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• Ice shelf basal meltwater mixes over the water column during its ascent and contributes 24 
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Abstract 27 

Antarctic coastal polynyas are hotspots of biological production with intensive springtime 28 

phytoplankton blooms that strongly depend on meltwater-induced restratification in the upper part 29 

of the water column. However, the fundamental physics that determine spatial inhomogeneity of 30 

the spring restratification remain unclear. Here, we investigate how different meltwaters affect 31 

springtime restratification and thus phytoplankton bloom in Antarctic coastal polynyas. A high-32 

resolution coupled ice-shelf/sea-ice/ocean model is used to simulate an idealized coastal polynya 33 

similar to the Terra Nova Bay Polynya, Ross Sea, Antarctica. To evaluate the contribution of 34 

various meltwater sources, we conduct sensitivity simulations altering physical factors such as 35 

alongshore winds, ice shelf basal melt, and surface freshwater runoff. Our findings indicate that 36 

sea ice meltwater from offshore is the primary buoyancy source of polynya near-surface 37 

restratification, particularly in the outer-polynya region where chlorophyll concentration tends to 38 

be high. Downwelling-favorable alongshore winds can direct offshore sea ice away and prevent 39 

sea ice meltwater from entering the polynya region. Although the ice shelf basal meltwater can 40 

ascend to the polynya surface, much of it is mixed vertically over the water column and confined 41 

horizontally to a narrow coastal region, and thus does not contribute significantly to the polynya 42 

near-surface restratification. Surface runoff from ice shelf surface melt could contribute greatly to 43 

the polynya near-surface restratification. Nearby ice tongues and headlands strongly influence the 44 

restratification through modifying polynya circulation and meltwater transport pathways. Results 45 

of this study can help explain observed spatiotemporal variability in restratification and associated 46 

biological productivity in Antarctic coastal polynyas. 47 

  48 
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Plain Language Summary 49 

Antarctic coastal polynyas are key habitats of regional marine ecosystems. During spring, the 50 

upper part of the polynya water column restratifies and forms a near-surface layer of low-salinity 51 

water. This process is important for springtime phytoplankton blooms, as the stable surface layer 52 

keeps phytoplankton in the well-lit region and enhances phytoplankton growth. Employing high-53 

resolution models of idealized coastal polynyas, this work unravels the spatial variation of 54 

restratification processes in a polynya and investigates the physical factors that affect them. It 55 

shows that sea ice meltwater from offshore regions is the foremost contributor to the near-surface 56 

restratification in a polynya. Meanwhile, low-salinity water from basal melt of a neighboring 57 

floating ice shelf contributes little to the near-surface restratification in a polynya because much 58 

of the meltwater mixes vertically with ambient waters as it rises. This is in contrast to the sea ice 59 

meltwater being directly injected into the ocean surface. Freshwater runoff from the surface melt 60 

of an ice shelf is also directly injected into the polynya surface. However, due to earth rotation, it 61 

is often confined in a narrow coastal region next to the ice shelf and thus does not contribute to 62 

restratification in most of the polynya area. 63 

  64 
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1. Introduction 65 

Antarctic coastal polynyas are key habitats of Antarctic ecosystems and a major source of 66 

the Antarctic Bottom Water (Morales Maqueda et al., 2004; Smith & Barber, 2007), which is the 67 

lowest branch of global overturning circulation and occupies the abyssal layer of the global ocean. 68 

They are often characterized by deep wintertime mixing due to dense water formation from sea 69 

ice production (Morales Maqueda et al., 2004) and elevated biological productivity associated with 70 

spring restratification (Arrigo & van Dijken, 2003; Arrigo et al., 2015).  In winter, nutrient-rich 71 

subsurface waters are brought up to the surface layer by strong vertical mixing within the polynya 72 

water column (Vaillancourt et al., 2003). In contrast, during spring, rising air temperatures and 73 

surface heating induce sea ice retreat and stabilize the water column, enabling phytoplankton 74 

blooms through enhanced light availability (Arrigo, 2007; Li et al., 2016). However, the timing 75 

and magnitude of these spring blooms exhibit considerable variability across different coastal 76 

polynyas (Arrigo & van Dijken, 2003; Li et al., 2016; Moreau et al., 2019). The onset of these 77 

spring blooms within polynyas is often associated with shoaling of the mixed layer, a process 78 

affected by input of relatively fresh water from sea ice melt (Arrigo & van Dijken, 2003; Moreau 79 

et al., 2019), coastal surface runoff (Bell et al., 2017; Bell et al., 2018), and glacial ice shelf basal 80 

melt influenced by Circumpolar Deep Water (CDW) intrusion into the ice shelf cavity (Silvano et 81 

al., 2018). It has been suggested that the low-density meltwaters from sea ice and glaciers can 82 

accumulate in the surface layer and establish stratification in the upper part of the polynya water 83 

column (Randall-Goodwin et al., 2015; Schofield et al., 2018; Silvano et al., 2018). The variance 84 

in these physical factors can likely generate distinct patterns of restratification in Antarctic coastal 85 

polynyas and modify the timing and intensity of phytoplankton blooms. Interestingly, studies 86 

suggest that the upwelling flow of the ice shelf basal meltwater at the ice shelf front could also 87 

lead to water column mixing (Alderkamp et al., 2015), opposing the presumptive role of basal 88 

meltwater in supporting stratification. Subsurface glacial meltwater can also be mechanically 89 

mixed into the upper layer of the ocean by wind activity or ice drift (Randall-Goodwin et al., 2015). 90 

Meanwhile, strong variability exists in the rates of glacial melt across Antarctica (Arrigo et al., 91 

2015), making it challenging to systematically quantify the contribution of glacial melt to the 92 

springtime restratification in coastal polynyas. Nonetheless, the precise influence of the freshwater 93 

sources on the timing and magnitude of spring restratification in polynyas are not yet fully 94 
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understood. A thorough examination of the small-scale process of polynya springtime 95 

restratification is necessary.  96 

In this study, we use the Terra Nova Bay Polynya (TNBP) as an example to qualitatively 97 

illustrate the inhomogeneous distribution of the meltwaters and their connection to the springtime 98 

restratification. Observations are used to depict the typical evolution of water column 99 

restratification in the TNBP, which is situated at the southwest corner of the Ross Sea and confined 100 

between a headland named Cape Washington to the north and Drygalski Ice Tongue to the south 101 

(Fig. 1a). Studies have shown active sea ice formation, intense brine rejection, vigorous dense 102 

water formation, and deep vertical mixing in the TNBP in the winter months (April–October), 103 

induced by strong offshore katabatic winds (Ackley et al., 2020; Budillon and Spezie, 2000; 104 

Rusciano et al., 2013). Meanwhile, satellite images of the region around the TNBP show that sea 105 

ice retreat during the spring months (November–January) in response to increasing air temperature 106 

and diminishing wind speed (Fig. 2a) exhibits a pronounced south-north asymmetry across the 107 

Drygalski Ice Tongue (Fig. 1b-g). The sea ice retreat is much more pronounced in the polynya 108 

region to the north of the ice tongue, while the sea ice coverage to the south remains largely intact 109 

till January. Notably, the retreat of the sea ice coverage to the north of the ice tongue in spring 110 

primarily occurs in the northeastward direction (Fig. 1b-g), consistent with the prevailing wind 111 

direction, as measured at the Manuela Automatic Weather Station on the coast of the TNBP (Fig. 112 

2d). In situ shipboard measurements during the Polynyas, Ice Production, and seasonal Evolution 113 

in the Ross Sea (PIPERS) project field campaign in winter 2017 (Ackley et al., 2020) show a 114 

largely homogenized water column resulting from the deep wintertime vertical mixing (Fig. 3). 115 

This homogenization of the water column presumably occurs in every winter. Meanwhile, 116 

measurements performed by instrumented elephant seals (Roquet et al., 2014; Roquet et al., 2021) 117 

in the TNBP in March 2010 (summer) show a highly stratified water column with pronounced 118 

salinity and density gradients in the top 300 m and the highest gradients in the top 50 m (Fig. 3). 119 

