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Key Points: 15 

 Cosmonauts Sea polynya showed strong interannual variability (2002–2023), reaching a 16 

maximum extent of ~139,000 km² in August 2016. 17 

 The unusual occurrence of the Cosmonauts Sea polynya caused deep mixing (>400 m), 18 

loss of stratification and potential dense water formation. 19 

 The event was driven by anomalous cyclonic wind, positive SAM, and upwelling by 20 

vortex stretching due to southward shift of the ACC.  21 
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Abstract 22 

Polynyas are within the sea ice cover, typically formed by wind-driven sea ice divergence or 23 

upwelling of warm subsurface waters. They play a crucial role in ocean-atmosphere interactions, 24 

climate regulation and marine ecosystems by substantially enhancing primary production. Open-25 

ocean polynyas in the Southern Ocean are rare and are typically associated with deep convection, 26 

which disrupts conventional circulation pathways and impacts regional heat and carbon budgets. 27 

The Cosmonauts Sea (30ºE to 60ºE) is an exception, with open-ocean polynyas forming 28 

annually. Using satellite-derived sea ice observations, we examined the spatiotemporal 29 

variability of polynyas in this region over the past two decades. The Cosmonauts Sea polynya 30 

exhibited large spatial and interannual variability, with the largest event occurring in 2016 31 

(139,000 km²). An Argo float near the polynya recorded deep mixed layers (>400 m) and near-32 

complete erosion of stratification, and the presence of dense water. This event coincided with 33 

anomalously intense cyclonic wind stress curl due to synoptic scale storms and a prolonged 34 

positive SAM phase (2014-2016), both generally associated with reduced sea ice concentrations. 35 

While the southward shift of the Antarctic Circumpolar Current during 2015 acted as a 36 

preconditioning mechanism, bringing warmer water towards the polynya region and inducing 37 

upwelling by vortex stretching. Additionally, anomalously high shortwave radiative fluxes (~ 38 

+20 Wm⁻²) were observed in the summer preceding the 2016 event. The deep convective mixing 39 

observed during this event, together with the presence of dense water, indicates that the 40 

Cosmonauts Sea could be a potential dense water formation site. 41 

Plain Language Summary 42 

Polynyas are areas of open water within the sea ice and are categorized into two distinct types: 43 

Open-ocean  (forming offshore) and Coastal Polynyas (close to the coast). Open-ocean Polynyas 44 

in the Southern Ocean are rare; however, a recurring Open-ocean Polynya has been observed in 45 

the Cosmonauts Sea, located in the Indian Sector of the Southern Ocean. This feature has been 46 

detected regularly since the availability of reliable satellite sea ice data. This repeated occurrence 47 

raises questions about its role in absorbing carbon and water mass transformation. 48 

Despite the recurrence of the Cosmonauts Sea Polynya, research dedicated to its study remains 49 

limited. In this study, we used an automated image-based feature detection method to detect and 50 

track its spatial extent over the past two decades. Our results reveal that the polynya expanded 51 

substantially in 2016, making it one of the largest events in recent decades. This unusual 52 

occurrence was associated with a prolonged positive phase of the Southern Annular Mode, 53 

anomalous cyclonic winds, a southward shift of the Antarctic Circumpolar Current, and strong 54 

storms. These findings show that ocean-atmosphere interactions play an important role in 55 

creating the extreme sea ice events and sustain this unique polynya. 56 

1 Introduction 57 

Polynyas are regions of open seawater or reduced sea ice surrounded by higher 58 

concentrations of sea ice under freezing atmospheric conditions (Barber et al., 2001; Morales 59 

Maqueda et al., 2004; Smith et al., 1990). In the Southern Ocean (SO), recurrent polynyas form 60 

in specific coastal regions during austral autumn and winter with strong interannual variations in 61 

the size and duration (Geddes & Moore, 2007; Smith et al., 1990). Depending on the formation 62 

and maintenance mechanisms, polynyas in the SO can be distinguished into two types:  Open-63 

ocean polynya and coastal polynya. Coastal polynyas (also called latent heat polynyas) occur in 64 
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coastal areas around Antarctica due to the divergence of the sea ice, primarily driven by katabatic 65 

winds or ocean currents (Bailey et al., 2004; Tamura et al., 2008). On the other hand, open-ocean 66 

polynyas, referred to as 'sensible heat polynyas', develop within the pack ice when cyclonic 67 

atmospheric and oceanic circulation causes ice to diverge, leading to the upwelling of warmer 68 

water from deeper layers (Goosse & Fichefet, 2001). Even though they occur less frequently than 69 

their coastal counterparts, open-ocean polynyas are important regions for climate variability due 70 

to their impact on bottom water mass formation (Zanowski et al., 2015), atmospheric circulation 71 

(Weijer et al., 2017) and biogeochemistry (Shadwick et al., 2017) of the SO. Hence, 72 

understanding the characteristics, formation mechanisms and inter-annual variability of open-73 

ocean polynyas is important to understand the role of SO in the global climate.       74 

The ability to study polynyas was revolutionized in the 1970s with the launch of the 75 

Nimbus-5 satellite, which could detect the presence of two significant open-ocean polynyas in 76 

the SO. The larger one formed intermittently over the Maud Rise seamount in the Weddell Sea 77 

(Cheon & Gordon, 2019), while the smaller one appeared regularly in the Cosmonauts Sea (Wei 78 

et al., 2021). Many previous studies (Carsey, 1980; De Lavergne et al., 2014; Gordon & Huber, 79 

1995) have reported the occurrence of the Maud Rise Polynya (MRP) during 1974-1976 due to 80 

the ocean eddies generated by the interaction between the ocean currents and the seamount 81 

