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Abstract

Polynyas play an important role in climate change with an efficient exchange of heat and matter between the atmosphere and

the ocean in polar regions. This study investigated the influence of strong tides and atmospheric forcing on the Amundsen

Sea Polynya, especially focusing on large-area polynya events from 2002 to 2020. We found that the geographical locations of

the polynyas are closely related to the underwater ridge, where tidal currents are relatively strong. More importantly, strong

cross-ridge winds are the “triggers” above the sea surface for the initial formation of the Amundsen Sea Polynya, while strong

tides under the sea surface tend to create large-area polynya. Four of the five largest polynya events occurred mainly during

spring tides. Only the 2016 event occurred during the normal tide period, which was atmosphere-dominated. Strong tides

significantly affect the evolution of polynyas by strengthening the vertical mixing of seawater. Given that ocean in Antarctica

might become warmer, tidal mixing might enhance the mixing in the future climate.
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Key Points: 9 

• The geographical location and shape of the Amundsen Sea Polynya were closely related 10 
to the underwater ridge (Bear Ridge).  11 

• The atmosphere-dominated polynya event was caused by significant cross-ridge winds  12 
and surface net solar radiations. 13 

• Four of the five largest polynya events occurred mainly during spring tides, which were 14 
tide-dominated events affected by the strengthening vertical mixing of seawater.  15 

Abstract 16 

Polynyas play an important role in climate change with an efficient exchange of heat and 17 
matter between the atmosphere and the ocean in polar regions. This study investigated the 18 
influence of strong tides and atmospheric forcing on the Amundsen Sea Polynya, especially 19 
focusing on large-area polynya events from 2002 to 2020. We found that the geographical 20 
locations of the polynyas are closely related to the underwater ridge, where tidal currents are 21 
relatively strong. More importantly, strong cross-ridge winds are the "triggers" above the sea 22 
surface for the initial formation of the Amundsen Sea Polynya, while strong tides under the sea 23 
surface tend to create large-area polynya. Four of the five largest polynya events occurred mainly 24 
during spring tides. Only the 2016 event occurred during the normal tide period, which was 25 
atmosphere-dominated. Strong tides significantly affect the evolution of polynyas by 26 
strengthening the vertical mixing of seawater. Given that ocean in Antarctica might become 27 
warmer, tidal mixing might enhance the mixing in the future climate. 28 

Plain Language Summary 29 

The polynya is a water area that does not freeze or has only thin ice when it reaches freezing 30 
conditions in winter. As a window between ocean and atmosphere, polynyas play an important 31 
role in climate change. The polynya is the result of the interaction of atmosphere, sea ice and 32 
ocean. This study focused on the major polynya events and the initial formation of the polynya 33 
using the sea ice concentration (SIC) data of the University of Bremen based on AMSR-E/2. We 34 
found that the geographical location of the polynya was closely related to the topography. The 35 
polynya extended to the open ocean along the terrain of the Bear Ridge. The formation of the 36 
Amundsen Sea Polynya was affected by the atmosphere and the ocean. Winds was the "triggers" 37 
for the formation of the Amundsen Sea Polynya. The wind field on the days when the Polynya 38 
splits was dominated by northwest and southeast winds (ESE, E, and WNW), which were cross-39 
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ridge (Bear Ridge). The surface net solar radiations also played an important role in the area of 40 
the Amundsen Sea Polynya. The area of the polynya was large during spring tides related to the 41 
local spring tides, that is, the area was large during spring tides. Strong tides significantly affect 42 
the evolution of polynyas by strengthening the vertical mixing of seawater. Ocean in Antarctica 43 
might become warmer because of the global warming, tidal mixing may be more important for 44 
the future climate. 45 

1 Introduction 46 

As one of Antarctica's fastest melting marginal seas, the Amundsen Sea is closely related to 47 
the global climate and has become a hot area of geoscience (Kim et al., 2021). The Amundsen 48 
Sea is located in West Antarctica (Figure 1), south of 71°S (100°W~135°W), on its east Thurston 49 
Island, and its west Cape Dart, the cape of Siple Island, which is part of the South Pacific Ocean 50 
connecting the Ross Sea and the Bellinsgauzen Sea. The Amundsen Sea is characterized by deep 51 
troughs extending to the continental shelf fault (Jacobs et al., 2012). The direction of the extent 52 
of the troughs is north-northeast, and the troughs gradually narrow towards the Pine Island 53 
Trough with Bear Ridge on its west (Hogan et al., 2020). 54 