The surface salinity was about 1.5 psu lower than salinity of the deep water. Due to the lack of 120 

observation, it is unclear how and when exactly the stratification was established. But it is likely 121 

that the upper-layer stratification was developed in the spring with the injection of the sea ice and 122 

ice shelf meltwaters.  123 

Springtime restratification in the Antarctic coastal polynyas often coincides with large 124 

phytoplankton blooms. To demonstrate their association in the TNBP, Fig. 4 shows co-evolution 125 
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of sea ice concentration calculated by the ARTIST Sea Ice (ASI) algorithm (Spreen et al., 2008) 126 

and chlorophyll-a concentration measured by the NOAA Suomi-NPP VIIRS satellite in spring 127 

2019. In the early spring (Fig. 4a-f), the expansion of the TNBP towards the northeast (i.e., the 128 

northeastward retreat of the sea ice) corresponds with high chlorophyll concentrations near the 129 

northeast edge of the polynya, marked by the 10% sea ice concentration contour. This 130 

inhomogeneous distribution of the phytoplankton bloom in the TNBP suggests a potential 131 

correlation between the sea ice retreat and enhanced phytoplankton growth. Note that the cut off 132 

of chlorophyll-a concentration at the ice edge is likely a choice during the satellite data processing, 133 

and possible sub-ice phytoplankton blooms are not included in the data. Considering the 134 

distribution of chlorophyll-a in the open region of the TNBP, it is possible that the localized sea 135 

ice melt at the polynya edge results in a spatially variable stratification and then inhomogeneous 136 

phytoplankton growth. As the season proceeds and more sea ice melts, chlorophyll-a concentration 137 

becomes more homogenized in the polynya (Fig. 4g-i).  It is likely that stratification of the polynya 138 

water column at that time also becomes more horizontally homogeneous due to redistribution of 139 

the meltwater induced by winds and ocean circulation. These observations underscore the need to 140 

investigate the processes affecting freshwater input and restratification for a better understanding 141 

the phytoplankton bloom dynamics in the polynyas.  142 

This study examines the physical factors that affect the timing and extent of the springtime 143 

restratification in the upper water column of Antarctic coastal polynyas, emphasizing the influence 144 

of the meltwaters and their three-dimensional distribution. We hypothesize that the distribution of 145 

the meltwaters is subject to the influence of local ocean circulation, which, in turn, is impacted by 146 

factors such as winds and coastline geometry. In the subsequent sections, an idealized ice-147 

shelf/sea-ice/ocean coupled numerical model is employed to qualitatively examine the first-order 148 

dynamics of the springtime restratification. While the TNBP is used as an example to guide the 149 

design of the model, the dynamical insights drawn from the modeling analysis can be applied to a 150 

broad spectrum of Antarctic coastal polynyas.  151 

 152 
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 153 

Fig. 1. Terra/Aqua MODIS satellite images of the Terra Nova Bay Polynya between 154 

October 2019 and January 2020. The green triangle denotes the location of the Manuela Automatic 155 

Weather Station. The red circle indicates the location of the PIPERS CTD cast on May 6, 2017. 156 

 157 



 

 8 

 158 

Fig. 2. Atmospheric conditions in the Terra Nova Bay Polynya: (a) wind speed and air 159 

temperature measured at the Manuela Automatic Weather Station in 2019; (b) time series of the 160 

decomposed offshore and alongshore winds in November and December of 2019; (c) a snapshot 161 

of the wind speed at 10-meters height on July 7, 2019 produced by the Antarctic Mesoscale 162 

Prediction System (Powers et al., 2012); (d) a wind rose plot of the wind speed and the direction 163 

it comes from in November and December of 2019. In (a), the dashed line denotes the date of the 164 

data shown in (c) and the pink shade highlights the early spring of 2019 (November and December). 165 

The coastline in (c) is obtained from the GSHHG data set (Wessel & Smith, 1996). The alongshore 166 

direction in (c) is defined as 24 degrees (clockwise) from the true north. 167 

 168 



 

 9 

 169 

Fig 3. (a) Potential temperature, (b) practical salinity, and (c) potential density profiles 170 

recorded in the Terra Nova Bay Polynya. The blue lines are measured by instrumented elephant 171 

seals (Roquet et al., 2014; Roquet et al., 2021) between 163–165°E, 74.8–75.3°S during March 172 

2010. The red lines are obtained from PIPERS CTD cast on May 9, 2017 (Ackley et al., 2020; see 173 

Fig. 1a for its location). 174 

 175 
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 176 

Fig. 4. Snapshots of chlorophyll-a concentration (color) and sea ice concentration (contours) 177 

in the Terra Nova Bay Polynya in November and December, 2019. The black contours indicate 178 

10% sea ice concentration, and the blue contours denote 70% sea ice concentration. The coastline 179 

is obtained from the GSHHG data set (Wessel & Smith, 1996). 180 

  181 
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2. Method 182 

2.1. Model Configuration 183 

A coupled ice-shelf/sea-ice/ocean numerical model is used to simulate an idealized coastal 184 

polynya. The model is adapted from the MIT General Circulation Model (MITgcm; Losch, 2008; 185 

Marshall et al., 1997) and designed to qualitatively reproduce the configuration of the TNBP with 186 

the orientation rotated by 90 °  counterclockwise. A comprehensive description of the model 187 

configuration is provided in Xu et al. (2023a; 2023b). The model covers a geographical extent of 188 

22.5 degrees longitude and 6 degrees latitude (Fig. 4). Its horizontal grid spacing is ~1 km in the 189 

polynya region adjacent to the ice shelf and gradually expands towards the boundaries. The vertical 190 

grid spacing is 10 m uniformly. The domain has a flat seafloor of 500 m depth and a floating ice 191 

shelf protruding southward into the continent. An ice tongue is positioned to the immediate east 192 

of the polynya and ice shelf opening, exhibiting a three-dimensional shape that qualitatively 193 

mimics the Drygalski Ice Tongue (Stevens et al., 2017). The ice tongue spans 111 km (1 degree in 194 

latitude) in the cross-shore direction and 28 km wide in the alongshore direction. The ice tongue 195 

draft decreases gradually from 400 m at the coast to 0 m at the offshore end. Moreover, a headland 196 

is added to the west of the ice shelf opening to mimic the coastal geometry around Cape 197 

Washington. A coastal polynya is formed in the model by an offshore-blowing wind at the center 198 

of the domain with a speed of 𝑉!"#$ = 𝑉%[1 − cos(2𝜋𝑡 𝑃!"#$⁄ )], where 𝑡 is time, 𝑉% is the mean 199 

wind speed, and 𝑃!"#$ = 2 days is the wind oscillation period. To capture the bifurcation of the 200 

katabatic wind around the Drygalski Ice Tongue as produced by the Antarctic Mesoscale 201 

Prediction System (AMPS; Powers et al., 2012; Fig. 2c), another offshore wind with a speed of 202 

𝑉!"#$/2 is added to the immediate east of the ice tongue in the model. Adding this additional 203 

offshore wind gives a better match of modeled sea ice distribution on the east side of the ice tongue 204 

to the satellite observation (Fig. 1), but it does not affect the result of this study on the polynya 205 

restratification. To mimic the along-shore wind in the TNBP region (consistent with the prominent 206 

coastal easterly in other Antarctic coastal regions), a steady westward downwelling-favorable 207 

alongshore wind, with a speed of 𝑈%, is applied in the model. The alongshore wind extends across 208 

the entire study region and diminishes linearly within an 80–110 km boundary ramping zone to 0 209 

on the open boundaries. To mitigate boundary condition issues related to sea ice, sea ice 210 
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concentration and thickness are set to 0 at all open boundaries. Meanwhile, the Orlanski radiation 211 

condition (Orlanski, 1976) is used for other state variables on the open ocean boundaries. 212 