(Holland, 2001).  Recent studies (Jena et al., 2019; Narayanan et al., 2024) reported the 82 

occurrence of MRP which opened again in 2016 and 2017, highlighting the interaction of 83 

atmospheric and oceanic processes such as wind forcing, frictionally driven cross-frontal 84 

buoyancy transport, and eddy activity driven by flow-seamount interactions.  85 

On seasonal to decadal timescales, the SO's predominant mode of climatic variability is 86 

the Southern Annular Mode (SAM) (Fogt & Marshall, 2020). The SAM or Antarctic Oscillation 87 

is the dominant mode of atmospheric variability in the Southern Hemisphere, marked by near-88 

zonally symmetric pressure patterns around Antarctica on intraseasonal to interannual time 89 

scales (Fogt & Marshall, 2020).  During the positive SAM phase, stronger and poleward shifted 90 

westerly winds enhance Ekman divergence at the surface and cause the upwelling of deeper 91 

waters  (Ferreira et al., 2015). Several previous studies (Cheon et al., 2018; Park et al., 2018) 92 

have reported a significant relationship between SAM and polynyas. Polynya formation can be 93 

both positively and negatively influenced by the phase of the SAM. A negative SAM phase, 94 

characterized by weaker, equatorward-shifted westerly winds, typically brings colder and drier 95 

atmospheric conditions over the high-latitudes of SO. This reduces freshwater input, increases 96 

surface salinity, and promotes conditions favourable for polynya opening (Gordon et al., 2007). 97 

On the other hand, a positive SAM phase strengthens and shifts the westerlies poleward, 98 

enhancing precipitation and freshening the surface ocean (−0.05 ± 0.02 PSU near shelf in Indian 99 

Sector of Southern Ocean), which can inhibit or limit polynya development (Haumann et al., 100 

2020). In contrast to coastal polynyas, open-ocean polynyas are considered to be rare in the SO 101 

(Chu & Gascard, 1991).  However, the Cosmonauts Sea Polynya (CSP) recurs almost every year 102 

during fall and winter, with potential implications for carbon uptake (Hoppema & Anderson, 103 

2007) and water mass properties (Ohshima et al., 2016). The recurring polynya regions generate 104 

new sea ice during this period and hence affect the turbulent heat flux exchange (Tamura et al., 105 

2011), thus influencing the surface energy balance of the SO. Also, such regions are the zones 106 

for deep ocean convection, which is a pathway for SO surface waters to densify and sink to the 107 

abyss (Cheon & Gordon, 2019). Despite its frequent occurrence, studies on the CSP remain 108 

sparse, limiting our understanding of regional variability and dynamics.  109 
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The Cosmonauts Sea, situated in the region between 30°E and 60°E, at the eastern end of 110 

the Weddell Gyre adjacent to Enderby Land close to Cape Ann, is one of the least studied 111 

regions of the SO (Hunt et al., 2007). The circulation system in the Cosmonauts Sea includes 112 

three main current systems. The eastward Antarctic Circumpolar Current (ACC) is steered 113 

southward by the Southwest Indian Ridge. The westward Antarctic Slope Current (ASC) flows 114 

along the continental slope, and the eastern branch of the Weddell Gyre (WGeb), which forms a 115 

cyclonic circulation in this region. The ACC is the dominant eastward flow of the SO, 116 

transporting large volumes of water and heat. In this region, its southward deflection enhances 117 

the delivery of warm Circumpolar Deep Water toward the shelf. The ASC is a narrow, persistent 118 

boundary current carrying cold, fresh shelf waters westward, influencing cross-slope exchanges 119 

and the export of dense water from the shelf. The CSP is one of the most persistent features in 120 

the SO, and it was first reported by Comiso and Gordon in 1987 (Comiso & Gordon, 1987), who 121 

subsequently noted that the CSP reoccurred multiple times between 1973 and 1993 (Comiso & 122 

Gordon, 1996). They further noted the emergence of two distinct polynya formation modes in 123 

this region: the first, known as Eastern Cosmonauts Sea Polynya (eCSP), is limited to the west of 124 

45°E and opens in the early winter, and the second is referred to as Western Cosmonauts Sea 125 

Polynya (wCSP) between 50° and 60°E which open in winter or early spring (Morales Maqueda 126 

et al., 2004). A recent study showed that the size of the CSP is ~29% smaller than the MRP, but 127 

it typically lives nearly twice as long as the MRP (Lin et al., 2024). The study further mentioned 128 

that the longer opening of the CSP and its frequent formation in the Cosmonauts Sea shows the 129 

significance of this region for the bottom water formation.  130 

The Cosmonauts Sea region features shallow bathymetry and several deep canyons 131 

(Harris & Whiteway, 2011), with depths ranging from approximately 2000 to 5000 meters. The 132 

ocean currents impinge on this shallow topographic feature and create eddies. These eddies 133 

enhance vertical mixing and upwelling of warm, salty water from below the pycnocline (Barthel 134 

et al., 2022). The cyclonic wind stress curl associated with the Antarctic divergence drives 135 

upwelling, further warming the surface waters and preconditioning the area for polynya 136 

formation. Further, the region experiences a close convergence of the eastward flowing ACC and 137 

the westward flowing ASC, creating a region of enhanced relative vorticity that requires vortex 138 

stretching to conserve potential vorticity. Such vortex stretching is associated with upwelling and 139 

has been proposed as a mechanism for the formation of eCSP (Comiso & Gordon, 1996). 140 

Upward heat flux over multiple years serves as preconditioning, while divergent winds and 141 

storms drive both the advection of ice away from the region and upwelling, acting as immediate 142 

triggers for the formation of wCSP (Prasad et al., 2005).  The wCSP formed in the Cosmonauts 143 

Sea due to the development of embayments in sea ice (a region of open water surrounded by ice 144 

on three sides), primarily during the early winter months of June to July. A recent (Wei et al., 145 

2022) found that the presence of a cyclone on the northern boundary of wCSP results in weaker 146 

easterly winds in that region and stronger easterly winds at the southern boundary. This leads to 147 

weaker southward Ekman flow in the northern boundary and stronger southward Ekman flow in 148 

the southern boundary of the wCSP. This increases the meridional heat flow towards the polynya 149 

region. Additionally, the difference in flow in the northern and southern boundaries of the 150 

polynya promotes the upwelling of warm CDW in the region added by a negative wind stress 151 

curl. These two processes aid in the opening of precursor embayments in sea ice, aiding in the 152 
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development of wCSP. Between 1979 and 2004, the wCSP and embayments were observed to 153 

have a three-year periodicity (Geddes & Moore, 2007).  154 

Despite the recognized importance of open-ocean polynyas, long-term variability in the 155 

Cosmonauts Sea Polynya (CSP) remains poorly understood (Geddes & Moore, 2007), and 156 

traditional identification methods (Arrigo & van Dijken, 2015; Li et al., 2016; Nihashi & 157 