The melting of ice in the Amundsen Sea has been accelerating due to the rising global 55 
temperatures (Nakayama et al., 2021). The mass loss rate of Antarctic glaciers gradually 56 
increased from 40±9 Gt/y in 1979-1990 to 252±26 Gt/y in 2009-2017 (Rignot et al., 2019). 57 
Among them, the loss of glacier mass in West Antarctica took place mainly in the Amundsen Sea 58 
(Hogan et al., 2020; Rignot et al., 2019). Meanwhile, the mass loss rate of the Getz Ice Shelf in 59 
the Amundsen Sea area was 16.5 Gt/y in 2017, three times higher than that in 1979-2003 (Rignot 60 
et al., 2019). In addition, the Amundsen Sea played an important role in the mass balance of West 61 
Antarctica glaciers and the rise in sea levels (Shepherd et al., 2019; Shepherd & Wingham, 62 
2007). Thus, as the monitor of the Antarctic and global climate change, how the polynya in the 63 
Amundsen Sea has changed in these years deserves our attention.  64 

The Amundsen Sea Polynya is the main large polynya in Antarctica. A good number of 65 
studies focused on its high primary productivity rather than its formation (Arrigo et al., 2012; 66 
Lee et al., 2016; Thuróczy et al., 2012). A recent study by Macdonald et al. (Macdonald et al., 67 
2021) focused on the physical process of its formation. They found a concurrence of the highest 68 
polynya areas in 2020 after April and the highest spikes in wind speed. However, as a window 69 
connecting the atmosphere, sea ice, and ocean, the Amundsen Sea Polynya can be modified by 70 
multiple factors.  71 

Additionally, many studies have shown that polynyas are closely related to tides. In 1984 it 72 
was proposed that tides play a major role in the polynya in the western Canadian Arctic (Melling 73 
et al., 1984). Afterward, a study of the polynya in the Kashevarov Bank found in the Okhotsk 74 
Sea showed that the resonance of the O1 and K1 harmonic constituents increased vertical heat 75 
flux, which significantly affected the formation and change of the polynya (Martin, 2004). The 76 
polynya showed an obvious two-week cycle in the winter of 2000-2001 (Martin, 2004). Tides 77 
also impact the North Water Polynya, resulting in a 12-hour periodic change in the polynya 78 
(Vincent & Marsden, 2008). The above studies mainly focused on the northern hemisphere 79 
(Hannah et al., 2009). Possibly due to the remote location and great attention on the ice shelves, 80 
so far as we know, there are yet no studies focusing on the impact of tides on the Amundsen Sea 81 
Polynya. Previous studies have shown that tides can enhance the melting of the Amundsen Sea 82 
ice shelves by increasing the exchange between ice and ocean (Jourdain et al., 2019). However, 83 
the evolution of the Amundsen Sea Polynya related to tides attracts our attention after a detailed 84 
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examination.  85 
Owing to the development of passive microwave remote sensing, AMSR-E data provided 86 

an opportunity to study the evolution of polynyas in much better detail than before. In this study, 87 
we used the sea ice concentration (SIC) data of the University of Bremen based on AMSR-E/2. 88 
We focused on the major polynya events and paid attention to the initial stages of the Polynya 89 
formation and the maximum area of each polynya. Furthermore, we comprehensively considered 90 
the oceanic factors (topography, tides) and atmospheric factors (wind, surface net solar radiation) 91 
of the Amundsen Sea, allowing us to analyze the mechanism of the large-area events from 2002 92 
to 2020. 93 

 94 

Figure 1. The topography of the Amundsen Sea, Antarctica. The black line is the main area 95 
where polynyas occurred. 96 

2 Data and methods 97 

2.1 Data 98 

The SRTM15+ V2.1 global bathymetry and topography dataset (Tozer et al., 2019) from 99 
Open Topograph (Wessel et al., 2019) was used for the bathymetry of the study region. The 100 
dataset used was the latest iteration of the SRTM+ digital elevation model (DEM) with a grid of 101 
15 arc seconds. 102 

The sea ice concentration dataset, version 5.4 (Spreen et al., 2008) from the University of 103 
Bremen, Institute of Environmental Physics (IUP) was used. The data was retrieved with the 104 
ARTIST Sea Ice (ASI) algorithm (Spreen et al., 2008) based on AMSR-E (Advanced Microwave 105 
Scanning Radiometer for EOS, June 1st, 2002—October 4th, 2011) and AMSR2 (Advanced 106 
Microwave Scanning Radiometer 2, July 2nd, 2012—today). The data in HDF4 format with a 107 
spatial resolution of 3.125 km×3.125 km includes a daily time series of sea ice concentrations 108 
over the period 2002—2020 for the south polar regions, but the data from October 5th, 2011, to 109 
July 1st, 2012, and other individual times were missing.  110 
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Wind and surface net solar radiation data were all obtained from the European Centre for 111 
Medium-Range Weather Forecasts (ECMWF) ERA5 dataset. The dataset was obtained from the 112 
Copernicus Climate Change Service (C3S) at ECMWF. We combined the eastward and 113 
northward components of the 10m wind to give the speed and direction of the horizontal 10m 114 
wind. These data with a spatial resolution of 0.25°×0.25° have a temporal resolution of 1 day. If 115 
the vertical heat flux (surface net solar radiation) is positive, the heat transfer direction is 116 
downward. 117 

