-e) mCDW,

with green diamonds highlighting mSW, (f-j) AASW, (k-o) ISW, and (p-t) DSW. The temporal

evolution is March (first column), April (second column), May (third column), June-July (fourth

column) and August-October (last column). The plots comprise years from 2009 to 2017 and, in

order to minimise overplotting, only the maximum salinity per profile for each water mass is plotted.

The water mass definition used here follows Table 1. The brown contours show the polynya area

as the 2009-2017 climatological mean for each month.

shelf (Morrison et al., 2020) that does not appear in the seal observations because the seal307

avoid regions with heavy ice cover. This could explain the occasional occurrence of mCDW308

observed on the continental shelf in June-October.The salinity of mCDW is maximum at309

the slope and in the open ocean, and it decreases strongly over the shelf, consistent with310

observations from Williams et al. (2016).311

mSW, a water mass warmer than DSW but denser (therefore saltier) than mCDW, is312

highlighted by green diamonds in Figure 3 (a-e). This water mass represents the mixing313

between the salty DSW and the warm mCDW (Orsi & Wiederwohl, 2009) and is a precursor314

for AABW when found on the continental slope (Mizuta et al., 2021; Ohshima et al., 2013).315

AABW only exists in the open ocean, where it is too deep to be sampled by the seals, but316

the presence of mSW on the slope highlights the pathways of DSW exported from the Prydz317

Bay and Cape Darnley polynyas. mSW is also observed in eastern Prydz Bay in late summer318

(Figure 3a) and between Darnley and Mackenzie polynyas in August-October (Figure 3e).319

In those cases, the presence of mSW indicates locations where DSW encounters inflowing320

mCDW on the shelf and therefore also provides information about the export pathway of321

DSW formed in the Prydz Bay polynyas.322
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AASW (Figure 3 f-j) has a similar distribution to that of mCDW, with the key difference323

that it is also present in Mackenzie and Barrier polynyas between March and May. The324

relatively warm and fresh properties of AASW are reduced over time due to atmospheric325

cooling, brine rejection, and convective winter mixing. In contrast to mCDW, AASW326

salinity does not show a clear cross-shelf gradient, but it tends to be fresher in the MP327

region.328

ISW (Figure 3 k-o) is widespread along the ice shelf calving front in late summer329

(March-April) (Figure 3 k-l). Its salinity ranges from 34.4 to 34.55, and the freshest type330

of ISW is found within the Barrier Polynya. The spatial extent of ISW is largest in April331

(Figure 3l) when it extends north to the eastern flank of the Darnley polynya. During332

winter, ISW is only found near the western side of the Amery ice shelf, mainly within the333

MP. This is related to the location of the main meltwater outflow (Herraiz-Borreguero et al.,334

2016, 2015; Williams et al., 2016). While seals did not sample along the eastern edge of the335

calving front in winter, previous studies with moorings in this region have shown that ISW336

is absent between April and August but sporadically observed from August to December337

(Herraiz-Borreguero et al., 2016). By August-October, ISW is absent from inshore regions,338

except for a small remnant in Barrier Polynya (Figure 3o).339

DSW (Figure 3p-t) extends over the whole Prydz Bay-Cape Darnley shelf region in340

March. The salinity of DSW declines in April and reaches a minimum in May, when only341

the freshest type of DSW (salinity≈34.5-34.65) is observed. In June and July, DSW is also342

ubiquitous inside polynyas, with the maximum salinity (≈ 34.8) found in Cape Darnley. By343

late winter (August - October) DSW is the dominant water mass on the shelf, with a salinity344

>34.7 over the sampled region that includes Barrier Polynya and western Prydz Bay.345

The largest seasonal variations in DSW salinity are observed within the MP: the freshest346

DSW is observed between April and May, followed by a salinity increase from June to347

October. The seasonality of DSW in Cape Darnley is difficult to assess with the current348

data set, as different areas are not sampled in the same seasons. The western edge of the349

Cape Darnley polynya, near the coast, shows very saline DSW whenever it is sampled (in350

March and in June-July) relative to the rest of the Cape Darnley polynya. This may reflect351

the fact that polynyas near the coast experience the strongest katabatic wind forcing, and352

open water persists for a longer period. During the rest of the year, this region is not353

sampled by the seals, and DSW salinity in the remainder of the Cape Darnley polynya is354

similar to that observed in MP.355

4.1.2 Seasonal T-S features within Mackenzie Polynya356

The T-S water properties in Figure 4 highlight the seasonal evolution of the water357

masses within the MP. The first feature that stands out is the strong water-mass transfor-358

mation that takes place in the MP from March to October. MP is particularly well sampled359

during this period, so the data spread in T-S space mostly reflects the water-mass variability360

and the spatial variability inside the polynya, rather than data availability.361

In March (Figure 4 left column (a,f,k,p)), the waters found in the MP range between -2.1362