Ohshima, 2015) often fail to capture the open-ocean polynyas due to their short duration and 158 

infrequent occurrence (Lin et al., 2024). Furthermore, while the 2016 Maud Rise polynya has 159 

been extensively studied (Francis et al., 2019; Narayanan et al., 2024; Zhou et al., 2023), the 160 

unusual, largest opening of CSP during the same austral winter has not been examined. This 161 

study therefore aims to: quantify the spatial and temporal variability of the CSP over the past two 162 

decades (2002-2023) by employing a image segmentation technique on satellite-derived sea ice 163 

concentration and understand the oceanic and atmospheric mechanisms responsible for the 164 

extreme 2016 opening.  165 

We propose that the multiyear preconditioning due to positive shortwave flux anomaly 166 

and southward shift of ACC that transport warmer waters in CSP (Orsi et al., 1995a), also 167 

enhance upwelling through vortex stretching(Comiso & Gordon, 1996). This background state, 168 

further reinforced by a prolonged positive SAM phase which intensifies cyclonic wind anomaly 169 

(Uotila et al., 2013), together with synoptic-scale storm activity (Campbell et al., 2019; Jena et 170 

al., 2022), acted as the primary drivers of the extreme polynya opening in 2016, with subsequent 171 

impacts on water column structure, deep convection, and potential bottom water formation as 172 

revealed by the Argo profiles.  173 

The paper is structured as follows: Section 2 describes the data and image segmentation 174 

methodology. Section 3 presents the long-term CSP variability, details of the 2016 event, and 175 

analyses the associated hydrographic and atmospheric changes. Section 4 discusses and 176 

summarizes the mechanisms driving the 2016 opening, its significance within the long-term 177 

context.  178 

 179 
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Figure 1. Study Area with General Bathymetric Chart of the Oceans (GEBCO) gridded 180 

bathymetry data. The green box shows the location of the Cosmonauts Sea overlayed with 30% 181 

SIC contour (yellow) showing the polynya extent during 2016. The Pink contour line show the 182 

2000 m isobath, indicating the general location of the Antarctic Slope Front (ASF) and the red 183 

line indicates the Southern Boundary of the Antarctic Circumpolar Current (SB). The red dots 184 

indicate the estimated position, and the cyan dots are the true position of the Argo profiles (based 185 

on Argo Position data flags, see Hydrographic Data section in Data & Methods) used in the 186 

study (Argo id:7900334). The yellow stars indicate the profiles during the 2016 August polynya 187 

event.  188 

2 Data and Methods 189 

2.1 Sea Ice Concentration Data 190 

The present study used the daily sea ice concentration (SIC) from the Advanced 191 

Microwave Scanning Radiometer (AMSR). To understand the interannual variability of the CSP, 192 

we used University of Bremen’s AMSR-E (2002-2011) and AMSR-2 (2012-2023) daily data 193 

products derived using ARTIST Sea Ice (ASI) algorithm v5.4 on a 6.25 km NSIDC Polar 194 

Stereographic grid. The AMSR-E data starts from 1
st
 June 2002 to 4

th
 October 2011, and the 195 

AMSR-2 data records start from 2
nd

 July 2012. For the SO, the ASI algorithm performs well with 196 

a mean bias of +1.7% against Bootstrap Algorithm (Comiso, 1986) and −1.6% against NASA-197 

Team 2 Algorithm (Markus, 2000) ice concentrations. It shows a high correlation (0.92–0.97), 198 

and errors decreasing from ∼25% at 0% ice concentration to less than 6% at full ice cover 199 

(Spreen et al., 2008a). Prior to this period (2002-2023), robust quantitative analysis of the 200 

polynya areas was not possible due to the coarser spatial resolution of satellite sea ice data (~25 201 

km grid) (Campbell et al., 2019).  202 

2.2 Polynya Identification  203 

A modified image segmentation technique was employed to identify the polynya region. 204 

In the present study, connected pixels with an SIC of less than 30% that are isolated from the 205 

open-ocean are categorized as polynya. Such strict threshold is chosen to avoid the 206 

overestimation of the polynya area as ASI SIC data has ~25% error near the marginal sea ice 207 

zones. The use of different criteria doesn’t impact the study outcome as 2016 is still the largest 208 

opening of polynya (Figure S1). The embayments, although considered precursors to polynyas, 209 

were not included in the current identification of polynyas since they remain connected to the 210 

ocean.  211 

The study employed the scikit-image library (Van Der Walt et al., 2014) to detect 212 

polynyas. First, a threshold mask was applied to satellite-derived SIC data to isolate regions with 213 

SIC below 30% in the study area. Spatially connected regions of pixels meeting this criterion 214 

were identified and labelled. The centroids of these regions were computed, and their geographic 215 

coordinates were mapped using the National Snow and Ice Data Centre (NSIDC) Polar 216 

Stereographic Grid Information file. Only features whose centroids fell within predefined 217 

geographic boundaries (specific to the Cosmonauts Sea study area) were classified as polynya 218 

regions. The total polynya extent for a given day was calculated by summing the areas of all 219 

qualifying features. Monthly cumulative polynya extent was derived by aggregating daily extents 220 

over the month (Text S1). 221 



manuscript submitted to JGR: Oceans 

 

2.3 Hydrographic Data:  222 

To understand the water column changes before and after the opening of the CSP during 223 

2016, we have used the Argo float [Id-7900334] profiled in the region between (20°E - 70°E) for 224 

a period of April 2015-April 2017. To investigate the multiyear preconditioning, mean from 225 

Argo profiles were calculated from observations during June–September of 2014–2016 within 226 

the region 20°E–70°E and 65°S–70°S. In Argo data, the estimated positions (QC flag = 8) are 227 

interpolated locations, whereas the true positions (QC flag = 1 and 2) are the corrected, quality-228 

controlled locations. From the Argo data, Mixed Layer Depth (MLD) is calculated as the depth 229 

where the potential density exceeds its surface value by 0.03 kg m
-3 

(Dong et al., 2008). The 230 

salinity values are on PSS (Practical Salinity Scale) (Lewis, 1980). 231 

2.4 Radar Altimetry Data: 232 

 The along-track sea surface height (SSH) data is sourced from the Centre of Polar 233 

Observation and Modelling in collaboration with University College London. This dataset 234 

encompasses two satellite altimetry missions: EnviSat, which operated from May 2002 to March 235 

2012, and CryoSat-2, which functioned from April 2010 to October 2018. In regions covered by 236 

sea ice, SSH measurements are derived from leads—long, narrow cracks or openings in the ice. 237 