TPXO tide models (Egbert & Erofeeva, 2002) developed by the Oregon State University 118 
(OSU) were used to predict the tide level. TPXO9-atlas models have a spatial resolution of 1/30° 119 
globally provided by National Computational Infrastructure (NCI). The models include 8 120 
primary (O1, K1, S2, P1, M2, N2, Q1, and K2) and 4 non-linear (2N2, M4, MS4, and MN4) harmonic 121 
constituents. A position of 112°W and 73°S was chosen to represent the study region, and a tide 122 
level from 2002 to 2020 was obtained.  123 

2.2 Methods 124 

2.2.1 Study time 125 

The timing of freezing and melting of sea ice in the Amundsen Sea differs from that in other 126 
regions of Antarctica, which have certain regional characteristics (Stammerjohn et al., 2012). The 127 
monthly sea ice concentration in the Amundsen Sea (125W~99W, 76S~70S) from 2002 to 2020 128 
was 33.29%-95.73% (Figure 2). On average, sea ice concentration was lowest in February and 129 
highest in July. Interannual sea ice variation was greatest in March, the early stages of glaciation, 130 
with a standard deviation of 19.22%. Sea ice concentration was relatively stable in July, which 131 
was the highest value of sea ice concentration in those years, with a standard deviation of 0.84%. 132 
Because the polyna is an area that is not covered by sea ice when it reaches the freezing 133 
condition. June to October was selected as the study period for polynyas, with high sea ice 134 
concentration and low interannual sea ice variation. 135 

 136 

 137 
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Figure 2. The monthly sea ice concentration in the Amundsen Sea (125°W~99°W, 76°S~70°S) 138 
from 2002 to 2020. The blue line is the mean sea ice concentration of each month, and the 139 
shaded blue is the standard deviation of the mean sea ice concentration for each month in 19 140 
years. 141 

2.2.2 Study site 142 

Polynyas can generally be distinguished by sea ice concentration and sea ice thickness 143 
(Massom et al., 1998; Preusser et al., 2019). In this study, polynyas are distinguished by the sea 144 
ice concentration, and the 75% sea ice concentration value is taken as the threshold for judging 145 
the polynya (Massom et al., 1998). It is considered that the area with less than 75% sea ice 146 
concentration is the polynya area, and the area with more than 75% sea ice concentration is the 147 
sea ice area. Thus, the occurrence frequency of the Polynya in the Amundsen Sea from 2002 to 148 
2020 was evaluated (Zhang et al., 2021). The main area of polynya in the Amundsen Sea was 149 
assumed to be the area with a high occurrence frequency (Figure 3). The Amundsen Sea is 150 
normally covered by sea ice from June to October. However, along the Bear Ridge and the east 151 
coast of Pine Island Bay, one large polynya and a series of coastal polynyas always regularly 152 
occurred during this period. Therefore, waters of Amundsen Sea Polynya (118W~109W, 153 
74.5S~72S) with high occurrence frequency were framed with solid red lines, which was 154 
selected as the main study area (Figure 3). The Amundsen Sea Polynya is a perennial water area 155 
surrounded by high sea ice. Most of the time, the shape of polynya was an arc, extending 156 
northward from the coast of Bear Ridge with the tip facing west. 157 

 158 

 159 
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Figure 3. The occurrence frequency of polynya and mean wind field distribution in the 160 
Amundsen Sea over the period 2002-2020. The solid red lines is the main study area. 161 

2.2.3 Calculation of polynya area 162 

The sea ice concentration data with a spatial resolution of 3.125 km×3.125 km was used in 163 
this study. According to each grid area, the area of the Amundsen Sea Polynya was calculated by 164 
water area integral:  165 𝑆 = 1)׬ − 𝐶)𝑑𝑠 (1) 166 

Where C is the sea ice concentration, s is the single grid area (with 75% sea ice 167 
concentration value as the threshold), and S is the area of the polynya. 168 

3 Results 169 

3.1 Impact of cross-ridge wind on triggering polynya 170 

The mean wind speed in the Amundsen Sea area (125°W~99°W, 76°S~70°S) from June to 171 
October 2002 to 2020 was 8.05 m/s. As seen in Figure 3, the mean wind field had a good 172 
relationship with the occurrence frequency of Amundsen Sea Polynya. The wind speed along the 173 
coast of the study area (red frame) was large, and the overall wind direction was offshore, south-174 
easterly. It was a cross-ridge wind that roughly coincided with the splitting direction of the 175 
Polynya and was perpendicular to the direction of the Polynya extension. 176 