◦C and 0.5 ◦C in temperature and between 33.5 and 34.6 in salinity. From April onward, the363

upper water masses (notably AASW) undergo progressive salinification and cooling, with364

the temperature approaching the surface freezing point (horizontal black line in Figure 4).365

Both AASW and mCDW are completely transformed, or no longer observed, by June.366

The T-S features of the ISW are quite stable. This suggests that this water mass does367

not experience substantial mixing until August, when deep convection reaches deep enough368

to erode the ISW signal (Herraiz-Borreguero et al., 2016). The final product of this seasonal369

evolution (cooling and brine rejection) and intense winter mixing in MP is DSW formation370

and its progressive densification. However, DSW is present at depth in MP throughout the371
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Figure 4. Seasonal T-S diagrams within the MP. The major water masses are highlighted in

each row (a-e) mCDW, (f-j) AASW, (k-o) ISW and (p-t) DSW. The gray dots show all the data

samples; colours (for depth) are confined to each specific water mass. The temporal evolution

follows Figure 3 as March (first column), April (second column), May (third column), June-July

(Fourth column) and August-October (last column). The thin contours represent the potential

density, and the thick contours show the isolines of neutral density defining mCDW (28< γ <28.27

kg m −1). The nearly horizontal black line shows the surface freezing point. The plots comprise all

data from 2009 to 2017.

year. DSW salinity decreases from March until May, when it is found in the deepest levels372

and it salinifies progressively through the winter (Figure 4p-t).373

4.1.3 Vertical distribution and transformation of water masses374

The temporal evolution of vertical profiles within the MP (Figure 5) sheds additional375

light on the role of the different water masses in setting the stratification of the water column376

and their influence on the formation and evolution of DSW. To illustrate the position and377

variability of each water mass in relation to depth and time, Figure 5 shows each water378

mass with a different color palette. To avoid overplotting, we have used the daily average of379

all data available each year within the MP. This means extreme events might be smoothed380

and that we are not accounting here for the spatial variability inside the MP, which will be381

accounted for in the next section.382

Although the length of the available seal records differs between 2011, 2012 and 2013383

(the best sampled years), the structure of the water column is quite consistent between the384

end of March and mid June over the three years, which suggests that the seasonal variability385

is larger than the interannual variability in MP. However, the timing of key events like the386

beginning of full convection and thus, deepening of the mixed layer, differs slightly between387

years. Full convection begins around mid-June in 2012 (Figure 5c). In 2013 an isolated388

episode of full convection occurs towards the end of May when DSW is detected (Figure 5e)389
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Figure 5. (a,c,e) Time series showing the vertical distribution of water column salinity in MP

for the three best sampled years a) 2011, c) 2012 and d) 2013. For clarity, each water mass is

shown with a different color palette. Grey dots represent the transitional water masses before the

minimum DSW salinity is reached at a temperature near the freezing point (sometimes defined

as Low Salinity Shelf Water (LSSW) (Gordon & Tchernia, 1972)). The bathymetry is shaded in

grey and shows the value obtained from the deepest profile among those within the daily average.

The yellow dots represent the mixed layer depth as computed with a ∆σ criterion of 0.03 kg m
−3. (b, d, f) T-S diagram for MP that corresponds with panels (a, c and e) with the color palette

indicating the day of the year for each water mass. The thicker black lines represent the neutral

density surfaces delimiting mCDW as in Figure 4.

but after this, full convection is not achieved again until the end of June. Even though the390

record for 2011 is shorter than for other years, we also see the beginning of full convection in391

mid-June (Figure 5a). Note that Figure 5 represents an average of all measurements taken392

on the same day. This means that extreme events might be smoothed and that we are not393

accounting for spatial variability inside MP. The differences between the three years may394

also reflect differences in spatial sampling as discussed below. Results obtained by using395

every individual profile are very similar to the ones shown here.396

The mixed layer depth (MLD) (yellow dots in Figure 5a, c, e) is very shallow in March397

(< 50 m) when the strong stratification is set by the presence of fresh AASW at the surface398

with a salinity <34. AASW cools and salinifies with time as the result of atmospheric399

cooling, brine rejection, and mixing with the underlying waters as the mixed layer deepens.400

In May, the mixed layer base lies at the interface of AASW and ISW. Between March and401

the beginning of June, DSW is found in the bottom layer. This is a relatively fresh variety of402

DSW that is likely a remnant of DSW formed during the previous winter. As seen in Figure403

4(p,q,r), the DSW in MP freshens from March to May, which suggests that this remnant404

DSW might be eroded via mixing with the overlying mCDW or ISW.405

Around early/mid June (depending on the year), convection extends to the sea floor,406

and newly-formed DSW is observed over the full water column. Full-depth convection and407

progressive salinification of the entire water column is observed until early October in 2012408
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(the end of the longest time series). mCDW is only observed in March-April of 2013, when409

it is directly below the mixed layer, and is mixed away when convection begins. This is in410

line with the horizontal distribution of the mCDW described in Figure 3.411

The T-S diagrams in Figure 5 (b,d,f) show the temporal evolution of each water mass412

and illustrate their transformation. DSW formation entails the transformation of several413

water masses that converge towards DSW properties. First, AASW cools due to heat loss414

to the atmosphere and salinifies due to brine rejection during sea-ice formation. Once the415