Because radar signals can penetrate through open water or thin ice but are largely reflected by 238 

thick ice, leads provide crucial “windows” through which altimeters can directly observe the sea 239 

surface. To remove the bias, the SSH measurements are levelled according to open-ocean data, 240 

following methodologies described by (Dotto et al., 2018).  241 

The offset-corrected data are referenced to the GOCO05c geoid to derive the Dynamic Ocean 242 

Topography (DOT). This DOT dataset is gridded onto a regular grid with a resolution of 1° 243 

(longitude) by 0.5° (latitude) and smoothed using a Gaussian filter with a 300 km radius. A 244 

comprehensive description of the DOT dataset used in this study, along with its validation, is 245 

available in Dragomir, 2024. 246 

2.5 Potential Vorticity Conservation: 247 

 The persistent formation of the CSP is attributed to a vorticity-induced vertical stretching 248 

of the water column, which enhances upwelling of warm deep water and inhibits sea ice 249 

formation. 250 

 251 

The conservation of potential vorticity is expressed as: 252 

 253 

𝑓 +  𝜁

ℎ
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Where: 254 

 f is the Coriolis parameter (f = 2ωsinδ, with ω being Earth’s angular velocity and δ the 255 

latitude), 256 

 ζ is the relative vorticity, defined as ζ =  
𝜕𝑣

𝜕𝑥
−  

𝜕𝑢

𝜕𝑦
 , 257 

 h is the thickness of the water column 258 

The potential vorticity equation is applied at two locations: one at 52.5°E, 64°S, where the ACC 259 

and ASC converge near Cape Ann, and another at 40°E, 64°S, outside the convergence zone, in 260 

order to assess variations in layer thickness (h) and estimate the upwelling rate associated with 261 

vortex stretching. 262 
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2.6 Atmospheric Data: 263 

The atmospheric data is averaged over the Cosmonauts Sea region (30° E to 60° E and 264 

60° S to 67° S) (green box in Figure 1). The hourly zonal and meridional components of wind at 265 

10 m and Mean Sea Level Pressure (MSLP) with a 0.25° resolution are obtained from ECMWF 266 

ERA-5 reanalysis for the period (2002-2023). The sea ice stress on the atmosphere is not 267 

considered in the study. The wind stress is calculated as: 268 

 269 

𝜏𝑥 = 1.225𝜌 𝐶𝐷𝑢 |𝑢| 
 270 

𝜏𝑦 = 1.225𝜌 𝐶𝐷𝑣 |𝑣| 

 271 

Where, 𝜌   is the density of air (1.225 kg m
-3

), CD is the Wind Drag Coefficient (1.3×10
−3

), u & v 272 

are the zonal and meridional velocity of winds. 273 

 Wind stress curl is computed as: 274 

 275 

∇ ×  𝜏 =  
Δ𝜏𝑦

Δ𝑥
−  

Δ𝜏𝑥

Δ𝑦
 

 276 

Mean Radiative (shortwave and longwave) and turbulent (sensible and latent) heat flux data 277 

spanning 2002–2023 were obtained from the ECMWF ERA-5 reanalysis product at a spatial 278 

resolution of 0.25° × 0.25°, averaged over the Cosmonauts Sea region (30° E to 60° E and 60° S 279 

to 67° S), resampled to daily intervals for heat flux analysis. The Net Heat Flux was computed as 280 

the sum of radiative and turbulent fluxes. The heat flux anomalies were derived by subtracting 281 

the corresponding monthly climatological mean values. 282 

The total column water vapour, which can be used as Integrated Water Vapour (IWV)(Mo, 283 

2024), was obtained from ERA-5 reanalysis for the same period (2002-2023) at the same spatial 284 

resolution as other atmospheric data to check the influence of IWV on the CSP formation.  285 

In this study, storm events are defined as one or more grid cells in the Cosmonauts Sea region 286 

with wind speeds greater than 20 m/s or MSLP below 960 hPa based on hourly ERA5 wind and 287 

MSLP data (Campbell et al., 2019). 288 

3 Results 289 

3.1 Interannual variability of the CSP 290 

An analysis of relatively high-resolution, remotely observed sea ice concentrations (6.25 km 291 

grid; see Methods) during the past two decades (2002–2023) revealed that polynya formation in 292 

the Cosmonauts Sea was a recurring phenomenon during austral winters (Figure 2a), 293 

predominantly involving the opening of the wCSP. The development of wCSP was observed 294 

more frequently during this period, except in the years 2002, 2008, 2012, 2016, 2017, and 2022, 295 

when the eCSP formed instead. Additionally, the eCSP formed in the years 2003, 2011, 2019, 296 

and 2023, often preceded by wCSP events. Notably, the wCSP occurred annually after 2016, 297 

except in 2020, whereas the eCSP appeared intermittently, sometimes preceding or coinciding 298 

with wCSP events. Large interannual variability in the formation months of the wCSP and eCSP 299 

and its area was also noticed during the study period 300 
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In 2006, the wCSP first opened in mid-June (Figure 2b) with an area of ~70×10
3
 km

2
 and 301 

closed by early July. Whereas in 2008, it opened in mid-July (Figure 2c) and stayed open (area 302 

~84×10
3
 km

2
) until early October. In 2011, the eCSP opened in September, preceded by a wCSP 303 

event in July (Figure 2d). In 2013, eCSP stayed open from late June (Figure 2e) to early July, 304 

reaching a maximum extent of ~98×10
3
 km

2
 at the end of July, with simultaneous opening of 305 

both wCSP and eCSP on the 27
th

 of June (Figure 2e). In 2019 and 2020 (Figure 2g&h), eCSP 306 

opened in July (~84×10
3
 km

2
) followed by a weak wCSP event in September. In 2023, an 307 

embayment within sea ice started forming in the western Cosmonauts Sea in June, leading to a 308 

small wCSP in late July. In August, an unusual eCSP developed from an embayment—309 

something not typically observed. By September (Figure 2i), a large polynya covering both the 310 

wCSP and eCSP had opened, becoming the largest Cosmonauts Sea polynya since 2016 (Figure 311 