 213 

 214 

Fig. 5. Model configurations: (a) an aerial view of the model domain, with every 10 215 

horizontal grid cells marked by blue lines and land areas shown in grey. The filled color represents 216 

the vertical position of the ice-ocean interface, which is equivalent to the thickness of the ice 217 

shelf/tongue in the model. Areas of the offshore katabatic wind 𝑉!"#$  and its inner region of 218 

maximum speed are denoted in the red ellipses. Orange lines denote the polynya region used for 219 

calculations in Section 3. (b) A detailed view of the area outlined in the black frame in (a), with 220 

the 𝑉!"#$  and the alongshore easterly winds, 𝑈%  indicated by red arrows. The shape of the 221 

headland is traced by purple lines, and the shape of the ice tongue is marked by the black dashed 222 

frame. (c) A three-dimensional schematic of the model setup. 223 
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 224 

To provide the initial condition for the spring simulations, a 150-day winter simulation 225 

similar to those in Xu et al. (2023a; 2023b) is carried out first. In the winter simulation, 𝑉% = 20 226 

m s-1, 𝑈% = 10 m s-1, air temperature remains constant at -20 °C, downward longwave radiation is 227 

steady at 200 W m-2, and downward shortwave radiation is 0. On Day 150, the winter simulation 228 

produces a coastal polynya in the center of the domain and immediately offshore of the ice shelf 229 

(Fig. 6a). The winds push sea ice moving offshore forming a sea ice plume (Fig. 6b), resembling 230 

the satellite observation in Fig. 1a. Meanwhile, high-density water, formed at the polynya surface, 231 

has mixed down to the bottom and occupies the entire polynya water column (Fig. 6c-d). There is 232 

thus no stratification in the polynya water column in the initial condition of the subsequent spring 233 

simulation. 234 

Most of the spring simulations span 100 days (Day 150–250). Their atmospheric forcing 235 

is designed to qualitatively capture observed temporal variation (Fig. 2a-b) and AMPS-modeled 236 

spatial variation (Powers et al., 2012; Fig. 2c) in the atmospheric condition in the TNBP region. 237 

Based on measurements from Automatic Weather Stations (Fig. 2) and the ERA5 reanalysis 238 

product (Hersbach et al., 2020), in the Base Run A1, the air temperature rises steadily from -20 °C 239 

on Day 150 to -5 °C on Day 250, while downward longwave radiation increases from 200 W m-2 240 

to 250 W m-2 and shortwave radiation increases from 0 to 400 W m-2 over the same period. The 241 

westward alongshore wind, 𝑈%, remains constant at 4 m s-1, while the mean cross-shore wind, 𝑉%, 242 

gradually weakens from 20 m s-1 to 5 m s-1 over the period. After Day 250, all these parameters 243 

maintain their values on Day 250. Sensitivity simulations with altered parameter values are carried 244 

out in this study (Table 1). Note that, in each sensitivity simulation, only the value of one parameter 245 

is altered from the Base Run A1.  246 

To examine the influence of the ice shelf basal meltwater on the polynya restratification, it 247 

is necessary to alter the basal melt rate in the model. In the ocean, the basal melt rate is controlled 248 

by the volume and temperature of the intruding CDW. Because the idealized simulations in this 249 

study do not have CDW intrusion, we choose to directly modify water temperature in the modeled 250 

ice shelf cavity (below 250 m and south of 76.3 °S). In each of the sensitivity simulations, S-251 

CWTemp, water temperature inside the ice shelf cavity is fixed to a value between -1.8 and -1.5 °C, 252 

all slightly above the freezing point of around -1.9 °C. This temperature range of the cavity water 253 
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is based on available in situ observations from the cavity of the Ross Ice Shelf (Malyarenko et al., 254 

2019), as well as subsurface (below 250 m) measurements in the TNBP gathered by instrumented 255 

seals (Fig. 3a) and hydrographic surveys (e.g., Rusciano et al., 2013). Analysis of our sensitivity 256 

simulations show that this simple approach of modifying the water temperature in the ice shelf 257 

cavity captures the first-order influence of the ice shelf basal meltwater on restratification in the 258 

upper part of the polynya water column (see below). In the Base Run A1, the water temperature in 259 

the ice shelf cavity is fixed at -1.8 °C. 260 

 261 

Table 1. Parameter values in the Base Run A1 and sensitivity simulation sets. The altered values 262 

of the parameters are shown in bold. Bracket denotes the range of the parameter values. 263 

Sensitivity 
simulation 
set 

Along-
shore 
wind 
speed 
𝑈% 
(m	s&') 

Off-
shore 
wind 
speed 
𝑉% on 
Day 
250 
(m	s&') 

Air 
temperature 
𝑇% on Day 
250 (℃) 

Cavity 
water 
temperature 
𝑇(%)"*+ (℃) 

Longwave 
radiation 
on Day 
250 
(W m-2) 

Shortwave 
radiation 
on Day 
250 (W m-

2) 

Surface 
runoff 
period 
𝑃, 
(days) 

A1 4 5 -5 -1.8 250 400 0 

S-AWind [0, 10] 5 -5 -1.8 250 400 0 

S-OWind 4 10 -5 -1.8 250 400 0 

S-ATemp 4 5 [-10, 0] -1.8 250 400 0 

S-CWTemp 4 5 -5 [-1.8, -1.5] 250 400 0 

S-LWRad 4 5 -5 -1.8 [200, 300] 400 0 

S-SWRad 4 5 -5 -1.8 250 [350, 450] 0 

S-SRunoff 4 5 -5 -1.8 250 400 [0, 90] 

 264 

Few observations of the surface runoff of glacial surface meltwater exist, and the runoff 265 

rate and its temporal and spatial variability are poorly constrained in the literature (Bell et al., 2017; 266 

Bell et al., 2018). Nevertheless, to provide a qualitative understanding of the potential influence of 267 

the surface runoff on the polynya restratification, sensitivity simulations, S-SRunoff, with 268 

prescribed surface runoff are carried out. The values of the surface runoff are prescribed based on 269 
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an estimate by Bell et al. (2017). The Nansen Ice Shelf has an area of about 1800 km2, and analyses 270 

suggest that the surface melt erodes ~0.05–0.5 m of ice annually (Bell et al., 2017; Bell et al., 271 

2018). We assume that the upper-bound of the estimated ice shelf surface meltwater in a year, i.e., 272 

0.5 m, is entirely injected into the ocean surface immediately offshore of the ice shelf front in the 273 

end of the spring simulation over a period of Pr, and the injection occurs uniformly along the ice 274 

shelf front in a steady rate. Therefore, a total surface runoff injection of 9 ×108 m3 freshwater is 275 

added to the model over the period of Day (250-Pr) to 250. The value of Pr changes in the range of 276 

0–90 days among the S-SRunoff sensitivity simulations. In the Base Run A1, Pr = 0, and the surface 277 

runoff is not considered. 278 

To compare the distribution of sea ice meltwater, ice shelf basal meltwater, and surface 279 

runoff, three passive tracers, corresponding to the three types of meltwaters, are implemented in 280 

the model. Passive tracer concentrations have initial values of 0 everywhere. During the 281 

simulations, they are assigned to be 1 in every 1 m3 of the corresponding meltwater that is injected 282 

into the ocean at the interface. The passive tracers then evolve with the modeled 3-dimensional 283 

ocean circulation, providing a way to show the volume concentration of the meltwaters and 284 

quantitatively compare contributions of the meltwaters to restratification of the upper water 285 

column in the polynya region. 286 

 287 

2.2. Restratification Intensity 288 

To quantify the stratification intensity in the polynyas, we compute vertically-integrated 289 

potential energy anomaly, 𝜙, in the upper part of the polynya water column following Simpson et 290 

al. (1990), 291 

                                                    𝜙 = ∫ (�̅� − 𝜌)𝑔𝑧-
&. 𝑑𝑧.                                           (1) 292 

Here, 𝑧 is the vertical coordinate, ℎ is the thickness of the upper water column of interest, 𝑔 is 293 

gravitational acceleration, 𝜌 is the water density, �̅� = '
. ∫ 𝜌𝑑𝑧-

&.  is the vertically-averaged density 294 

in the polynya upper water column of interest. Essentially, 𝜙 describes the amount of energy 295 

required to completely mix water in the upper part ([−ℎ, 0]) of the water column. A greater 𝜙 296 

indicates stronger stratification in the depth range of [−ℎ, 0]. The area-integrated potential energy 297 

anomaly Φ/ in a polynya with surface area 𝑆 is therefore, 298 
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                                                          Φ/ = ∬ 𝜙𝑑𝑆0 .                                                (2)  299 