AASW density reaches that of ISW, they mix together. The transitional waters, near the416

surface freezing point but with salinity lower than 34.5, are shown in grey dots in Figure417

5. In the literature, these waters have sometimes been referred to as Low Salinity Shelf418

Water (LSSW) (Nunes Vaz & Lennon, 1996; Orsi & Wiederwohl, 2009). Continued sea419

ice formation and associated brine rejection, and convective mixing increases the salinity of420

the water column to form DSW (salinity > 34.5). These processes progressively increase421

DSW salinity until October. Due to the lack of data after this period, it is not possible422

to determine when DSW formation stops, or when the maximum DSW salinity is reached423

in MP. However, satellite images and several studies ((Tamura et al., 2016; Nihashi &424

Ohshima, 2015; Xu et al., 2017)) suggest that October marks the end of the freezing period.425

At some point between mid-October and March, summer warming and freshening from sea426

ice melt acts to re-form a buoyant AASW surface layer. The AASW re-establishes strong427

stratification in the upper ocean at the start of the following warming season and isolates428

remnant DSW from the atmosphere.429

4.2 Spatial variability within MacKenzie Polynya430

Besides the seasonal evolution of the different water masses in MP, we are also inter-431

ested in the spatial variability inside the polynya. Despite the unpredictable nature of seal432

sampling, we were able to compare water properties sampled by two different seals (seal433

19062 and seal 19818) in two different areas within the MP between April and June of 2011.434

Figure 6 shows the sampling by seal 19062 mainly in the western part of MP, near the435

coast (Figure 6d). This seal first travels from east to west and reaches the western side of436

MP around day 110 (mid April). Then, it stays within this region until the end of June437

(time series end). The bathymetry in this region (grey shading in Figure 6a, b) shows a438

fairly constant depth of ≈300 m from day 110 (mid April) over the whole period. This439

relatively shallow depth is one of the main particularities of this western region, and it plays440

a key role in the water mass distribution and transformation.441

Once the seal reaches the western side of MP, near the coast around day 115, full442

convection is achieved. This is evidenced by the depth of the mixed layer that reaches the443

shallow seafloor and by the homogeneous temperature and salinity over the vertical (Figure444

6b). After day 110 temperature remains approximately constant between -1.85 and -1.9445

◦C (Figure 6a, c). However, salinity increases progressively over time (Figure 6b, c). This446

densification of the water column within the shallow northwestern MP is well represented447

in the T-S plot (Figure 6c) and reveals the progressive salinification and formation of new448

DSW from around mid-June (≈day 165).449

Despite the relatively small size of the MP (between 1800 and 6000 km2 (Tamura et al.,450

2008)), we observe large spatial variability in the water-mass distribution around the same451

period of the same year. A second seal, seal 19818, offers another view of DSW formation452

in the eastern MP from April (day of year 110) onward (Figure 7). This seal first travels453

northwestward and offshore towards the eastern side of Cape Darnley polynya and then454

southward back to the eastern MP where it spends most of the time. Here, close to the455

Amery ice shelf calving front, ISW is observed below relatively warm AASW (θ < −1.6◦C),456

at depths ranging from ≈300 to 600 m depth. Its potential temperature ranges from -2.1◦C457

to ≈ -1.95◦C and its salinity from 34.4 to more than 34.5 (Figure 7, a-c). As the winter458

draws on, the mixed layer salinity increases and the MLD deepens. However, in contrast459

–13–



manuscript submitted to JGR: Oceans

Figure 6. Data in 2011 as sampled by seal 19062. (a, b) Time series of (a) potential temperature

and (b) salinity inside MP. The dashed line in panel (b) represents the daily mean salinity over

the top 300 m of the water column while the solid line is the 8-day running mean salinity. Vertical

lines in (a) and (b) highlight a period of anomalously high salinity. Black vertical lines at the top

show the daily intervals used to calculate daily salinity means over the top 300 m. (c) T-S diagram

colour-coded with day of year. (d) Map showing the bathymetry and the position of the seal

sampling colour-coded by day of year. The diamonds correspond with the periods of anomalously

high salinity in (b). The dashed brown line in (d) shows the polynya extent at the beginning of the

sampled period (April) and the solid brown line is the equivalent for the end of the period (June).

to the western MP, the stratification set at the interface of the AASW-ISW hinders full460

convection and hence DSW formation.461

As shown in this section, the spatial variability inside MP is intimately related to the462

bathymetry and its influence on the circulation and water-mass distribution in the water463

column. The shallower bathymetry of the western MP restricts inflow of ISW, which results464

in weaker stratification there. Therefore, DSW is formed more efficiently and quickly at this465

shallow location.466

In addition to the spatial variability inside MP, the sampling of seal 19818 shows other467

striking features. Events of anomalously high salinity have been highlighted between two468

successive vertical black lines in the salinity section (Figure 7b). These profiles are repre-469

sented by diamond symbols in the map (Figure 7d). The region north of MP and east of470