2f).  312 

The analysis showed that the wCSPs typically form in winter (June-July) and are 313 

preceded by the formation of an embayment in sea ice. While the eCSPs generally opens in late 314 

winter (August-September) directly without initially forming an embayment in sea ice. The 315 

analysis during the above period also showed that one of the most extensive openings of the CSP 316 

occurred in 2016. In our long-term analysis, we were unable to clearly isolate the distinct oceanic 317 

mechanisms driving the eCSP and wCSP. The two regions do, though, exhibit distinct relations 318 

with cyclonic winds, which are discussed in a later section. However, studying the oceanic 319 

mechanisms remains challenging due to the limited availability of ocean observations in this 320 

region. Further, we maintain consistency with previous studies (Geddes & Moore, 2007; Prasad 321 

et al., 2005; Wei et al., 2022) in this region that do not differentiate between the western and 322 

eastern polynyas, with the majority focusing predominantly on the wCSP. Hence, the subsequent 323 

sections of this paper focus on examining the potential drivers behind the anomalous event in 324 

2016, treating the western and eastern polynyas as a single system, unless otherwise specified. 325 

 326 
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 327 

Figure 2. (a) shows the cumulative extent of each month (blue bar) and maximum 328 

polynya extent for the particular month (orange bar) of the CSP events in winter months. (b)-(i) 329 

shows some of the large CSP events in the last two decades with Cosmonauts Sea region 330 

highlighted by the green box. 331 

3.2 Unusual occurrence of CSP during 2016  332 

The CSP formation in 2016 was highly anomalous (~ 7.5 times higher than the 333 

climatological mean polynya area) in its area compared to polynya events observed in the 334 

Cosmonauts Sea over the last two decades. It was marked by the largest polynya extent and a 335 

simultaneous opening of wCSP and eCSP. Many small polynyas started appearing in the 336 

Cosmonauts Sea region in July and these features were closed by sea ice by the end of the month 337 

(Figure S2). During 2016, the CSP reached an extent of ~139×10
3
 km

2
 and a cumulative extent 338 

(time-integrated monthly area; see Methods) of ~1270×10
3
 km

2
, and stayed open till 4

th
 339 

September.  340 
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The 2016 polynya event began on 4
th

 August with the first opening in the eastern 341 

Cosmonauts Sea (~54°E & 61°S), covering an area of ~12 × 10
3
 km

2
.  On 8

th
 August, it 342 

expanded to ~17×10³ km
2
, but closed the following day. On the same day, a polynya began 343 

forming in the western Cosmonauts Sea (~40°E), which subsequently spread across the region 344 

from 40°E to 60°E. By 11
th

 August it achieved the largest area (~139×10
3 
km²) observed in the 345 

Cosmonauts Sea over the study period of 2002 to 2023. Following this, the polynya started 346 

shrinking, closing completely on 5
th

 September. The analysis showed that the 2016 CSP event 347 

lasted for over a month and had a cumulative (time-integrated) open water area of ~1270 × 10
3
 348 

km
2
, making it one of the most extraordinary events recorded in the Cosmonauts Sea over the 349 

last two decades.  350 

3.3 Oceanic Condition during the 2016 CSP event 351 

To understand how water column properties varied before and after the anomalous 352 

opening of the CSP during 2016, we used an Argo float (Id: 7900334) that profiled in the region 353 

between 20°E and 70°E. The trajectories of the float are marked in Figure 1. During August 354 

2016, when the CSP was active, the estimated position of the Argo float was very close to the 355 

active polynya region. This is further confirmed through the observed deep mixing, with the 356 

mixed layer deepening to depths exceeding 400 m (white line in Figures 3a and 3b), which is 357 

only possible near the polynya.  358 
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 359 

Figure 3. Oceanic condition during 2015-16 in Cosmonauts Sea. (a) temperature, (b) salinity, (c) 360 

the salinity difference between mixed layer salinity and salinity at 250 meters depth. The white 361 

line indicates the MLD and the red vertical lines indicate the start and end of the polynya event. 362 

(d) Mean Temperature and (e) Mean Salinity vertical profile for 2014 (Blue), 2015 (Green) and 363 

2016 (Orange), computed from all available Argo profiles during JJAS of each respective year.  364 

Prior to the opening of the polynya in February 2016, the MLD (white line in Figure 3a 365 

and 3b) was shallow (~50m) with a mixed layer temperature of ~0.5°C and the presence of 366 

comparatively fresh surface waters in the mixed layer with a salinity less than 34 (Figure S3a). 367 

As the season advanced, surface waters cooled and salinity increased (>34.4) and was most 368 

likely driven by atmospheric cooling and brine release from sea ice formation. This salinification 369 

may have been further amplified by the upward mixing of saltier Circumpolar Deep Water 370 
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(CDW) (S > 34.5, 𝜃 ≥ 0) from beneath the pycnocline (Figure S3b). In the subpolar SO, 371 

stratification is primarily controlled by salinity (Roquet et al., 2022). We use the difference 372 

between the mixed layer salinity and salinity at 250 m depth (typically located below the 373 

pycnocline) as a proxy for stratification. We found that this difference had gone from (~-1) at the 374 

start of 2016 to nearly vanishing (~0) during the active phase of the CSP compared to the 375 

previous winter (~-0.3, Figure 3c). This increase in mixed-layer salinity reduced the stability of 376 

the water column, aiding the vertical mixing of heat and salt. The heat most likely mixed in from 377 

below the MLD is then lost to sea ice and the atmosphere, cooling and freshening the subsurface 378 

CDW. The deepening of the MLD and the resulting weakening of the stratification after the 379 

anomalous opening of the CSP indicated strong convection in the region. The stratification 380 

below the mixed layer strengthened once again by February 2017.  The mixed layer properties in 381 

the vicinity of CSP differed substantially, particularly between 2015 (-1.79°C, 34.23; averaged 382 

from June to September) and 2016 (-1.85°C, 34.32; averaged from June to September), 383 

indicating a colder and saltier mixed layer that brought about a weakly stratified water column 384 

which led to the formation of polynya in 2016 (Figure 3a). The subsurface computed from all 385 

available Argo profiles during JJAS (2014-2016) of each respective year shows that the 386 

temperature (0.87°C) and salinity (34.66) during 2015, higher than 2014 values (0.87°C, 34.54) 387 

(Figure 3d, e), show a heat storage in the subsurface which may have aided the polynya opening 388 

in 2016. The MLD during the active phase (June-October) of 2016 CSP exceeded 400 m (Figure 389 