In this study, the polynya area changes with time as the sea ice undergoes melting in spring. To 300 

ensure a fair comparison, we define the polynya area as the fixed region enclosed by the ice tongue, 301 

ice shelf front and headland (Fig. 5a). Because this study is motivated by understanding the 302 

dynamics of phytoplankton blooms in the coastal polynyas and the phytoplankton bloom occurs 303 

mostly in the top 100 m of the water column (Long et al., 2012), ℎ is set to 100 m.  304 

 305 

 306 

Fig. 6. Snapshots of the model fields at the end of the winter simulation on Day 150, which 307 

serves as the initial condition of the spring simulation: (a) sea ice concentration; (b) sea ice 308 

thickness (color) and velocity (arrows); potential density (color) and velocity (arrows) at the (c) 309 
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surface and (d) bottom. The blue dashed lines in (c) delineate the locations of three cross-shore 310 

transects of potential density in the western end (e), middle (f), and eastern end (g) of the polynya.   311 

 312 

3. Results 313 

3.1. Modeled Restratification Pattern 314 

In this section, we elucidate the general pattern of modeled springtime polynya 315 

restratification by examining result of Base Run A1 on Days 210, 230, and 250 (Figs. 7 and 8), 316 

representative of roughly 2, 2.5, and 3.5 months after the onset of springtime simulation (Day 150). 317 

During this period, the offshore wind has weakened, surface heating increased, and sea ice started 318 

to melt. As surface heating intensifies, sea ice starts to melt in the polynya region (Fig. 7). Driven 319 

by both offshore and alongshore winds, the polynya opening expands towards the northwest. 320 

Meanwhile, the alongshore wind pushes the pack sea ice offshore of the ice tongue, and the pack 321 

ice then moves westward and passes through the region north of the polynya. In the region to the 322 

immediate east of the ice tongue, owing to the ice tongue blocking the westward flow, modeled 323 

sea ice had accumulated with a thickness greater than 1 m (Fig. 6). This pattern is similar to the 324 

observed land-fast ice to the east of Drygalski Ice Tongue (Fig. 1a). Starting on Day 210, the 325 

accumulated sea ice in the model begins to dislodge. The detached sea ice is subsequently 326 

propelled offshore by the offshore winds, merging with the existing offshore sea ice and flowing 327 

westward. In contrast, on the eastern side of the headland, the accumulated sea ice remains 328 

relatively stable with limited movement after Day 210. This is likely caused by its considerably 329 

higher initial thickness (> 2 m) at the end of the wintertime simulation (Fig. 6b). Overall, although 330 

the modeled sea ice thickness offshore of the polynya is slightly thinner than the observed (Kacimi 331 

& Kwok, 2020; Rack et al., 2020), a likely consequence of no transport of sea ice into the model 332 

domain across the open boundaries, the evolution of the modeled sea ice field (Fig. 7) qualitatively 333 

matches that described by the satellite observations (Fig. 1b-g). 334 

The model also shows gradual development of the near-surface stratification within the 335 

polynya region as well as the neighboring region offshore. After Day 210, as sea ice melts, the 336 

surface density decreases (Fig. 8a-c), and vertically-integrated potential energy anomaly, 𝜙, within 337 

the upper 100 m of the water column increases (Fig. 8d-f). Note that, in the initial condition (at the 338 

end of the wintertime simulation), surface density in the polynya region is higher than the offshore 339 
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region due to preeminent dense water formation in the polynya (Fig. 6c). In the spring simulation, 340 

while both the polynya and offshore regions undergo water column restratification, they differ 341 

considerably in timing and intensity. The offshore area experiences earlier restratification with 342 

much lower surface density (Fig. 8c). This is consistent with the modeled sea ice field showing the 343 

offshore region containing more sea ice than the polynya region (Fig. 7), which presumably leads 344 

to more localized sea ice melting and surface freshwater (i.e., buoyancy) input in the offshore 345 

region. 346 

 Surface concentrations of both sea ice meltwater and ice shelf basal meltwater passive 347 

tracers reveal a notable heterogeneity in their horizontal distribution (Fig. 8g-l). This pattern is 348 

consistent with modeled variation in surface density and potential energy anomaly. For instance, 349 

a high concentration of sea ice meltwater is initially found in the offshore openings where sea ice 350 

melts first. The peak concentration gradually spreads to the surrounding regions as the sea ice 351 

continues to melt. Note that there is little sea ice meltwater from the polynya itself because sea ice 352 

there has been transported offshore by the offshore winds. Consequently, the sea ice meltwater in 353 

the polynya area originates from the offshore region and is transported into the polynya area by 354 

the surface current. Conversely, the ice shelf basal meltwater (Fig. 8j-l) is concentrated in the 355 

polynya area. Meltwater from the ice shelf base ascends in the ice shelf cavity and then reaches 356 

the polynya surface where it exhibits a high concentration towards the west end of the polynya. 357 

The westward flow of the ice shelf basal meltwater is presumably caused by the Coriolis force 358 

turning the offshore outflow leftward, consistent with outflows of ice shelf basal meltwater along 359 

the western boundaries of ice shelf cavities identified in other studies (e.g., Galton-Fenzi et al., 360 

2012). Moreover, the injection of the ice shelf basal meltwater into the polynya water column in 361 

our model is steadier over time than the sea ice meltwater. This is because the ice shelf basal melt 362 

in the model is induced by the prescribed constant water temperature in the ice shelf cavity.   363 

Development of the stratification in the polynya also exhibits spatial inhomogeneity, as 364 

indicated by cross-shore sections of density, sea ice meltwater, and ice shelf basal meltwater (Fig. 365 

9). On Day 250, the west end of the polynya has the lowest surface density and the strongest near-366 

surface stratification, whereas the east end remains largely unstratified (Fig. 9a-c). This pattern is 367 

consistent with concentration of both sea ice meltwater (Fig. 9d) and ice shelf basal meltwater (Fig. 368 

9g) at the west end of the polynya. Vertical density profiles on the west end of the polynya show 369 

two layers of gradient, one at about 200 m depth, and the other at about 30 m depth. The former 370 
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correspond to the vertical extent of the ice shelf basal meltwater (Fig. 9g), and the latter to the 371 

shallower lens of sea ice meltwater on the surface (Fig. 9d). This modeled two-layer stratification 372 

in the polynya qualitatively resemble the density profiles captured by the instrumented seals (Fig. 373 

3). These complexities and heterogeneity in meltwater distribution underscore the need for a 374 

holistic investigation of the causes, which will be the goal of the following sections. 375 

 376 

3.2. Influences on Sea Ice Meltwater Distribution  377 

3.2.1. Roles of Alongshore Winds 378 

To examine the influence of the predominantly downwelling-favorable alongshore winds 379 

on the dispersal of sea ice meltwater, sensitivity simulations, we carry out the S-AWind experiment 380 

by varying the alongshore wind speed of the Base Run A1 from 0 to 10 m s-1, are carried out. Time 381 

evolution of the amount of area-integrated sea ice meltwater passive tracer (Fig. 10a), ice shelf 382 

basal meltwater passive tracer (Fig. 10b), and the potential energy anomaly (Fig. 10c) within the 383 

upper 100 m of the polynya water column are calculated. As the speed of the alongshore wind 384 

rises, the amount of sea ice meltwater within the polynya water column diminishes. This is caused 385 

by alongshore wind pushing offshore sea ice away from the offshore region, leading to less 386 

meltwater being transported to the polynya area by the currents. This effect is highlighted in Fig. 387 