Darnley polynya exhibits relatively high salinity, and temperatures near the surface freez-471

ing point (i.e., LSSW/DSW) over the whole water column. It is surprising to find these472

properties outside of the active polynyas, where the saltiest DSW is produced. Possible ex-473

planations include: (i) local convection during brief periods when strong winds remove sea474

ice from the region (X. Wang et al., 2021), (ii) DSW formed in MP and exported through475

this region towards the open ocean, and (iii) advection of relatively salty and cold water476

formed in a different location.477
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Figure 7. Same presentation as Figure 6 but for seal 19818 sampling between April and June

in 2011. The axes are the same for both figures in order to facilitate the spatial and temporal

comparison.

The first hypothesis would explain the episodic salinity increase and the appearance478

of salty water outside of MP; however, it would be accompanied by an increase of salinity479

within the polynya too. Exploratory analyses from wind data, showed no correlation between480

wind velocity and the mentioned features (not shown). Further analysis of MODIS sea481

ice imagery (corrected reflectance, https://worldview.earthdata.nasa.gov) shows that the482

region of high-salinity profiles is almost completely ice-covered before and after the time of483

the measurements (Figure S2). Episodic convection is unlikely in a sea-ice covered region.484

Unfortunately, there is a data gap between May and August 2011 that prevents a more485

definitive assessment of this hypothesis.486

To shed more light on the possible origin and pathways of this anomalous high salinity487

water (i.e., LSSW) and test the second and third hypotheses, we compared seal profiles488

collected between days 125 and 148 in three different regions: the shallow western region489

of MP, the region of high salinity north of MP, and the northern edge of Darnley polynya490

(Figure 8). This period spans the dates when one of these episodes is observed (≈ days491

137-148, Figure 7b).492

The salinity and T-S properties at the three locations show distinct features. In the493

shallow western region of MP, full convection and progressive salinification is observed.494

However, at this early stage, DSW salinity is not yet achieved and the saltiest water observed495

is LSSW. Figure 6 shows DSW observed later in the year. The high salinity event observed496

further north is therefore unlikely to originate from MP as, at the same time of year, water497

inside MP (Figure 8a) is significantly fresher (maximum of ≈34.43, Figure 8b) than water498

found north of MP (≈34.5) (Figure 8c, f).499

Data collected within the MP prior to the high salinity event (grey lines and dots500

in Figure 8e, f) also show fresh waters with strong influence of ISW and absence of full501

convection. This provides further evidence that the high salinity water found further north502
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Figure 8. The evolution of the temperature and salinity properties in three regions to provide

more insight into the origin of the anomalous high salinity water. (a, d, g) Location, (b, e, h)

salinity profiles and (c, f, i) temperature-salinity diagrams between days of the year 125 and 148 in

three different regions: the shallow area in southwest MP (a-c), the area of anomalous high salinity

to the north of MP shown in Figure 7 and (d-f) in the northeastern edge of Darnley polynya (g-i).

The grey dots in panels (d-f) show the water-mass properties before the period represented in color,

to help compare conditions inside and outside the MP.

is not sourced from MP. On the other hand, salinity at the edge of Darnley polynya is by day503

130 already almost as high as the high salinity events observed west to the Prydz Channel504

between days 135 and 148 (Figure 8h, i). While there are no data available in these two505

regions at the exact same dates, the presence of cold and relatively salty water with similar506

properties in the two locations suggests that the Darnley Polynya may be the source of the507

high salinity events observed in the Prydz Channel.508

The hypothesis raised here is then that, due to the shallow nature of the eastern Darnley509

polynya, full-depth convection and salinification of the water column occur earlier in the510

year than in MP. The high-salinity events might therefore reflect DSW formed in Darnley511

polynya that drains eastwards into Prydz Bay. Later in the year, when full convection and512

DSW formation is also achieved in MP, MP contributes DSW that is exported through Prydz513

Channel. This explanation, while hypothetical, is consistent with the available observations.514

4.3 Export pathways515

DSW formed in MP and other polynyas is exported offshore to supply AABW. However,516

due to the limited sampling in these regions, the export pathways are poorly known. In the517

absence of velocity data, we investigated whether the water properties provided any insight518

into DSW export pathways. To do so, we have split this water mass into two categories,519

based on its position in the water column: (i) DSW present in bottom layers (bottom of520

the dive DSW, Figure 9a-d) and, (ii) DSW present within the mixed layer (the maximum521

salinity of DSW within the mixed layer, (Figure 9a-d)). If DSW is present in both the522

surface and bottom layers, this is an indication that full-depth convection is underway and523

new DSW is locally formed. It has been observed that the seals often dove to (or near)524

the seafloor (Figures 5, 6, 7 and 11), so the bottom-of-the-dive salinity is usually a good525

approximation of the salinity at the bottom of the water column.526
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As can be seen in Figure 9, new DSW is mostly formed within the polynyas. When DSW527

is observed in the bottom layer but is absent in the mixed layer outside the polynyas, it could528

not have been produced by local convection and must therefore have been transported to529

that location. In other words, the presence of DSW unconnected to local convection reveals530