3a, b), nearly twice that of the previous winter. Dense bottom waters, typically found at greater 390 

depths before and after the event, revealed their presence at shallower depths during the 391 

polynya’s peak (Figure S3a, b). This vertical redistribution indicates active dense water 392 

formation within the polynya, potentially making this site an important region for deep ocean 393 

ventilation (Figure S3c).  Future studies incorporating more observations and model simulations 394 

are needed to explore this further.  395 



manuscript submitted to JGR: Oceans 

 

 396 

Figure 4. June–September (JJAS) mean surface geostrophic currents (arrows) and 397 

meridional gradient of dynamic ocean topography (DOT; colours) for (a) 2015 and (b) 2016. 398 

Purple contours mark the zero meridional gradient of DOT, indicating the climatological mean 399 

position of the Antarctic Circumpolar Current (ACC), while green contours show the ACC 400 

position for each respective year. (c) Difference in DOT (colours) and geostrophic currents 401 

(arrows) between composites of years in the upper and lower 20th percentiles of polynya area. 402 

(d) Same as (c), but for zonal velocity shear (colours) and geostrophic currents (arrows). (e) 403 

Cyclonicity of surface currents averaged over 30°E–60°E, 60°S–80°S.  404 

To gain insight into the ocean currents of the Cosmonauts Sea, we use satellite-driven 405 

DOT data and analyzed the surface geostrophic currents. The JJAS climatology of DOT is 406 
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calculated for 2002-2018. In 2015, the position of the ACC, as indicated by the zero meridional 407 

DOT gradient contour, reveals a southward shift in Cosmonauts Sea region relative to its 408 

climatological mean position (Figure 4a). This shift suggests an increase in warm CDW near the 409 

CSP region during 2015, as the southward shift of the ACC transports CDW poleward. Further, 410 

during July 2016, the ACC shows a strong southward anomaly near Cape Ann (Figure 4c) which 411 

brings warmer waters to the region. Similar southward anomaly near CSP region can be 412 

observed in August of 2016 (Figure 4d) which may also bring warm waters aiding the polynya. 413 

By comparing the difference plots between the top 20th and bottom 20th percentile polynya area 414 

years, it is evident that during large polynya years, the surface currents within the CSP region are 415 

predominantly southward (Figure 4e–f). This southward transport indicates that ocean currents 416 

play a critical role in advecting warmer waters into the polynya region, thereby enhancing 417 

conditions favorable for polynya formation. Furthermore, the presence of a positive zonal 418 

velocity shear in the Cosmonaut polynya region (Figure 4f) suggests a strong horizontal 419 

convergence between the ACC and the ASC. This convergence intensifies the horizontal shear, 420 

which, through the principle of vortex stretching, drives upwelling. The horizontal convergence 421 

must be balanced by vertical extension of the water column. This process amplifies the relative 422 

vorticity, leading to a compensating upward motion of deeper waters. Such dynamics are 423 

particularly important in regions of strong current interaction, where they facilitate the vertical 424 

transport of CDW toward the surface. The estimated upwelling rate (Comiso & Gordon, 1996) 425 

during JJAS 2015, when the ACC exhibited a marked southward shift, reached 8.34 × 10
-6

 cm 426 

s⁻¹, one of the highest values observed across the study period. More broadly, upwelling rates in 427 

the region consistently range between 7–9 × 10⁻⁶ cm s⁻¹, underscoring the significance of vortex 428 

stretching as a persistent mechanism for supplying oceanic heat to the surface and sustaining 429 

polynya activity in the Cosmonauts Sea. 430 
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 431 

Figure 5. Atmospheric state averaged during June (column 1), July (column 2), and August 432 

(column 3) of 2016: (a-c) Mean sea level pressure (MSLP), (d-f) integrated water vapour (IWV), 433 

and (g-i) net atmospheric heat flux. All mapped fields are shown as anomalies against their 434 
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monthly climatology, with overlaid wind vectors. The violet contour shows the maximum 435 

polynya area during August 2016. (j) Spatially averaged net atmospheric heat flux in the green 436 

box (CSP region) shown in (g-i) computed using a rolling mean with a window of 90 days.  437 

3.4 Atmospheric conditions  438 

To investigate the role played by the atmosphere in the formation of the 2016 polynya, we now 439 

turn our attention to the MSLP, IWV, and the net surface heat flux. In early 2016, there was a 440 

large positive anomaly in the Net Heat Flux measuring 20 W m
-
² (Figure 5j), which was 441 

facilitated by an anomalous shortwave heat flux of 30 W m
-
² (Figure S4c), that acted to warm the 442 

surface ocean. Similar kind of condition can be observed during early 2015 with 25 W m
-
² 443 

shortwave heat anomaly (Figure S4c). This heat was absorbed and stored within the ocean. This 444 

can warm the subsurface ocean and inhibit sea ice growth. Subsequently, during the appearance 445 

of the 2016 polynya, the latent heat (-6 W m
-
²), sensible heat (-6 W m

-
²), and longwave heat (-2.5 446 

W m
-
²) fluxes exhibited negative anomalies (Figures S4a, b, c), consistent with greater heat loss 447 

to the atmosphere due to the loss of the insulating sea ice cover. During this period, the net heat 448 

flux dropped to -15 W m
-
², indicating a net transfer of heat from the ocean to the 449 

atmosphere.  Similar negative fluxes were observed during other major polynya events, including 450 

those in 2010, 2019, and 2023—some of the largest events following 2016. This recurring 451 

pattern links sustained negative heat fluxes to winter polynya activity in the Cosmonauts Sea, 452 

where open water enables efficient heat exchange. 453 

The atmospheric conditions in 2016 functioned as short-term drivers for the unusual 454 

opening of CSP. In June, an intense low-pressure system centered at about 20ºE and 68ºS had 455 

formed with MSLP anomalies falling below -12 hPa (Figure 5a). The low-pressure system drove 456 

an intense poleward flow of warm (Figure 5g), humid (Figure 5d) subtropical air mass over the 457 

CSP region. This poleward flow eased in July but reemerged in August when once again warm 458 

(Figure 5i) and humid (Figure 5f) air masses were transported over the CSP region. Water 459 

vapour in the atmosphere affects heat flux in the region (Figure 5g,h) as enhanced moisture leads 460 

to enhanced downward longwave radiation, resulting in a positive net heat flux anomaly over the 461 