The area of the Polynya is generally 10-105 km2 (Morales Maqueda et al., 2004), and the 177 
mean area of the Amundsen Sea Polynya in winter was 4.53×103 km2. Results showed that 178 
when the area of the Amundsen Sea Polynya was less than 400 km2, this identified a situation of 179 
complete ice cover in the study area. If the area of the Amundsen Sea Polynya exceeds 400 km2 180 
one day and this day is the day after a completely freezing day, this day is the day when the 181 
Polynya splits and the first day of a polynya event. The period from this day to the next complete 182 
ice cover is considered as a complete Amundsen Sea Polynya event. For example, in 2018, the 183 
study area was completely covered by sea ice from August 2nd to 4th and September 22nd, the area 184 
of the Polynya exceeded 400 km2 from August 5th to 21st. It was considered that the period from 185 
August 5th to September 22nd was a complete Amundsen Sea Polynya event. It was considered 186 
that August 4th is the day before the Polynya splits, and August 5th is the day when the Polynya 187 
splits. The Amundsen Sea Polynya happened in most cases from June to October every year, and 188 
was completely covered by sea ice for only 163 days in 19 years. 189 

Studies have shown that some large polynya events may be caused by strong wind events 190 
(Macdonald et al., 2021). The change of the Amundsen Sea Polynya affected by the wind field 191 
occurred mainly on the synoptic scale in terms of time. Using the Beaufort scale (Penwarden, 192 
1973), the wind field in the study area was dominated by southeast offshore winds all year round 193 
(Figure 4a). ESE was the main wind direction, accounting for 16.19 %. In contrast, the 194 
proportion of westerly wind direction was relatively low. Figures 4b and 4c show the distribution 195 
of the mean wind speed and direction in the study area from January to May in summer and June 196 
to October in winter, respectively. The relative proportion of each wind direction in summer and 197 
winter was consistent with the distribution of wind direction throughout the year, mainly 198 
dominated by southeast winds (ESE and SE). The proportion of higher wind speeds in winter 199 
was higher than in summer. The proportion of higher wind forces of 7 and above (>13.9 m/s) 200 
was only 4.86 % in summer, while it accounted for 9.74 % in winter. 201 

On days with complete frost, before and after the formation of the Polynya, the wind field 202 
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distribution in the study area was very different from that in normal times (Figure 4d-f). On days 203 
with complete frost and the days before the Polynya split (Figure 4d, e), the main wind direction 204 
was Northwest (W and WNW). However, the main wind directions, which were Southeast (ESE 205 
and E) and Northwest (W and WNW) in the study area, were cross-ridge on the days when the 206 
Polynya splits (Figure 4f). The proportion distribution of the individual wind directions was 207 
completely different from when it was frozen and the days before the Polynya splits. Compared 208 
to the long-term mean wind field, the westerly wind direction (WNW and W) had a large 209 
proportion on the day when the Polynya splits, followed by the largest proportions of the ESE 210 
and E directions with about 8.26% and 6.07%, respectively. In particular, on the day when the 211 
Polynya splits, the wind speed was great. The proportion of higher wind speeds of force 7 and 212 
above was high at 13.09%. The wind direction was generally dominated by the northwest coastal 213 
winds when it was fully frozen and the days before the Polynya splits. Therefore, the northwest 214 
coastal winds were conducive to the Polynya area being completely covered by sea ice. The 215 
strong cross-ridge wind in the study area could easily blow away the sea ice, leading to the 216 
formation of the Polynya. 217 

 218 

 219 

Figure 4. The percentage distributions of wind speed and direction in different times a. all days, 220 
b. the days from January to May in summer, c. the days from June to October in winter, d. the 221 
completely freezing days, e. the days before the Polynya splits and f. the days when the Polynya 222 
splits over the period 2002-2020.olid red lines is the main study area. 223 

3.2 Impacts of the ridge on the Polynya 224 

The continental shelf narrows from east to west and the depth north of it exceeds 1000 m 225 
(Figure 5). Along the coast, there are two deep inland shelf troughs with the longitude of about 226 
115°W and 106°W and a depth of more than 1000 m. There are two areas with shallow depth to 227 
the west and in the middle of the two troughs. The Carney platform near 119°W to the west has 228 
relatively high terrain and a depth of about 100 m to 200 m. The Bear Ridge 111°W to the east is 229 
also relatively shallow and extends west toward the open ocean. 230 

When the area of the Amundsen Sea Polynya was small, regardless of the small water area 231 
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to the north of 72°S, we could observe that the Polynya matched perfectly with the bathymetry, 232 
mainly distributed in an arc from the coast to the outside. Figure 5 shows the situation of all the 233 
days during the initial period of the Polynya splitting, when the Polynya was small in the 234 
Amundsen Sea from June to October 2020. The Polynya started from the Bear Peninsula near 235 
111°W, extended to the open ocean in the north along the topography of the Bear Ridge, and the 236 
northernmost tip of it faced west. Furthermore, there was also an occasional polynya in the 237 
Amundsen Sea in 2020, extending along the topography from the Duncan Peninsula near 119°W 238 
to the edge of the western continental shelf along the Carney Platform. The shape of the Polynya 239 
was also similar to that of the Amundsen Sea Polynya. They were both shaped as an arc, with the 240 
northernmost tip facing west. It could be seen that the topography plays an important role in the 241 
formation of the Polynya and affects its location and shape. 242 