DSW export pathways towards the open ocean. This bottom water is mainly observed531

in late summer until May, so in addition to being exported, part of this DSW could be532

stagnating at some point and being mixed with overlaying waters over time. Such mixing533

could be enhanced by the intermittent inflow of mCDW onto the shelf (C. Liu et al., 2018).534

In polynyas, if DSW is present near the bottom and absent in the mixed layer, this suggests535

that the DSW is a remnant of DSW locally formed during the previous winter, while the536

upper water column has freshened and transformed during summer ice melting. Note that537

the polynya boundaries shown in Figure 9 are only indicative as they represent the mean538

value over the given period.539

Figure 9. (a-e) Bottom-of-the-dive salinity and (f-j) maximum salinity within the mixed layer

in Prydz Bay. Black dots represent all profiles with no DSW present. The brown contours delimit

the polynyas and the black contours represent the 500 m depth bathymetry to illustrate the Prydz

Bay channel. Red diamonds represent the mSW.

The main export pathway of DSW from the polynyas is towards the Prydz Channel, in540

agreement with (Williams et al., 2016). This is best observed from March to May before new541

DSW is formed and the saltiest bottom DSW is present (Figure 9a-b). Only in March, when542

the bay is mostly ice-free, is relatively fresh DSW also found to the east of the channel, on543

the Four Ladies Bank. This is consistent with saltier (denser) waters occupying the deepest544

layers of the water column (i.e cascading and being exported along the Prydz Channel). This545

is consistent with the presence of mSW (red diamonds), resulting from the mixing between546

DSW and mCDW, to the east of the channel and around Davis and Darnley polynyas. The547

fresher nature of bottom DSW in eastern Prydz Bay could be explained by two different548

mechanisms: (i) it might reflect the mixing of DSW with mCDW, which is fresher than the549

DSW and is ubiquitous in this region or, (ii) it could be due to the fresher nature of the550

DSW formed in the eastern Prydz Bay polynyas: Davis and Barrier (Williams et al., 2016).551

When new DSW starts forming in MP in June-July, (Figure 9g), salinity increases over the552

whole water column and the remnant DSW is no longer evident.553

Williams et al. (2016) speculated that some of the DSW formed in MP flowed from554

Prydz Channel to the Darnley Polynya, beneath the Cape Darnley ice barrier (Williams555
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et al., 2016). They hypothesized this inflow of relatively dense water might pre-condition556

the Cape Darnley polynya and boost the production of DSW there. Based on the timing557

and salinity of high salinity events observed in Prydz Channel, we conclude it is more likely558

that some DSW formed in Cape Darnley flows eastward into the Prydz Channel. DSW is559

not found at the bottom in the shallow region between the polynyas from March to May560

(see black dots in Figure 9a, b). It seems more likely that new DSW formed in the shallow561

region in the western MP in winter (June-July) drains offshore along the Prydz Channel562

(Figure 9d, h) and no DSW remains to the next winter in this shallow part of the MP.563

More complete observations of water properties, current flow and bathymetry are needed to564

conclusively resolve this issue.565

The seasonal distribution of the DSW properties has provided new insight on the likely566

DSW export pathways, as summarized in Figure 10. The main DSW export pathways567

proposed here are (i) From Prydz Bay polynyas to the Prydz Channel, (ii) from Darnley568

directly to the shelf break and further offshore, and (iii) from Darnley polynya into the Prydz569

Bay beneath or around the fast ice. While the pathways inferred here are consistent with570

the observations analysed in this and (except for (iii)) in previous studies (e.g., Williams et571

al. (2016), Ohshima et al. (2013)), they remain hypothetical until confirmed with additional572

observations.573

Figure 10. Schematic of DSW export pathways (black arrows) inferred from the seasonal prop-

erties and distribution of DSW and from previous studies (Ohshima et al., 2013; Williams et al.,

2016). The main features are indicated in the legend.

4.4 Dense Shelf Water transformation in Mackenzie Polynya574

The sampling by a single seal in 2013 (Figure 11) provides a complete time series from575

March to October in MP. This seal sampled the eastern side of the polynya in March, then576

it traveled to the western side and stayed there until October. This long record provides577
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valuable information on the time evolution of the salinity and the mixed layer at this location.578

Because the seal sampled a narrow area, the time series also allows a rough estimate of SIP579

inside MP.580

Figure 11. Time series of (a) potential temperature, (b) salinity, and (c) SIP (rate and cumula-

tive) inside MP during 2013. Mean salinity over the top 300 m of the water column and the 8-days

running mean salinity over the top 300 m of the water column are depicted by the dashed and solid

lines, respectively. (d) T-S diagram color-coded by the day of year. (e) Maps showing the relative

position of the seal sampling and the bathymetry. The brown contours show the polynya delimita-

tion. Black vertical lines at the top of a and b axes show the daily intervals used to calculate daily

salinity means over the top 300 m.