CSP region during June and August. Further, during the polynya event in August, a notable 462 

negative heat flux anomaly of -80 W m
-
² was recorded directly over the location of the polynya 463 

opening (Figure 5i), indicating substantial heat loss from the ocean. 464 
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 465 

Figure 6. (a) The mean daily SIC in the Cosmonauts Sea region (30°-60°E, 60°-67°S) in blue. 466 

Monthly SIC climatology from 2002-2023 is shown with orange line and the calculated polynya 467 

area is shown in red. (b) The daily change in SIC with negative changes highlighted in blue. (c) 468 

The daily minimum MSLP with yellow highlighted region identified as storm events and (d) The 469 

daily maximum wind speed with red highlighted regions identified as storm events (see Data & 470 

Methods, Section 2) 471 

 Synoptic-scale storms may have played an important role in both the opening and 472 

sustenance of the CSP. The major sea ice loss events (Figure 6b) are closely associated with the 473 

deepening of MSLP (Figure 6c) and increased wind velocity (Figure 6d). Furthermore, daily 474 

wind stress curl analysis during 2016 revealed that peaks in polynya extent coincided with large 475 

negative wind stress curl events (Figure S5). A significant correlation (r = 0.6, p < 0.0001) was 476 
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found between the daily wind stress curl and sea ice concentration anomalies during June to 477 

September, 2016, which is notably stronger than the correlation over the 2002-2023 period (r = 478 

0.189; p < 0.0001). Spatial wind variability revealed a strong cyclonic pattern preceding the 479 

peaks in polynya extent, particularly on August 11th, 17th, and 27
th

 (Figure S5).  480 

The first peak in polynya area was associated with an SLP of ~940 hPa (Figure 6c) and wind 481 

speeds up to 35 m/s (Figure 6d). Similarly, the subsequent two peaks were also driven by deep 482 

low-pressure systems and strong winds. Notably, during the final peak, the SLP dropped below 483 

940 hPa, with wind speeds reaching ~30 m/s (Figure 6). These observations highlight the close 484 

relationship between storm events and the expansion of the polynya area. During the period 485 

2002–2023, SAM exhibited a strong negative correlation with MSLP (r = –0.74, p < 0.0001) and 486 

a positive correlation with wind stress curl (r = 0.54, p < 0.0001) (Figure S6), which indicate that 487 

SAM may positively impact the polynya opening.  488 

4 Discussion and Conclusion 489 

 The analysis of sea ice over the past two decades showed pronounced spatial and 490 

temporal variability in the formation of polynyas in the Cosmonauts Sea. Previous studies have 491 

also highlighted the interannual variability in the location of the open-water polynyas in this 492 

region, as well as the regular occurrence of wCSP events during late autumn and early winter 493 

(Comiso & Gordon, 1996; Wei et al., 2021). Many studies have reported the formation of CSP 494 

during winter but none have focused on its long-term variability. In the present study, we have 495 

used a new image segmentation technique to identify both the wCSP and eCSP, revealing their 496 

variability over the last two decades. The CSP opened every year over the last two decades 497 

(Figure 2a) with large interannual variation in its area. Our findings indicate that the wCSP 498 

events were more frequent before 2016, whereas the eCSP events became more regular 499 

afterwards. After 2016, the eCSP opened almost every year except in 2020. We also noticed the 500 

unusually large polynya in 2016 with an area that was 7.5 times larger than the long-term 501 

average. During the anomalous polynya event of 2016, both wCSP and eCSP opened at the same 502 

time which resulted in the largest CSP opening with a cumulative (time-integrated) extent of 503 

~1270 × 10
3
 km

2
 and a maximum extent of ~139 × 10

3
 km

2
. During this event the mixed layer 504 

reached ~480 m, with a mixed layer temperature of ~-1.8°C and a high mixed layer salinity of 505 

34.4 accompanied by a near-zero salinity difference between the surface and the subsurface 506 

(Figure 3), suggesting deep mixing. During this event, heat and salt from upwelled CDW 507 

warmed and salinified surface waters while cooling and freshening the CDW (Figures S3a, b). 508 

Notably, dense bottom waters were observed at shallower depths during the period when the 509 

polynya opened up, which may indicate new dense water formation. However, further 510 

investigations using more extensive observations and model simulations will be required to 511 

address this in the future.   512 

Several atmospheric and oceanographic processes play a role in the unusual occurrence of 513 

polynya during 2016. Near Cape Ann, the opposing ACC and ASC converge, resulting in 514 

enhanced zonal shear between them (Figure 4). This narrowing amplifies the water column’s 515 

relative vorticity. To conserve PV ((f+ζ)/h; a ratio of planetary and relative vorticity and the 516 

water column height), an increase in relative vorticity results in the vertical stretching of the 517 

water column, upwelling warm, salty CDW towards the surface. The upwelling CDW enhances 518 

vertical heat transport towards the surface, reducing sea ice and also suppressing the formation of 519 
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new sea ice (Comiso & Gordon, 1987; Yang et al., 2024). During the analysis, we noticed that, 520 

in 2015, the ACC moved southward relative to its long-term mean position indicated by the 521 

southward excursion in the green contour line in Figure 4a., This poleward movement of the 522 

ACC enables a greater intrusion of warm CDW towards the CSP region as the ACC is the main 523 

source of CDW in the subpolar SO (Orsi et al., 1995b). At the same time, the narrowing of the 524 

region between the ACC and the ASC induces upwelling via vortex stretching as explained 525 

above, which further helps bring CDW near the surface. We compute the rates of upwelling 526 

driven by the vortex stretching mechanism, as explained in Section 2, to consistently range 527 

between 7–9 × 10⁻⁶ cm s⁻¹, underscoring the importance of vortex stretching as a persistent 528 

mechanism for supplying oceanic heat to the surface. The strength of the ACC can be linked to 529 

the SAM, where a positive SAM is associated with a poleward shift in the westerlies wind belt, 530 

which may have helped in the poleward intrusion of warmer water (Sallée et al., 2008). It was 531 

also noticed that SAM stayed in a prolonged positive phase from 2014 and reached the strongest 532 

positive phase (SAM Index=4; Figure 4c) during the 2016 polynya. In 2014, Weddell Gyre also 533 

spins up, manifesting as an anomalous cyclonic flow in the CSP region exhibited (Figure 4e) 534 

which may have brought heat and salt closer to the base of the mixed layer. A positive net heat 535 

flux anomaly was observed during the summers of 2015 (18 W m⁻²) and 2016 (20 W m⁻²) 536 