 243 

Figure 5. The topography and the distribution of the Polynya (green lines) during the initial 244 
splitting period of the Amundsen Sea Polynya from June to October 2020. 245 

3.3 Large-area polynya events 246 

3.3.1 Tides 247 

Figure 1. Amplitude and phase lag of harmonic constituents. 248 
harmonic 
constituent 

amplitude/ 
m phase lag/° harmonic 

constituent 
amplitude/ 
m 

phase 
lag/° 

O1 0.244 99.9 Q1 0.054 89.7 
K1 0.174 87.1 K2 0.033 163 
S2 0.134 160.7 2N2 0.011 176 
P1 0.107 118.4 M4 0.003 83.2 
M2 0.063 -107.5 MS4 0 166.8 
N2 0.061 -160 MN4 0 39.6 
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 249 
 250 
 251 

 252 

Figure 6. The time series of tide level in the study site from June to October in 2020. a. 253 
including 8 primary (O1, K1, S2, P1, M2, N2, Q1 and K2) and 4 non-linear (2N2, M4, MS4 and 254 
MN4) harmonic constituents, b. only including 8 primary harmonic constituents. 255 

 256 
The position (112°W, 73°S) was chosen to investigate the tides in the study region. Taking 257 

the tide level from June to October in 2020 as an example, the amplitude of O1, K1, S2, P1 258 
primary harmonic constituents were higher (above 0.1m) than in other months. There were four 259 
extremely low non-linear (2N2, M4, MS4, and MN4) harmonic constituents, and we ignored them 260 
by comparing Figure 6a and Figure 6b. There were two high and two low water in this site in a 261 
day, which belongs to the irregular semidiurnal tide. The tides from June to August in the 262 
Amundsen Sea area generally alternated between a 16-day cycle and a 12-day cycle. Based on 263 
the spring tide from June to August, there were still some spring tides with relatively low tide 264 
levels in September and October. The frequency of spring tides in these two months was 265 
relatively high. 266 

We presented the tides, including 2 primary (O1 and K1) harmonic constituents in Figure 7a. 267 
In Figure 7b, we considered P1 primary harmonic constituents based on Figure 7a. By comparing 268 
them, it could be considered that spring tides changed because of P1. Unlike Figure 7a, there 269 
were regular tides in Figure 7a with a tide level of 0.43m at high water hours. The tide level of 270 
spring tides changed. Thus, the tide level of spring tides reached the lowest value in early 271 
September, at 0.33m. We presented the tides, including all primary harmonic constituents (O1, 272 
K1, S2, P1, M2, N2, Q1, and K2) in Figure 7f, but did not consider P1 primary harmonic 273 
constituents in Figure 7d. We can also draw the conclusion that P1 played an important role in 274 
lowering the tide level of spring tides but raising the tide level of neap tides in early September.  275 

Similarly, we considered the role of S2 in the site by comparing Figure 7a with Figure 7c 276 
and comparing Figure 7e with Figure 7f. It was observed that S2 made spring tides higher, which 277 
was most obvious in July. It also increased the original neap tides and became part of some low 278 
spring tides. There were two similar level spring tides in October because of S2, so the spring 279 
tides' frequency increased. Thus, by detailed examination, we considered that P1 and S2 were two 280 
of the most important harmonic constituents contributing to the irregular pattern of tides in the 281 
region. 282 

 283 
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 284 

Figure 7. Tide level was most significantly affected by P1 and S2 primary harmonic constituents 285 
in the study site from June to October 2020. In this part, only the 8 primary harmonic 286 
constituents were considered. a. the tides including 2 primaries (O1 and K1) harmonic 287 
constituents, b. on the basis of a., consider P1 primary harmonic constituents, c. on the basis of 288 
a., consider S2 primary harmonic constituents, f. including all primary (O1, K1, S2, P1, M2, N2, Q1 289 
and K2) harmonic constituents, d. on the basis of f., did not consider P1 primary harmonic 290 
constituents, e. on the basis of f., did not consider S2 primary harmonic constituents. 291 

3.3.2 Impacts of tides on polynya 292 

 293 
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Figure 8. The time series of the Polynya area from June to October over the period 2002-2020. 294 
The yellow line indicates the value of 20×103km2 to find the five largest-area polynya events. 295 
The dates of the five largest-area events are marked with blue lines. 296 

 297 
According to the time series of the Amundsen Sea Polynya area (Figure 8), five large-area 298 

polynya events with an area of more than 20×103km2 were selected to analyze the 299 
environmental characteristics before their occurrence. The study area was represented by the 300 
position (112°W, 73°S), and the TPXO9-atlas models, including 8 primaries (O1, K1, S2, P1, M2, 301 
N2, Q1, and K2) and 4 non-linear (2N2, M4, MS4, and MN4) harmonic constituents were used for 302 
tide prediction. It could be seen from the prediction that the tide in the study area belonged to an 303 
irregular semidiurnal tide. We found that four of the five events (events B-F) with the largest area 304 
of the Polynya occurred within 3 days after the spring tide (Table 2), which may be a tide-305 
dominated polynya. Therefore, it suggested that the tides may be a factor in the change of the 306 
Amundsen Sea Polynya. Unlike regular tides patterns in similar studies on the northern 307 
hemisphere (Hannah et al., 2009; Martin, 2004; Melling et al., 1984; Vincent & Marsden, 2008), 308 
the irregular tides pattern caused by P1 and S2 makes the study on the link between tides and 309 
polynyas more complex.  310 
 311 