From March to mid-April (around day 100), the eastern MP is dominated by the581

presence of AASW. Very fresh waters (S<34) occupy the mixed layer, and some warm and582

relatively salty mCDW (S>34.4) is found just beneath (Figure 11a, b). This contrast in583

water properties results in strong stratification. The mixed layer depth increases from <50584

m in March (day 80) to 200 m depth 20 days later. However, the deepening of the mixed585

layer between days 80 and 100 coincides with the time when the seal moved from the eastern586

to the western side of the polynya (Figure 11e), so spatial variability may have contributed587

to the stratification change.588

In contrast to year 2011 shown in Figure 7, ISW is absent in eastern MP. This might589

be due to interannual variability of the mCDW inflow, stronger in 2013. This is consistent590

with the abrupt decrease of mCDW temperature below ≈300 m depth that might reflect the591

mixing of the inflowing mCDW with the outflowing ISW, usually observed at this location592

(Figure 7) (Herraiz-Borreguero et al., 2016; Williams et al., 2016). The rapid change in593

seal location is accompanied by a large change in the structure of the water column. In594

the western MP, the upper water column is still occupied by AASW that gets progressively595

saltier from ≈ day 110. ISW, absent at the eastern edge of MP, is now present below the596

mixed layer, between ≈250 and 600 m depth. This reveals the strong spatial variability of597

the ISW distribution along the ice shelf calving front.598

–19–



manuscript submitted to JGR: Oceans

As the winter draws on, convective mixing due to atmospheric cooling and brine rejec-599

tion progressively erodes the pycnocline. This results in mixing of ISW with water in the600

mixed layer, and in the formation and progressive densification of DSW. From the end of601

June (≈day 180), the convective mixing reaches the seafloor. MLD can reach depths of up to602

800m during this period. Abrupt changes in the bathymetry, reflecting the seal navigation603

within the MP, translate into large variations in the MLD. The sustained salinity increase604

in the western MP between April and September (Figure 11c) implies fairly continuous sea605

ice formation during this period. Towards the end of September (≈day 220) and until the606

end of October (the end of the time series) the mean salinity remains approximately con-607

stant, and the SIP estimate approaches zero (Figure 11c). To test the sensitivity of the SIP608

computation to the reference depth and to the presence of ISW, we have performed a test of609

SIP using a different criterion (Figure S1). SIP with a reference depth for mean salinity of610

100 m provides similar relative values but with lower daily rates. However, in this particular611

region and year, 300 m approximates the average depth of the mixed layer once convection612

is achieved. In most of the sampling period, the bottom-of-the-dive depth reaches around613

300 m. In contrast, the 100 m reference will only suit the first part of the sampling period614

(until the beginning of April), when sea ice formation just started.615

To illustrate the seasonal evolution of the DSW properties within the MP between 2011616

and 2013, we have computed the maximum salinity of the DSW (when present) over the617

whole water column and the corresponding temperature (Figure 12). This means that the618

depth range of the DSW varies seasonally: in winter, DSW will be found within the mixed619

layer, where its salinity is mostly homogeneous, and in late summer, DSW is found mainly620

in bottom layers, as a remnant from the previous winter. This is comparable with previous621

studies on DSW properties that used bottom-of-the-dive salinity (e.g., Williams et al. (2016)622

and,Ohshima et al. (2013)).623

For the analyses in Figure 12, we have used the daily average of all data available in624

the polynya. This means that we are not accounting here for the spatial variability already625

described above. DSW properties computed using every individual profile are similar, but626

noisier (not shown).627

Little interannual variability is observed in the DSW properties, except for the tem-628

perature in 2013, which is up to 0.05 ◦C higher from July to October. This figure clearly629

shows the evolution of DSW salinity: it is nearly constant until the beginning of June (with630

absolute minimum values in 2011 between April and May) and then increases quickly (Fig-631

ure 12a) to finally stabilize by the end of September. However, while salinity evolves in632

two steps (before and after the beginning of June), the MLD deepens smoothly until the633

beginning of September, when the water column begins to re-stratify (Figure 12c). This is634

in agreement with the stabilization of the salinity increase (Figure 12a) and, therefore, of635

the cumulative SIP (Figure 11c). The starting point for salinity increase at the beginning636

of June coincides with the time when the MLD reaches 300 m (at least in 2011 and 2013)637

and progressively erodes the underlying ISW. This suggests that this is the moment when638

newly formed, mixed layer DSW becomes saltier than the remnant found in the bottom.639

The temperature of the saltiest DSW (Figure 12b) is nearly constant over the whole640

record, except for the period between April and May. Over these two months, DSW tem-641

perature drops below the surface freezing point at the same time that DSW reaches its642

minimum salinity. This suggests that the deep outflow of ISW in April and May might be643

freshening and cooling the remnant DSW from the last winter. Also, this cold DSW has644

the same temperature as the warmer ISW as defined in Table 1; this means that we might645

be observing a combination of fresh and cold variety of DSW and a warm and salty type646

of ISW over this period. What happens between October and April is uncertain, as we647

have little summer data, but one hypothesis is that the dense DSW formed in winter flows648

offshore and is replaced by lighter water.649
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Figure 12. Time series of (a) maximum DSW salinity over the water column, (b) potential

temperature at maximum DSW salinity, and (c) MLD for the three best-sampled years in MP

(2011, 2012, 2013). The grey line in panel (b) shows the surface freezing point.