11 and Fig. 12. When the alongshore wind speed is set to 0, sea ice melts mostly locally in both 388 

the polynya and the immediate offshore region (Fig. 11), instead of being carried westward by 389 

alongshore winds (Fig. 7). Having the alongshore wind speed at 0 leads to a significantly increased 390 

surface concentration of sea ice meltwater, reduced surface density (Fig. 12a-c), and enhanced 391 

potential energy anomaly (Fig. 12d-f) in the polynya area compared to the results in Run A1 (Fig. 392 

8). A more detailed comparison of vertical profiles of horizontally integrated passive tracers of sea 393 

ice meltwater in the polynya area (Fig. 13) reveals that, without alongshore wind, a notably higher 394 

concentration of sea ice meltwater exists within the top 50 m of the polynya water column than 395 

when the alongshore wind speed is 4 m s-1 (Base Run A1). Note that the amount of ice shelf basal 396 

meltwater in the polynya area exhibits less sensitivity to changes in alongshore wind speed (Figs. 397 

10b, 13a-b), because the ice shelf basal meltwater rises from the deep and is less subject to the 398 

influence of surface forcings. 399 

 400 
  401 
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3.2.2. Roles of Offshore Winds 402 

 Offshore winds in the polynya region weakens from winter to spring (Fig. 2b), and the 403 

average offshore wind speed during the spring season is about 5 m s-1. This offshore wind could 404 

potentially mix the freshwater layer at the surface and enhance the mixing in the water column. To 405 

evaluate the influences of offshore winds on the distribution of meltwater, we increase the mean 406 

offshore wind speed from 5 m s-1 in the Base Run A1 to 10 m s-1 in a sensitivity simulation, S-407 

OWind.  The comparison between this new case and A1 shows that the increase of offshore wind 408 

speed, Va, does not dramatically change the amount of sea ice meltwater in the entire polynya 409 

water column (Fig. 14c), but greatly reduces potential energy anomaly and thus near-surface 410 

stratification in the polynya area (Fig. 14d). This change of near-surface stratification results from 411 

vertical mixing of sea ice meltwater in the upper water column induced by the offshore winds. 412 

With enhanced offshore winds, the sea ice meltwater is mixed deeper into the polynya water 413 

column than that in A1 (Fig. 13c). Consistently, with the increase of Va from 5 to 10 m s-1, the 414 

surface boundary layer depth in the polynya area averaged between Day 240 and 250 increases 415 

from 10–40 m to 50–150 m (Fig. 15). Here, the surface boundary layer depth is determined using 416 

a critical bulk Richardson number of 0.3. This result further confirms that the offshore wind speed 417 

can vertically mix the sea ice meltwater and suppress stratification in the upper water column of 418 

the polynya. 419 

 420 

3.2.3. Thermodynamic Effects 421 

Another potential factor influencing restratification in polynyas is the surface heat flux, 422 

which could modulate sea ice melt rate and affect the amount of sea ice meltwater being injected 423 

into the polynya area. To assess this thermodynamic effect, we carried out additional simulations 424 

with modified peak values of longwave and shortwave radiations and air temperature. In the S-425 

LWRad (S-SWRad) simulations, the peak longwave (shortwave) radiation in the end of the spring 426 

is set at 200 and 300 W m-2 (350 and 450 W m-2), that is, 50 W m-2 lower and higher than the 427 

control values in the Base Run A1, respectively. In the S-ATemp simulations, the peak air 428 

temperature in the end of the spring is set at 0°C and -10°C, 5°C higher and lower than the default 429 

value of -5°C in the Base Run A1, respectively. Temporal evolution of modeled sea ice meltwater 430 

passive tracer and the potential energy anomaly in the polynya area under these altered conditions 431 
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reveal that an increase in heat input to the polynya surface substantially increases both the 432 

concentration of sea ice meltwater and the strength of newly developed stratification in the polynya 433 

area (Fig. 14a-d). Detailed examination of the model solutions indicates that this indeed results 434 

from surface heat flux affecting the amount of sea ice being melted in the region surrounding the 435 

polynya and then the amount of sea ice melt flows into the polynya area. With increased surface 436 

heat flux, sea ice is melted more quickly in the local region, and less sea ice being carried away by 437 

the winds.  438 

It is worth noting that increasing longwave/shortwave radiations by 50 W m-2 and elevating 439 

air temperature by 5 °C have a similar influence on sea ice melt and potential energy anomaly. 440 

This similarity can be explained by calculating the change in sensible heat flux induced by the air 441 

temperature change,   442 

                                                   𝑄1 = 𝜌%𝐶.𝐶/𝑉%(𝑇% − 𝑇!),                                         (3) 443 

where 𝜌% = 1.3	kg	m&2  is the air density,  𝐶. = 0.002  is the heat transfer coefficient, 𝐶/ =444 

1004	J	℃&'	kg&' is the specific heat of air, 𝑇% is air temperature, and 𝑇! is the temperature of the 445 

surface water. For an air temperature difference of 5 ℃, the difference in 𝑄1 is about 65 W m-2, 446 

similar to the 50 W m-2 prescribed change in longwave or shortwave radiation.  447 

 448 

3.3. Influences of Ice Shelf Basal Melt  449 

In this section, we examine the sensitivity simulations, S-CWTemp, with altered water 450 

temperatures within the ice shelf cavity, 𝑇(%)"*+, to explore the impact of ice shelf basal melt on 451 

the polynya near-surface restratification. As 𝑇(%)"*+ increases, the amount of ice shelf meltwater 452 

within the top 100 m of the polynya water column increase dramatically (Fig. 10e). However, the 453 

area-integrated potential energy anomaly in the 100 m of the polynya water column does not vary 454 

as much (Fig. 10f). This suggests that the influence of ice shelf basal meltwater on the near-surface 455 

restratification in the polynya area is relatively weak. A plausible explanation for this lies in the 456 

considerable mixing that ice shelf basal meltwater undergoes with the surrounding ambient water 457 

as it ascends in the buoyant plume from the subsurface. This mixing process disperses the ice shelf 458 

basal meltwater throughout the upper part of water column, which diminishes its impact on near-459 
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surface stratification. This stands in contrast to sea ice meltwater, which is directly injected onto 460 

the polynya surface and therefore exerts a stronger influence on the near-surface stratification. 461 

Here we combine numerical and analytical approaches to assess the vertical length scale 462 

of the buoyant plume associated with ice shelf basal meltwater as it moves toward the surface of 463 

the polynya. First, from the vertical profile of the ice shelf basal meltwater passive tracer 464 

horizontally integrated in the polynya area in Base Run A1 (the red line in Fig. 13a), using an e-465 

folding length scale, we determine the vertical length scale of the buoyant outflow plume of the 466 

ice shelf basal meltwater is about 180 m. This means the modeled ice shelf basal meltwater is 467 

mixed in the top 180 m once it exits the cavity and flow into the polynya area. The vertical length 468 

scale of the buoyant outflow plume can also be estimated through an analytical buoyant plume 469 

theory. Fig. 16 illustrates a schematic representation of a buoyant plume at the ice shelf front, 470 

following Wang et al. (2023). In this study, the ice shelf meltwater flows out of the cavity over a 471 

region of ~10 km width in the zonal direction at the western end of the polynya. It ascends almost 472 

vertically along the ice shelf front wall after passing by the ice shelf bend (Fig. 16a), forming a 473 

buoyant plume (as indicated in Figs. 8l, 9i). The buoyant plume ascends to the surface at a vertical 474 

speed of 𝑊/ before turning offshore forming a horizontal flow of less dense water at the surface 475 

with the thickness of 𝐷- and a speed of 𝑈-. Using the estimated thickness of 180 m, we obtain the 476 

bulk Richardson number of the plume outflow 𝑅𝑖 = 3456!
4!37"