Figure 2. Analysis of the characteristics of large polynya events. 312 
Events Maximum 

area（×

103km2） 

Maximum area 
occurrence time 

Time of last 
spring tide 

Days 
from 

spring 
tide 

Mean surface net 
solar radiation in the 

first five days
（× 10ହ𝐽 ∙ 𝑚ିଶ） 

A 27.50 2016.10.09 2016.10.04 5 1.39 
B 21.08 2002.10.27 2002.10.24 3 2.95 
C 20.74 2013.06.25 2013.06.22 3 0 
D 20.29 2008.10.30 2008.10.30 0 3.41 
E 20.04 2018.06.27 2018.06.26 1 0 

 313 
It can be seen from Table 2 that the mean surface net solar radiation five days before the 314 

Polynya events was very different. This was because they occurred in different months, in June 315 
and October, respectively. The surface net solar radiation in June was 0 𝐽 ∙ 𝑚ିଶ (Figure 8), and 316 
the radiation in October was large. The radiation in the first five days of events A, B and D in 317 
October exceeded the mean surface net solar radiation in the study area (Table 2). Event A was 318 
the largest polynya event in 19 years. In this event, the date when the area of the Polynya 319 
exceeded 20×103km2 was October 7th-12nd. Although the largest area of this event did not occur 320 
during the spring tide, the area also exceeded 20×103km2 on the third day after spring tide, 321 
which provided a basis for the occurrence of the largest area. Moreover, the mean radiation in the 322 
first five days was large, and it was characterized by the strong cross-ridge wind from October 323 
2nd to October 9th. This event did not disappear until October 17th. Therefore, we consider that 324 
this event was an atmosphere-dominated event, which was caused by unusually significant cross-325 
ridge wind and surface net solar radiation. 326 

3.4 Impact of surface net solar radiation on polynya 327 

The net surface solar radiation in the study area from June 1st to August 23rd throughout the 328 
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19 years was 0 𝐽 ∙ 𝑚ିଶ(Figure 9). Radiation gradually increased from the end of August every 329 
year; In addition, radiation peaked in winter at the end of October. The mean net insolation at the 330 
surface from September to October 2002 to 2020 in the study area was1.37× 10ହ𝐽 ∙ 𝑚ିଶ . 331 
Compared to the time series of the Amundsen Sea Polynya, it can be seen that late October, with 332 
large surface net insolation, was generally the time when the area of the Polynya was the largest. 333 
The Polynya area was also large in the three years of large-scale net solar radiation in 19 years 334 
(2002, 2008, and 2017). It is worth noting that on October 31st, 2008, net solar radiation at the 335 
surface reached its highest level making it the fourth largest polynya in 19 years with a total area 336 
of 5.14× 10ହ𝐽 ∙ 𝑚ିଶ. In addition, on October 9th, 2016, the area of the Polynya reached 2.75×337 
104km2, the maximum in 19 years. The surface net solar radiation in October of this year was the 338 
second largest value in 19 years, only after 2008. There is an apparent corresponding relationship 339 
between the surface net solar radiation and the area of the Polynya. The area with large surface 340 
net solar radiation in the ocean hinders the generation of sea ice, which is conducive to the 341 
formation and development of polynya. When the polynya is large, it can absorb more solar 342 
radiation due to the lack of sea ice coverage with higher albedo. The surface net solar radiation 343 
of the ocean is thus increased, which may make the polynya have a larger area. Therefore, 344 
because of the positive feedback relationship between sea ice and solar radiation, the surface net 345 
solar radiation is of great significance for the polynya. 346 

 347 

 348 

Figure 9. The time series of the Polynya area and the surface net solar radiation from June to 349 
October 2002-2020. The blue line indicates the Polynya area and the red line is the surface net 350 
solar radiation in 19 years (the positive values in the radiation indicate that the heat transfer 351 
direction is downward).  352 