5 Discussion650

Within Prydz Bay, the presence and spatial variability of the different water masses651

reflect regional ocean dynamics, the proximity of the Amery ice shelf, the topography, and652

the presence of the four polynyas. In addition, the water-mass transformations over the653

seasonal cycle strongly depend on their mutual interactions.654

The main ISW outflow in Prydz Bay has been observed in and around MP (Herraiz-655

Borreguero et al., 2015; Williams et al., 2016; Xu et al., 2017), at the western side of the656

Amery ice shelf calving front. In the rest of the bay, the presence of ISW reduces as the657

winter progresses. We argue that this is likely due to isopycnal mixing between the ISW658

and mCDW, ubiquitous in central and eastern Prydz Bay, since both water masses share659

a similar depth and density range in this region (Figure 11). In contrast, the continued660

outflow of ISW within the MP might (i) act as a barrier that prevents the spreading of661

mCDW into this region or (ii) dilute any signal of mCDW reaching the western MP. The662

presence of strong fronts near the ice shelf calving front due to the outflow of ISW in the west663

and the inflow of mCDW in the east has been noted by C. Liu et al. (2018). In the absence664

of significant amounts of mCDW in western MP, the seasonal water-mass transformation is665

strongly conditioned by the presence of ISW, which in turn depends on other factors such666

as bathymetry (ISW is found below 200 m depth and its core is around 300 m depth, and so667

it barely reaches the region of shallow bathymetry in western MP) or the proximity of the668

ice shelf. While AASW, which maintains strong stratification of the water column until late669

summer, undergoes seasonal transformation by atmospheric cooling and brine rejection, the670

stratification set from underneath by ISW is only removed by intense convective mixing.671

The hydrographic data used in this study have limited spatial and temporal resolution,672
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therefore we cannot dismiss the possibility that intermittent inflow of mCDW (e.g., C. Liu673

et al. (2018)) might cause ice melt and contribute to the presence of ISW in the eastern side674

of the MP. However, the western MP would be too shallow to receive the out-flowing ISW.675

The water-mass distribution in MP generally agrees with that reported in previous676

studies (Herraiz-Borreguero et al., 2016; Ohshima et al., 2013; Williams et al., 2016; Xu677

et al., 2017) while our results provide new insight on the seasonal and spatial variability678

within the MP. The spatial variability is linked to the varying topography, which influences679

DSW formation in three ways: (i) when full convection is achieved, a shallower water680

column experiences quicker salinity increase under brine rejection (i.e., for a given input681

of brine, the salinity increase will be larger for a smaller volume/shallower water column).682

This results in saltier and more rapidly formed variety of DSW. As a consequence, (ii) full683

convection is achieved earlier in the year in shallow regions. In addition, (iii) the shallower684

topography (<300 m depth) limits the presence of ISW, which is usually found at deeper685

levels. The absence of ISW potentially results in less stratified waters than when it is686

present. Freshwater input from basal melt of ice shelves partially offsets the salt flux by sea687

ice formation in polynyas, increasing stratification and inhibiting full-depth convection and688

formation of DSW (Herraiz-Borreguero et al., 2016; Williams et al., 2016; Silvano et al.,689

2018; Hellmer, 2004). We found here that MP can be divided into two different regimes: a690

shallow area (< 300 m depth) in the west where, in the absence of ISW, full convection and691

DSW formation begin early in the year; and deeper waters further east where the presence of692

AASW and ISW results in stronger stratification. This delays the onset of deep convection693

and results in the formation of fresher, lighter DSW.694

It has been suggested (Williams et al., 2016) that the DSW formed in Prydz Bay follows695

two export pathways. Consistent with earlier work, we found that the saltiest (and densest)696

type of DSW is exported offshore from Prydz Bay through the Prydz Channel, the main697

export pathway. Ohshima et al. (2013) have inferred from bottom salinity measurements698

that the salty waters on the slope and in the open ocean are exported DSW. Based on699

the most recent water-mass classification (Williams et al., 2016; Herraiz-Borreguero et al.,700

2016), these waters are too warm to be considered as DSW. It would be more precise to701

say that they represent mixing between mCDW and DSW (mSW) that, when found on the702

slope, constitute a precursor of AABW (Ohshima et al., 2013; A. P. Wong & Riser, 2013).703