(Figure 5j), mainly driven by anomalous shortwave heat fluxes of 20 W m⁻² and 22 W m⁻², 537 

respectively (Figure S4). This excess incoming heat can be absorbed and stored in the ocean 538 

(Maykut & McPhee, 1995; Maykut & Perovich, 1987; Perovich & Richter-Menge, 2000), 539 

forming a subsurface heat reservoir that inhibits sea ice growth and preconditions the water 540 

column for polynya formation. Evidence of this subsurface warming was captured by multiple 541 

Argo floats in the region, which recorded a JJAS mean subsurface (200–500 m) temperature and 542 

salinity of 0.87 °C and 34.66 in 2015—higher than the 2014 values of –0.16 °C and 34.54. 543 

Simultaneously, the surface (0–50 m) salinity increased from 34.15 in 2014 to 34.23 in 2015 and 544 

34.32 in 2016, reducing the stability of the water column. The inhibition of sea ice growth is 545 

reflected in the development of the largest summer polynya in November 2015, with a 546 

cumulative area of 1650 × 10³ km², driven by the early retreat of sea ice. Furthermore, the 547 

shallow bathymetry near Cape Ann may have amplified upwelling through eddy shedding—a 548 

process where mesoscale eddies interact with topographic slopes, generating vertical water 549 

displacement (Thompson et al., 2014). Such eddy–topography interactions can enhance the 550 

upward transport of warm subsurface waters (Stammer, 1998), potentially sustaining polynya 551 

activity. 552 

The atmospheric anomalies during 2016 played a pivotal role in initiating and sustaining 553 

the CSP, highlighting the importance of short-term atmospheric forcing. In June, an MSLP 554 

anomaly of approximately 8 hPa developed northeast of the Cosmonauts Sea at a characteristic 555 

Zonal Wave 3 (ZW3) ridge position, while a strong negative anomaly of less than –12 hPa was 556 

observed near the coast at a ZW3 trough node (Figure 5a). By July, the positive anomaly 557 

expanded across the northern region and the coastal negative anomaly weakened to around –2 558 

hPa (Figure 5b). This persistent ridge-trough dipole—a signature of the amplified ZW3 pattern—559 

established a steep meridional pressure gradient that generated persistent southward winds 560 

channelled between the high and low pressure centers. These winds efficiently advected warm, 561 

moist air from lower latitudes, as indicated by the positive IWV anomalies in June and July 562 

(Figure 5d, e), which closely mirrored the SLP patterns. These moist conditions enhanced 563 

longwave absorption in the atmosphere, reducing outgoing radiation and contributing to a net 564 

surface heat gain, evidenced by the positive net heat flux anomalies during these months (Figure 565 
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5g, h). However, during the main polynya event in August, a strong negative net heat flux 566 

anomaly of –80 W m⁻² was recorded directly over the polynya region (Figure 5i), indicating 567 

substantial ocean heat loss. Notably, earlier in 2016, net heat flux anomalies reached 20 W m⁻² 568 

(Figure 5j), suggesting preconditioning through ocean heat storage partially enabled by 569 

prolonged, ZW3-driven atmospheric heat transport. During the polynya’s expansion, latent (–6 570 

W m⁻²), sensible (–6 W m⁻²), and longwave (–2.5 W m⁻²) fluxes also showed negative anomalies 571 

(Figure S4a–c), consistent with enhanced heat loss due to the absence of insulating sea ice. 572 

In parallel, synoptic-scale storms were closely tied to major sea ice loss events (Figure 6), 573 

with each peak in polynya area coinciding with intensified low-pressure systems (MSLP < 960 574 

hPa) and high wind speeds (up to 35 m/s; Figures 6c and 6d). These events were associated with 575 

strong negative wind stress curl anomalies (Figure S5), facilitating sea ice melt by drawing 576 

warmer subsurface water to the surface. A robust correlation was found between daily wind 577 

stress curl and sea ice concentration anomalies during June to September in 2016 (r = 0.6, p < 578 

0.0001), far stronger than the long-term mean (r = 0.189, p < 0.0001). Regionally, the eCSP 579 

exhibited a much stronger correlation (r = 0.29, p < 0.0001) than the Western sector (r = 0.06, p 580 

= 0.004), indicating that cyclonic wind forcing plays a more important role in driving eCSP 581 

formation and that the 2016 polynya primarily followed this mechanism. Furthermore, over the 582 

period 2002–2023, SAM exhibited a strong negative correlation with MSLP (r = –0.74, p < 583 

0.0001) and a positive correlation with wind stress curl (r = 0.54, p < 0.0001), based on time 584 

series smoothed with a 1-year rolling mean to suppress short-term variability (Figure S6), 585 

emphasizing the role of large-scale climate variability in modulating storm activity and 586 

associated polynya dynamics. Together, these results demonstrate that the 2016 CSP event was 587 

driven by a combination of anomalous atmospheric moisture, radiative forcing, and storm-588 

induced ocean-atmosphere interactions, linking synoptic and climatic scales in shaping polynya 589 

behaviour. 590 

  The findings of this study reveal that the formation and variability of the Cosmonaut Sea 591 

Polynya (CSP) are governed by a complex interplay of atmospheric, oceanic, and climatic 592 

processes operating across multiple timescales. The anomalous 2016 event in CSP exemplifies 593 

how enhanced vortex stretching, driven by the convergence of the ACC and ASC near Cape 594 

Ann, together with a prolonged positive phase of the SAM and an intensified ZW3 pattern, can 595 

precondition the upper ocean through increased heat and salt fluxes from upwelled CDW. These 596 

processes, compounded by positive summer heat flux anomalies and synoptic-scale storm 597 

activity, collectively contributed to deep convective mixing and the largest recorded CSP 598 

opening in recent decades. In general, this study highlights the crucial role of both large-scale 599 

climate modes and short-term atmospheric variability in modulating polynya formation, 600 

persistence, and intensity, providing new insights into the mechanisms driving deep ocean 601 

ventilation and upper-ocean heat exchange in the Antarctic zone. Detailed future studies by 602 

integrating satellite data, observations, and models are needed to fully explore the various 603 

processes responsible for the formation of the CSP and the possible dense water formation in this 604 

region. 605 
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