4 Discussion 353 

4.1 Impacts of oceanic factors on polynya 354 

As a key channel for the interaction between the atmosphere, ice, and ocean, the Amundsen 355 
Sea Polynya offers a unique perspective on climate change. With the development of field 356 
observation and marine satellite remote sensing, more and more ocean data are available for 357 
studying polynya. The remote Amundsen Sea has also received increased attention (Jacobs et al., 358 
2012) and topographical data in the vicinity of the Amundsen Sea has been continuously updated 359 
(Hogan et al., 2020; Nitsche et al., 2007), laying the foundations for an oceanographic 360 
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exploration of the Amundsen Sea. It was found that Amundsen Sea Polynya existed in most cases 361 
from June to October every year, but was completely frozen for only 163 days in 19 years. The 362 
mean area of the Amundsen Sea Polynya was 4.53×103 km2 in winter, reaching the maximum 363 
area of 2.75×104 km2 on October 9th, 2016. In general, the area of the Polynya reached a large 364 
value at the end of winter (October). Arrigo et al. (Arrigo et al., 2012) showed that the mean area 365 
of the Amundsen Sea Polynya was about 2.7×104 km2 in spring and summer, and the area 366 
decreased to less than 10000 km2 by the end of March. This was different from the calculation in 367 
this study, which may be due to the different selection of study area and study period. 368 

Ocean changes play an important role in sea ice and polynya in the Antarctic (Hellmer et al., 369 
2012) and can affect the stability of the ice shelves in the West Antarctic (Jacobs et al., 2012). It 370 
was an important pillar in maintaining the existence of polynya (Parkinson, 1983). Previous 371 
studies have shown that the distribution of the Weddell Sea Polynya and its nearby vertical heat 372 
flux was affected by topography (Maud Rise) (Bagriantsev et al., 1989; Gordon & Huber, 1990). 373 
And there have been models explaining the reasons for the formation and maintenance of the 374 
Weddell Sea Polynya, which could be due to the increase in seawater mixing due to topography 375 
(Ou, 1991). Similarly, the Amundsen Sea Polynya matched well with the topography (the Bear 376 
Ridge) in the initial stage of the formation of the Amundsen Sea Polynya, which was mainly 377 
distributed in an arc from the coast to the open ocean.  378 

As a periodic ocean phenomenon, tides also significantly affect the changes in regional 379 
polynyas. Compared to the northern hemisphere, the Antarctic is more difficult to access. We 380 
found that the Amundsen Sea tides are influenced by the harmonic constituents S2 and P1. 381 
Although the mean cycle of the spring tide was 14 days, it was very erratic, making the 382 
corresponding comparison between spring tide and polynya not so straightforward. Unlike 383 
others, the change in polynyas due to the action of tides had a relatively clear cycle (Martin, 384 
2004; Vincent & Marsden, 2008). However, it is worth noting that there were four major polynya 385 
events at the Amundsen Sea, all of which occurred within 3 days of the spring tide. The tides 386 
may play some role in the formation of the Amundsen Sea Polynya. In addition, larger waves 387 
during spring tide may also be one of the reasons for polynya areas, which need to be further 388 
studied.  389 

Similar to recent studies on ice shelf melting, they found that tides are closely related to the 390 
melting of Antarctic ice shelves (Hausmann et al., 2020; Huot et al., 2021; Jourdain et al., 2019; 391 
Richter et al., 2022). Tides increase the vertical mixing of seawater, so the kinetic energy of the 392 
current increases in contact with ice shelves (Hausmann et al., 2020). Tides thus contribute 393 
greatly to the exchange of heat and salt between the ice and the ocean (Richter et al., 2022). 394 
Tides have been shown to enhance ice shelf melting in the Amundsen Sea by increasing heat flux 395 
transfer between sea ice and the ocean (Jourdain et al., 2019; Richter et al., 2022). Similarly, in 396 
the D’Urville Sea, it has been found that at low tide, ice shelf ground melt increases (Huot et al., 397 
2021). But we do not currently know the specific effect of the tides on the polynyas. In the 398 
follow-up work, it is necessary to strengthen the study of the relationship between local tides and 399 
polynyas. It is particularly important to make clear the mechanism of tides on the Amundsen Sea 400 
Polynya. 401 

4.2 Impacts of atmospheric factors on polynya 402 

Atmospheric action is also very important for polynya formation, and the wind is the key 403 
factor for polynya formation (Parkinson, 1983). Coastal polynya is the result of sea ice advection 404 
caused by wind. The size of the polynya depends on the duration and intensity of the wind 405 
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(Comiso et al., 2011). There was a good correspondence between the mean wind field in the 406 
study area and the occurrence frequency of the Amundsen Sea Polynya. This was consistent with 407 
the results of MacDonald et al. (Macdonald et al., 2021) on the spatial distribution of the mean 408 
wind field in the Amundsen Sea. And they found that the daily mean wind speed had a weak 409 
positive correlation with the area of the Polynya in the Amundsen Sea. Furthermore, showing the 410 
wind field with wind roses, we add that the Amundsen Sea Polynya was directly related to the 411 
cross-ridge wind in the site. The wind speed along the coast was large, and the direction was 412 
cross-ridge, which was roughly consistent with the splitting direction of the Polynya and 413 
perpendicular to the Amundsen Sea Polynya extent. Similarly, studies near the Halley research 414 
station also showed that the formation and closure of polynyas were highly related to winds 415 
(Markus & Burns, 1993). The change of the Amundsen Sea Polynya affected by the wind field is 416 
mainly the synoptic scale in terms of time (Arrigo et al., 2012). Before and after the formation of 417 
the Polynya, the wind field distribution in the study area was very different from that in normal 418 
times. On the day when the Polynya splits, the main wind direction in the study area was 419 
southeast (ESE and E) and northwest (W and WNW). The northwest and southeast winds were 420 
cross-ridge, perpendicular to the terrain of Bear Ridge, which easily blew away the sea ice, 421 
resulting in the formation of the Polynya. 422 