Our observations also show that mSW is present on the shelf, mainly in the eastern part704

of Prydz Bay. Its presence on the shelf reveals mixing between DSW and mCDW, which705

is ubiquitous in eastern Prydz Bay (Herraiz-Borreguero et al., 2015, 2016; Williams et al.,706

2016; C. Liu et al., 2018).707

Previous studies, using part of the data set used here (only years 2011 and 2012),708

have suggested another export pathway for DSW from MP to the Darnley Polynya, passing709

below the fast ice barrier separating the two polynyas (Ohshima et al., 2013; Williams et710

al., 2016). With this updated data set, we do not find any clear evidence of DSW export711

from MP towards Darnley polynya. DSW is not found in the region between the MP and712

Cape Darnley polynya between February and May. The DSW found later in the season713

(June to October) near the coast is new DSW formed in MP. We find it more likely that714

the transport occurs in the opposite direction i.e., from Darnley to Mackenzie. This would715

be consistent with gravity-driven cascading of dense water from the shallow region of the716

Darnley polynya to (i) deeper locations within the polynya, (including the western part of717

the Darnley Polynya where very salty DSW is found near the coast (Figure 3)), (ii) to Prydz718

Bay following the bathymetry (see 500 m isobath in Figure 9), or (iii) directly downslope719

to the open ocean. The hypothesis that DSW cascades from Darnley to Prydz Bay would720

explain the anomalously high salinity observed over the whole water column in the area721

between Darnley and Mackenzie and the similar salinity profiles observed in this region722

and in the eastern Cape Darnley polynya (Figure 8). However, conclusive statements on723

the exchange of DSW between Cape Darnley and Prydz Channel will require additional724

information on the bathymetry and current velocity in the vicinity of the Cape Darnley725
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Ice Barrier. Since hydrographic data only provide information on the water properties at a726

particular moment, it is also possible that the flow in the region reverses at different time727

scales.728

Based on geopotential anomalies derived from hydrographic profiles in Prydz Bay, the729

large-scale circulation was described to be a cyclonic gyre (Smith et al., 1984; Nunes Vaz730

& Lennon, 1996; Williams et al., 2016). Previous modelling studies also showed that the731

outflow of the Prydz Bay gyre hugs the western rim of the bay and thus favors the offshore732

transport of DSW from MP to the shelf break (Figure 1 (C. Liu et al., 2018; Galton-Fenzi733

et al., 2012; C. Liu et al., 2017). Our results suggest that in addition to this large-scale734

shelf circulation carrying DSW from MP to the shelf break, some DSW formed in eastern735

Cape Darnley polynya drains to the Prydz Trough and supplements the MP contribution.736

The transport of water from Darnley Polynya to Prydz Bay may be episodic and might be737

facilitated by tidal currents. Diurnal tidal currents have been found to exceed 0.1 m s-1738

off the point of Cape Darnley (Hemer et al., 2006). Previous studies in the Ross Sea have739

suggested that plume jets are shaped by tidal currents (Q. Wang et al., 2010). While tidal740

currents in Prydz Bay are not as strong as reported in other parts of the Antarctic continental741

shelf (Padman et al., 2009; Q. Wang et al., 2010), tidal oscillations could facilitate transport742

of DSW formed in the Darnley Polynya to Prydz Bay (see Figure 7 in Hemer et al. (2006)).743

While the modelling studies cited above do not reproduce the DSW transport proposed744

here, this could be related to the fact that they do not include tidal forcing (C. Liu et al.,745

2018), to the unknown bathymetry, and to insufficient spatial resolution (Galton-Fenzi et746

al., 2012; C. Liu et al., 2018).747

The dense sampling provided by instrumented seals has revealed unanticipated spa-748

tial and temporal variability in the seasonal evolution of the stratification and water mass749

structure in the MP and broader Prydz Bay. This variability highlights a number of fac-750

tors regulating the formation of DSW in coastal polynyas, including bathymetry, sea ice751

production, and meltwater input. The saltiest and densest DSW in MP is formed over the752

relatively shallow waters on the western side of the polynya. Shallow topography may also753

restrict the inflow of ISW that increases stratification and, therefore, delays the onset of full-754

depth convection. Sea ice formation is clearly critical for driving the salinity and density755

increase resulting in the production of DSW. However, the input of glacial meltwater will756

tend to compensate brine released during sea ice formation (Herraiz-Borreguero et al., 2016;757

Williams et al., 2016; Silvano et al., 2018), reducing or preventing the formation of DSW.758

Because bathymetry exerts a strong influence on the circulation on the Antarctic continen-759

tal shelf and on AABW formation (Mensah et al., 2021), these three factors: bathymetry,760

salinification by sea ice formation, and freshening by glacial meltwater (which in turn de-761

pends on ocean heat transport to ice shelf cavities), are linked and not mutually exclusive.762

Understanding these interactions is, therefore, key to explaining differences between the763

behaviour of individual coastal polynyas and their sensitivity to changes in forcing.764
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