≈ 69, where Δ𝜌 = 0.1	kg	m&2, Δ𝑉 =477 

0.05	m	s&' are the density difference and velocity difference between the plume and the layer 478 

below, respectively, 𝑔 is gravitational acceleration, 𝜌- = 1027	kg	m&2 is the reference density. 479 

With 𝑅𝑖 > 6, following Ching et al. (1993) and Wang et al. (2023), we have an approximate 480 

relationship between 𝑈- and 𝑊/, 481 

                                               𝑈- 	= 	0.95𝑊/.                     (4)  482 

Assuming the buoyant plume is a line source, following Linden et al. (1990), 𝑊/ can be 483 

expressed as,  484 

                                                        𝑊/ = (2𝛼)&
#
$(𝐵/𝑙-	)

#
$,            (5) 485 

where 𝛼 = 0.13 is the entrainment rate between the plume and ambient water, 𝑙- is the alongshore 486 

width of the plume, 𝐵 = 𝑔′𝑄" is the plume buoyant flux, 𝑄" is the plume volume flux at the ice 487 
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shelf bend, 𝑔8 = 𝑔(𝜌/ − 𝜌%!)/𝜌-  is the reduced gravity, 𝜌/  is the plume density, 𝜌%!  is the 488 

density of ambient water.  489 

For a line-source plume, following Linden et al. (1990), the volume flux of the near-surface 490 

plume outflow in the offshore direction, 𝑄-, is,  491 

                                                 𝑄- = (2𝛼)
"
$(𝐵/𝑙-	)

#
$𝐷"𝑙- = (2𝛼)

"
$(𝑔8𝑄"/𝑙-	)

#
$𝐷"𝑙-,              (6) 492 

where 𝐷"  is the depth of the ice shelf. Combining (4), (5), (6), and the volume conservation 493 

equation in the surface layer, 494 

                                                      𝑄- = 𝑈-𝑙-𝐷-,                 (7) 495 

we obtain an expression for the vertical length scale of the buoyant plume, 𝐷-,  496 

                                                        𝐷- =
9:6%
-.<=

.                 (8) 497 

Equation (8) shows that, in the configuration of the interest of this study, the vertical length scale 498 

of the buoyant outflow plume at the polynya surface mainly depends on the depth of the ice shelf. 499 

In our Base Run A1, the depth of the ice shelf, 𝐷", is 400 m, and thus 𝐷- is about 110 m. This 500 

magnitude is qualitatively consistent with the modeled vertical length scale of the horizontal 501 

outflow plume.  502 

To further validate the scaling analysis, we qualitatively compare the modeled and scaled 503 

horizontal plume outflow speed. Model diagnostics show that the average freshwater flux from the 504 

ice shelf basal melt is 𝑄> = 350 m3 s-1. Within the ice-ocean boundary layer below the ice shelf, 505 

the salinity is 𝑆" = 34.1 psu, while the ambient salinity is 𝑆% = 34.3 psu. Using salt conservation, 506 

we obtain the plume volume flux at the ice shelf bend 𝑄" = 𝑄> 𝑆% (𝑆% − 𝑆")⁄ ≈ 6 ×104 m3 s-1. 507 

Applying the model result, 𝑔8 = 0.002 m s-2 and 𝑙-= 10 km, to (4) and (5), we obtain 𝑈- ≈  0.34 m 508 

s-1. The magnitude of this analytically derived offshore outflow speed of the plume is consistent 509 

with the outflow velocity in the model.  510 

Therefore, both the numerical and analytical results indicate that extensive mixing of the 511 

ice shelf basal meltwater with the ambient water during the ascent of the meltwater causes the 512 

basal meltwater to be distributed in a surface layer with a thickness of more than 100 m. This 513 

explains that the ice shelf basal meltwater has a weak influence on the potential energy anomaly 514 

in the top 100 m of the polynya water column and does not contribute much to the biologically 515 
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important near-surface restratification, despite that it delivers a substantial amount of freshwater 516 

into the polynya water column and enhances stratification over the entire polynya water column.  517 

 518 

3.4. Influences of Surface Runoff  519 

In this section, we investigate the impact of surface runoff of the ice shelf surface melt on 520 

the polynya restratification, and the S-SRunoff simulation with a runoff duration Pr = 30 days in 521 

the end of the spring simulation is used first as an example to describe the general pattern (Fig. 522 

17). The simulation shows that the released runoff water flows westward and accumulate near the 523 

coast of the headland (Fig. 17c), driven by the Coriolis force. This spatial distribution of the runoff 524 

water in the polynya area aligns with the low surface density and elevated potential energy 525 

anomaly near the headland (Fig. 17a-b). 526 

Vertically, the surface runoff water is mainly confined in the very top of the water column, 527 

as both evidenced by the runoff water passive tracer vertical profile horizontally integrated in the 528 

polynya (Fig. 13d) and the cross-shore section of the runoff water passive tracer (Fig. 17g). This 529 

vertical distribution closely resembles that of sea ice meltwater. However, on the horizontal plane, 530 

surface runoff water is primarily situated nearshore within the polynya, different from the mostly 531 

offshore presence of sea ice meltwater. Overall, adding the surface runoff greatly modifies near-532 

surface stratification in part of the polynya region. Note that the runoff meltwater released in this 533 

study represents an upper limit of the estimated ice shelf surface melt (Bell et al., 2017; Bell et al., 534 

2018). The exact influence of the runoff on the restratification in an Antarctic coastal polynya 535 

region depends on the overall amount of ice shelf surface melt and also the rate of the melt, the 536 

latter of which is considered in this study by changing the duration of the runoff release.  537 

To investigate the impact of the rate of the runoff release, we examine other S-SRunoff 538 

simulations with Pr  = 10 and 90 days (Fig. 14e-f). Here, the total runoff volume is kept the same 539 

while Pr is altered. The simulations show that a decrease in Pr, i.e., an increase in runoff rate over 540 

the release period, generally correlates with an increase in potential energy anomaly in the polynya 541 

region. However, when Pr  = 10 or 30 days, the changes in the final amount of runoff meltwater 542 

and potential energy anomaly in the polynya area are relatively small. This results from the 543 

residence time of the runoff meltwater in the polynya region being longer than 30 days. When the 544 

release period is equal or less than 30 days, most of the runoff water remains in the polynya region, 545 
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and the duration of the release has little influence on the overall polynya restratification. When Pr 546 

increases to 90 days, which is longer than the residence time of the runoff water in the polynya 547 

region, some of the runoff water exits the polynya region. Correspondingly, the potential energy 548 

anomaly within the polynya area decreases.  549 

 550 

 551 

 Fig. 7. Base Run A1: snapshots of the modeled (a-c) sea ice concentration; (b-d) sea ice 552 

thickness (color) and sea ice velocity (arrows) on Days 210 (left), 230 (middle), and 250 (right).   553 
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 554 

Fig. 8. Base Run A1: aerial view of selected model fields on Days 210, 230, and 250: (a-555 

c) potential density (color) and velocity (arrows) at the surface (c); (d-f) potential energy anomaly 556 

integrated in the upper 100 m; (g-i) sea ice meltwater passive tracer concentration (color) and 557 

velocity (arrows) at the surface; (j-l) of ice shelf meltwater passive tracer concentration (color) and 558 

velocity (arrows) at the surface. The red dashed lines in (c) delineate the locations of three cross-559 

shore transects in the west end, middle, and east end of the polynya as shown in Fig. 9.   560 
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 561 

 562 

 Fig. 9. Cross-shore section of (a-c) potential density; (d-e) sea ice meltwater passive tracer 563 

concentration; (g-i) ice shelf meltwater passive tracer concentration in Base Run A1 on Day 250. 564 

The locations of these transects are outlined by dashed red lines in Fig. 8c.  565 

  566 
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 567 

Fig. 10. Temporal evolution of the amount of sea ice passive tracer (a, d), the amount of 568 

ice shelf meltwater passive tracer (b, e), and potential energy anomaly (c, f) area-integrated in the 569 

upper 100 m of the polynya water column from sensitivity simulations S-AWind (a-c) and S-570 