Solar radiation enters the ocean surface, melting the sea ice and leading to the generation of 423 
polynyas (Morales Maqueda et al., 2004). There was an obvious relationship between the surface 424 
net solar radiation and the area of the Polynya. The area of the Polynya during 19 years was 425 
greater for three years (2002, 2008 and 2017) associated with large surface net solar radiations. 426 
The area of the Polynya reached its maximum value on October 9th, 2016. The surface net solar 427 
radiation in October of that year was the second largest value in 19 years. Tides were not the 428 
cause of the largest polynya events on October 9th, 2016. The area of the Polynya will increase 429 
with the increase of the surface net solar radiation, due to the positive feedback relationship 430 
between the polynya and the surface net solar radiation. We considered that this event was an 431 
atmosphere-dominated event, which was caused by a large surface net solar radiation and a 432 
special air-sea interaction condition. 433 

The Amundsen Sea Polynya reached the maximum area on October 9th, 2016. This year has 434 
been greatly studied and could be a special year that could be affected by the significant strong 435 
El Niño phenomenon in 2015-2016 (Meehl et al., 2019). From September to October 2016, the 436 
Antarctic experienced a sharp decline in sea ice cover (Meehl et al., 2019). The sea ice melting 437 
time unusually advanced in 2016. The time when the sea ice range in Antarctica reached its 438 
maximum advanced from September to August (Schlosser et al., 2018). MacDonald et al. 439 
(Macdonald et al., 2021) also showed that there were records of low sea ice conditions from 440 
2016 to 2017, which significantly affected the Amundsen Sea Polynya area. Thus, we think that 441 
the effect of the atmosphere was more significant than that of tides in this special year, so one of 442 
the large polynya events did not occur during spring tides. However, the remaining four large 443 
polynya events occurred during spring tides, suggesting that tides were more common factors. 444 

Many studies have shown that the sea water in the west Antarctic is warming (Spence et al., 445 
2017). Tides can more effectively transfer heat to polynyas through mixing. Meanwhile, studies 446 
have shown that the sea ice in Antarctica is facing great changes (Thompson, 2022). These all 447 
mean that tides will play an increasingly important role in the study of polynyas in the future. 448 

5 Conclusions 449 

 450 
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 451 

Figure 10. Schematic diagram of the formation and development of the Amundsen Sea Polynya. 452 
 453 
This study focused on the polynya events and the change in the area of the Amundsen Sea 454 

Polynya from 2002 to 2020. According to the results, we summarized the influence of oceanic 455 
and atmospheric factors on the formation and development of the Amundsen Sea Polynya 456 
(Figure 10).The geographical location and shape of the Amundsen Sea Polynya were closely 457 
related to the topography, mostly in crescent. The Amundsen Sea Polynya began on Bear 458 
Peninsula and extended along the terrain of Bear Ridge to the open ocean. The "trigger" of the 459 
Amundsen Sea Polynya events is wind, which is the key factor in the formation of the polynya. 460 
The formation of the polynya is related to the synoptic scale wind field. The characteristics of the 461 
wind field before and after the formation of the polynya were very different. The wind during the 462 
formation of the polynya was mainly cross-ridge and observed to be perpendicular to the terrain 463 
of Bear Ridge in the Southeast (ESE and E) and Northwest (W and WNW). 464 

Further more, this study found that the tides play a significant role in the formation of the 465 
polynyas. The present study shows that four of the five extreme events with the largest area of 466 
the Polynya may be tide-dominated. The fifth extreme event was atmosphere-dominated, caused 467 
by significant cross-ridge winds and surface net solar radiations. This shows that tides can 468 
generally provide favorable conditions for the development of the polynya, particularly for large-469 
scale events, which has not been accounted for in most studies for polynya in Antarctica. Due to 470 
the effect of tides, the vertical convection and mixing of seawater are strengthened. The warmer 471 
seawater in the interior of the ocean is conducive to the formation and development of polynyas. 472 
Tides was the main energy source for the enhanced dissipation along the continental slopes, 473 
which was correlated with the tidal energy dissipation rate (Rippeth et al., 2015). Rough 474 
topography can influence the mixing of seawater. In addition, the interaction between tides and 475 
rough topography affects the rate of mixing. With the impact of global warming, the increase of 476 
heat transport from the atmosphere to the ocean, the decrease of sea ice, and the enhancement of 477 
mixing caused by tides need more attention. 478 
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