CWTemp.  571 

  572 
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 573 

Fig. 11. Sensitivity run S-Awind with Ua = 0 m s-1: snapshots of the modeled (a-c) sea ice 574 

concentration; (b-d) sea ice thickness (color) and sea ice velocity (arrows) on Days 210 (left), 575 

230 (middle), and 250 (right). 576 

 577 
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 578 

Fig. 12. Sensitivity run S-Awind with Ua = 0 m s-1: aerial view of selected model fields on 579 

Days 210, 230, and 250: (a-c) potential density (color) and velocity (arrows) at the surface (c); (d-580 

f) potential energy anomaly integrated in the upper 100 m; (g-i) sea ice meltwater passive tracer 581 

concentration (color) and velocity (arrows) at the surface; (j-l) of ice shelf meltwater passive tracer 582 

concentration (color) and velocity (arrows) at the surface.  583 
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 584 

 585 

Fig. 13. Horizontally-integrated vertical profile of sea ice meltwater, ice shelf basal 586 

meltwater and surface runoff passive tracers in the polynya area from (a) Base Run A1; (b) case 587 

S-Awind with Ua = 0 m s-1; (c) case S-Owind with Va = 10 m s-1; (d) case S-Srunoff with surface 588 

runoff lasting for 30 days. 589 

 590 
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 591 

Fig. 14. Temporal evolution of the amount of sea ice meltwater passive tracer (a, c), surface 592 

runoff passive tracer (e), and potential energy anomaly (b, d, and f) area-integrated in the upper 593 

100 m of the polynya water column from sensitivity simulations, S-LWRad and S-SWRad (a, b), 594 

S-Atemp and S-Owind (c, d), and S-Srunoff (e, f). 595 
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 596 

 597 

 Fig. 15. Spatial distribution of the mean surface boundary layer depth during Day 240–250 598 

in (a) the Base Run A1 with offshore wind speed Va = 5 m s-1 and (b) the sensitivity case with Va 599 

= 10 m s-1. 600 

 601 

 602 

Fig. 16. Schematic illustration of the ice shelf basal meltwater plume in the (a) side view 603 

and (b) angle view. 604 

 605 
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 606 

Fig. 17. Results of the S-Srunoff simulation with a 30-day surface runoff on Day 250: (a) 607 

surface potential density (color) and velocity (arrows); (b) potential energy anomaly integrated in 608 

the upper 100 m; (c) surface runoff passive tracer concentration (color) and surface velocity 609 

(arrows). The red dashed lines in (a) delineate the locations of three cross-shore transects of 610 

potential density (d-f) and surface runoff passive tracer concentration (g-i) in the west end, middle, 611 

and east end of the polynya.   612 

  613 
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4. Discussion 614 

This study provides a qualitative understanding of the potential contribution of three major 615 

freshwater (buoyancy) sources, i.e., sea ice melt, ice shelf basal melt, and ice shelf surface runoff, 616 

on springtime near-surface restratification within an Antarctica coastal polynya, a process that is 617 

important for phytoplankton bloom. The effect of various factors, such as alongshore and offshore 618 

winds, air temperature, longwave and shortwave radiations, on the restratification are also 619 

considered. Our analysis demonstrates pronounced horizontal and vertical heterogeneity of newly 620 

developed stratification within the polynya water column. For instance, the western part of the 621 

polynya area tends to have lower surface densities due to accumulation of both sea ice or ice shelf 622 

meltwater there. In the vertical direction, two types of restratified layers appear in the western part 623 

of the polynya: a deeper restratified layer established by outflow of ice shelf basal meltwater and 624 

a shallower one resulting from sea ice meltwater. The shallower restratification is in the euphotic 625 

zone and thus biologically important. Moreover, surface runoff of the Antarctic ice shelf surface 626 

meltwater is highly uncertain in terms of its location, occurrence, duration, and magnitude. 627 

However, if occurs, it could greatly affect near-surface stratification in the western part of the 628 

polynya area, as vertical distribution of the surface runoff of the meltwater is similar to that of sea 629 

ice meltwater, while its horizontal distribution bears resemblance to that of ice shelf basal 630 

meltwater. Because characteristics of these different meltwaters vary across regions, their relative 631 

contributions to springtime polynya restratification can change from one polynya to another. The 632 

heterogeneity in the spatial distribution of meltwaters in a polynya region and the potential cross-633 

polynya variation in their contribution highlight the need for detailed analyses to understand 634 

restratification dynamics in specific polynyas.  635 

 636 

4.1. Horizontal Distribution of Meltwaters 637 

Our analyses indicate that sea ice melt exerts a major influence on biologically important 638 

near-surface restratification in the coastal polynyas. As shown in Fig. 8, the springtime decrease 639 

in surface density and near-surface restratification coincide largely with the pattern of sea ice melt. 640 

This coincidence occurs in both the polynya and the area immediately offshore, but the timing and 641 

magnitude of the restratification differ spatially. The offshore region undergoes an earlier and more 642 

intense restratification, aligned with higher initial sea ice concentration there. Moreover, our 643 
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sensitivity simulations (Fig. 10a-c) shed light on the pivotal role of alongshore winds in modulating 644 

the volume of sea ice meltwater reaching the polynya area. Specifically, increasing the speed of 645 

alongshore winds causes some sea ice being pushed away and leads to a reduced volume of sea 646 

ice meltwater in the polynya area. This underlines the importance of the alongshore wind as a 647 

controlling factor for the springtime restratification and biological productivity in Antarctic coastal 648 

polynyas.  649 

The spatial heterogeneity in the distributions of the different meltwaters is a key result of 650 

this study. Fig. 8 offers an illustration on how sea ice meltwater and ice shelf meltwaters are 651 

separated spatially. While the sea ice meltwater predominantly infiltrates the polynya area from 652 

the offshore and is carried by currents, both the ice shelf basal meltwater and surface runoff are 653 

more localized and concentrated on the western end of the polynya, as driven by the Coriolis force.  654 

 655 

4.2. Vertical Distribution of Meltwaters 656 

In the vertical direction, the meltwater sources also exhibit different pattern of distribution. 657 

Both sea ice meltwater and surface runoff concentrate at the surface as they are directly injected 658 

into the polynya surface. They can thus directly contribute to the near-surface restratification. 659 

However, an increase in the offshore wind speed could enhance vertical mixing and destroy the 660 

near-surface stratification, even though the overall amount of sea ice meltwater in the polynya area 661 

remained almost unchanged (Fig. 14c). When the offshore wind speed increases from 5 to 10 m s-662 
1, the model shows a clear reduction in potential energy anomaly (Fig. 14d) and thickening of the 663 

surface boundary layer (Fig. 15). The same effect presumably applies to the near-surface 664 

stratification established by the surface runoff. This indicates a crucial role that offshore winds 665 

play in modulating boundary layer dynamics and thus the springtime near-surface restratification 666 

in the polynyas.  667 

Another intriguing finding here pertains to the vertical mixing of ice shelf basal meltwater. 668 

Unlike sea ice meltwater or surface runoff, ice shelf basal meltwater exhibits a more uniform 669 

distribution throughout the upper ~200 m of the water column in the model. Both our numerical 670 

models and analytical scaling show a vertical length scale of the ice shelf basal meltwater outflow 671 

of 𝑂(100 m). This can be attributed to the mixing with the ambient water during its upward 672 

movement from the ice shelf cavity. It allows the ice shelf basal meltwater to spread more evenly 673 
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in the upper hundreds of meters, contrasting with the surface-confined distribution of sea ice and 674 

surface runoff meltwater. This result suggests that, even though ice shelf basal melt might 675 

contribute significantly to the freshwater content in the polynya region, it is not necessarily a major 676 

contributor to the near-surface stratification, a key factor of the springtime phytoplankton bloom 677 

in Antarctic coastal polynyas.  678 

 679 

4.3. Implications on Biological Productivity 680 

This study provides a qualitative understanding on how three types of meltwaters could 681 

contribute to the spring restratification in Antarctic coastal polynyas and how a number of physical 682 

factors could potentially affect that through modifying the meltwater distributions. The modeled 683 

spatial heterogeneity in polynya spring restratification is qualitatively consistent with the observed 684 

non-uniform distribution of chlorophyll-a concentration at the TNBP (Fig. 4). In areas where sea 685 

ice meltwater is prevalent, especially at the northwestern edge of the modeled polynya (the 686 

northern end of the TNBP), lower surface densities create a stable surface layer. Such condition is 687 

conducive for phytoplankton growth, as they enable the retention of newly produced biomass in 688 

the euphotic zone, thereby enhancing primary productivity. While part of the high chlorophyll-a 689 

concentration near the sea ice edge might result from sub-ice blooms, these blooms would be 690 

enhanced or sustained by the strong near-surface stratification there established by concentrated 691 

sea ice meltwater, which is consistent with our argument. The inhomogeneous distribution of 692 

phytoplankton growth might also shape the spatial distribution of zooplankton and higher trophic 693 

levels (e.g., Tachibana et al., 2023). In addition, the spatially concentrated distribution of ice shelf 694 

basal meltwater has a potential influence on the nutrient availability and cycling in the region, as 695 

the ice shelf basal meltwater is rich in iron, a major limiting factor for the phytoplankton growth 696 

in the region (Dinniman et al., 2020). Our model result suggests that nutrients provided by the 697 

basal meltwater are likely confined to a corner of the polynya near the coast and might not be 698 

immediately available to the larger polynya region. The surface mixed layer established by the 699 

basal meltwater is too deep (> 100 m) to keep phytoplankton in the euphotic zone. Similarly, 700 

surface runoff of the ice shelf surface melt, while contributing to the formation of a shallow 701 

restratified layer near the surface, is confined horizontally in the coastal corner of the polynya. 702 

Hence, this runoff meltwater might also not be readily accessible to the rest of the polynya.  703 
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The configuration in this study is highly idealized, and settings of coastal polynyas around 704 

Antarctica are much more complicated and they change across polynyas. Factors that are neglected 705 

in this study, such as more complex coastline geometry, land-fast ice dynamics, sea ice boundary 706 

conditions, higher-frequency wind fluctuations, irregular shelf bathymetry, and ice shelf basal and 707 

surface topography, could modify distribution of the meltwaters, pattern of the near-surface 708 

restratification, and then biological productivity in an Antarctic coastal polynya. For instance, a 709 

recent study of the TNBP (Kim et al., 2023) shows that irregular shelf bathymetry, such as deep 710 

troughs, can affect circulation under the ice shelf and modify the CDW intrusion and rates of basal 711 

melting. However, because ice shelf basal melt contributes relatively little to the springtime near-712 

surface restratification, we anticipate that the influence of shelf bathymetry on the restratification 713 

in coastal polynyas is weak. It is possible that irregular bathymetry affects shelf circulation and 714 

then the delivery of sea ice into the polynyas. This potential pathway of bathymetric influence is 715 

neglected in this study and should be addressed in future studies. Meanwhile, recently identified 716 

enhancement of lateral transport and mixing of basal meltwater during its ascent at the ice shelf 717 

front induced by small-scale (~1 km) centrifugal overturning instability (Garabato et al., 2017) is 718 

not considered here because the model resolution (~1 km) is not high enough to resolve the process. 719 

Moreover, in the Mertz Polynya, after the Mertz Glacier Tongue calving in 2010 (Lacarra et al., 720 

2014; Snow et al., 2018), sea ice from upstream can flow alongshore into the polynya area, 721 

supplying sea ice meltwater into the polynya surface. This change in the sea ice boundary condition 722 

could enhance the near-surface restratification and associated spring bloom in the polynya. This 723 

contrasts with the TNBP, where the Drygalski Ice Tongue blocks the northward sea ice flow from 724 

the upstream into the polynya (Bromwich & Kurtz, 1984; Kurtz & Bromwich, 1985), reducing the 725 

availability of sea ice meltwater in spring. In the Amundsen Sea Polynya, the outflow of sea ice 726 

produced by the polynya can occasionally be blocked by the nearby iceberg chain and thus stay 727 

locally in the polynya (Macdonald et al., 2023), which could enhance surface restratification. 728 

Meanwhile, in the same region, significant CDW intrusion and basal melting from adjacent ice 729 

shelves (Randall-Goodwin et al., 2015) contribute substantially to the iron supply and enhance 730 

phytoplankton productivity in the polynya (Sherrell et al., 2015), a process that is not considered 731 

in this study. The difference in these polynyas indicates that understanding the resilience and 732 

adaptability of any Antarctic coastal polynya ecosystem in a rapidly changing climate, requires a 733 

thorough investigation of the detailed physical and biological processes with a full consideration 734 
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of the local complexity. This study provides a framework for future studies to examine the 735 

influence of different factors on the springtime restratification, a key process for the primary 736 

biological production in the polynyas. 737 

 738 

5. Summary 739 

In this study, we investigate the influences of atmospheric, oceanic, and sea ice and ice 740 

shelf processes on springtime restratification in Antarctic coastal polynyas. Utilizing a series of 741 

numerical sensitivity simulations, we explore the role of alongshore and offshore winds, ice shelf 742 

basal melt rate (through altering water temperature in the ice shelf cavity), and surface heat fluxes 743 

on the development of near-surface stratification that is crucial for phytoplankton blooms in the 744 

polynyas in early spring. One of our key findings relates to the spatial distribution of different 745 

types of meltwaters and the associated heterogeneity in near-surface restratification in the polynya 746 

region. Sea ice meltwater is predominantly influenced by alongshore winds and is largely 747 

concentrated in the offshore areas of the polynya. Meanwhile, sea ice melt in the polynya itself is 748 

less important, as the sea ice in the polynya has been transported offshore by the offshore winds. 749 

Sea ice meltwater in the polynya area is primarily carried from the offshore region into the polynya 750 

by ocean circulation, and offshore sea ice melt thus contributes significantly to restratification in 751 

the polynya region, particularly the outer polynya region. This is consistent with the observed peak 752 

chlorophyll-a concentration at the edge of the Terra Nova Bay Polynya in the spring. In contrast, 753 

ice shelf basal meltwater — although a major constituent of the meltwater volume within the 754 

polynya water column — is more mixed in the vertical direction due to strong mixing with the 755 

ambient water during its ascent. This results in a less important role of ice shelf basal meltwater in 756 

polynya near-surface restratification compared to sea ice meltwater. Surface runoff of the ice shelf 757 

surface meltwater, a potential buoyancy source of high uncertainty, exhibits a distinct distribution 758 

pattern in the polynya region, resembling sea ice meltwater in its vertical distribution but ice shelf 759 

basal meltwater in its horizontal nearshore concentration. Our model suggests that surface runoff, 760 

if occurs, could significantly contribute to the near-surface restratification in the western part of 761 

the modeled polynya through establishing a shallow surface layer of less dense water there.   762 

Our analysis highlights the spatial heterogeneity in the distribution of meltwaters in the 763 

polynya water column and illustrates their different influences on the near-surface restratification 764 
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process. This spatial heterogeneity can potentially explain the inhomogeneous chlorophyll-a 765 

distributions in Antarctic coastal polynyas. In particular, results of this study are consistent with 766 

satellite observations in the Terra Nova Bay Polynya showing the highest springtime chlorophyll 767 

concentration near the polynya edge where the sea ice meltwater establishes the strongest near-768 

surface stratification. Overall, using an idealized polynya model, this research provides insights 769 

on the springtime polynya restratification dynamics and their sensitivity to various physical factors, 770 

thereby deepening our understanding of these critical systems in the context of climate change. 771 

Future research will include the use of a realistic model to validate the findings presented in this 772 

study to examine the potential influence of other factors (e.g., more complex coastline geometry 773 

and ice shelf basal and surface topology) that are neglected in this work. 774 
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