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Abstract

:

Polynyas are an important factor in the Antarctic and Arctic climate, and their changes are related to the ecosystems in the polar regions. The phenomenon of polynyas is influenced by the combination of inherent persistence and dynamic factors. The dynamics of polynyas are greatly affected by temporal dynamical factors, and it is difficult to objectively reflect the internal characteristics of their formation. Separating the two factors effectively is necessary in order to explore their essence. The Special Sensor Microwave/Imager (SSM/I) passive microwave sensor has been making observations of Antarctica for more than 20 years, but it is difficult for existing current sea ice concentration (SIC) products to objectively reflect how the inherent persistence factors affect the formation of polynyas. In this paper, we proposed a long-term multiple spatial smoothing method to remove the influence of dynamic factors and obtain stable annual SIC products. A halo located on the border of areas of low and high ice concentration around the Antarctic coast, which has a strong similarity with the local seabed in outline, was found using the spatially smoothed SIC products and seabed. The relationship of the polynya location to the wind and topography is a long-understood relationship; here, we quantify that where there is an abrupt slope and wind transitions, new polynyas are best generated. A combination of image expansion and threshold segmentation was used to extract the extent of sea ice and coastal polynyas. The adjusted record of changes in the extent of coastal polynyas and sea ice in the Southern Ocean indicate that there is a negative correlation between them.
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1. Introduction


Polynyas are mesoscale phenomena that occur in the polar regions, and are important features of sea ice cover. The term refers to an area of open water in sea ice that remains ice free or covered by thin ice for a long time under weather conditions where sea water can freeze. Their horizontal scale ranges from 0.1 to 100 km, with areas in the range 10 to 105 km2 [1,2,3,4,5,6,7,8,9]. Polynyas are sensitive to climate change, and play an important role in air–sea interactions [6,9,10,11], halocline maintenance [3,11], and biodiversity [12,13,14,15,16]. The formation and expansion of a polynya is accompanied by salt precipitation during the freezing of sea water. The low temperature and high brine concentration produced in this process are an important source of dense polar water masses [17,18,19]. Polynyas play an important role in affecting the exchange of heat and moisture between the sea and the air [20,21,22]. The heat loss over thin ice (the polynya) can be several or even hundreds of times higher than the heat loss over thick ice (the sea ice) [23,24]. The open waters of polynyas are also important habitats for birds and marine mammals [8,25,26].



Depending on which mechanism forms and maintains polynyas in high latitude oceans, polynyas can be divided into open-ocean and coastal polynyas [1,7,27,28]. The formation of open-ocean polynyas is mainly due to a vertical circulation pattern, known as a "sensible-heat polynya" [1,27,29]. Due to continuous convective mixing, the heat from the upwelling deep warm water rises to the surface layer, which prevents the formation of sea ice. The surface-cooled seawater then sinks to the bottom of the ocean and is replaced by more rising warm water [27]. Due to the complexity of the influencing factors, the mechanisms behind the formation and maintenance of open-ocean polynyas are still not fully understood. The essence of a coastal polynya, in contrast, is a region where ice is constantly generated near the shore and is continuously carried out into the ocean by the action of local winds or ocean currents, which balances the loss of heat to the atmosphere and maintains the amount of heat in the open water at the same time [3,5,8,27,29,30]. The heat released into the atmosphere from coastal polynyas is derived from the heat that is lost from seawater in the form of "latent heat" during freezing. Therefore, this type of polynya is also called a "latent-heat polynya" [1,27,30]. Coastal polynyas in Antarctica play an important role in the production of highly saline and highly dense water, which has a profound impact on the formation of the Antarctic bottom water [18,19,31,32].



There are many factors that influence the formation and persistence of polynyas. Very recent studies have suggested that landfast sea ice (fast ice) plays an important role in the formation and variability of the polynyas [33]. Surface winds over Antarctica are closely related to the orientation and surface ice topography [34]. The Ross Shelf polynya (RSP) was inhibited by large icebergs, and the new polynyas formed downwind of the icebergs [35]. Within the ocean circulation, terrain obstacles can enhance the upward flow of warm deep water, which is an important factor in the formation and maintenance of polynyas [27]. Gordon [36] proposed that the formation of the Weddell Polynya in the Southern Ocean is the result of vertical convective mixing of ocean currents and surface-warming seawater caused by the underwater Maud Rise near the polynya. Alverson [37] used numerical methods to study the formation of polynyas under the influence of topographical factors, and found that local convection above seamounts is enhanced, and that the surface buoyancy flux can drive the convection of deep water. Based on the time scale involved, these influencing factors can be categorized as dynamic factors or persistent ones. The dynamic factors refer to temporary dynamical factors affecting the formation and maintenance of polynyas over a short period of time, including short-term variations in climatic conditions that are disturbance factors, such as the wind, surface ocean currents, and surface salinity. These factors have a large effect on studies of the secular variation in a polynya. The persistent factors refer to intrinsic persistent factors that act on polynyas for a long time; these include ocean thermodynamic processes [38,39], topography, and ocean dynamic processes [27,40,41]. Under the combined effect of these various factors, polynyas change constantly.



Thanks to the progress of remote sensing technology, it is now possible to use satellite sensors to monitor sea ice. However, coastal polynyas in the Southern Ocean are small-scale features that are difficult to monitor from satellite microwave radiometry. It is common to estimate the area of polynyas from SIC maps by using an ice concentration threshold. Passive microwave sensors are not restricted by the time of day, or influenced by clouds, and they have better space time continuity, which is important in the monitoring of sea ice in the polar regions. Markus and Burns proposed a polynya signature simulation method (PSSM) to estimate subpixel-scale coastal polynyas with satellite passive microwave data [42]. Several studies have generated polynyas detection and ice production estimation using polarization ratios from radiometer data [43,44]. A recent paper used a combination of the thermal infrared and passive microwave data to retrieve the sea ice production in polynyas [45]. At present, many kinds of SIC products are obtained from passive microwave remote sensing data [46,47], which provide sufficient data for monitoring polynyas. However, due to the influence of dynamic factors, some daily SIC products may show abrupt changes from one day to the next, and monthly products may vary greatly due to short-term climate anomalies in certain months. Additionally, the daily and monthly products can only provide information about polynyas over a short period of time, making it difficult to analyze the long-term stability of polynyas. What is more, current research on the factors affecting polynyas is limited to local areas and most studies are based on the results of simulation tests. The persistent factors are the decisive factors affecting the long-term stability of polynyas. Therefore, how to effectively remove the influence of dynamic factors and analyze the persistent factors affecting polynya formation and maintenance is an urgent problem that needs to be solved.



In the present study, we proposed a spatial-temporal smoothing strategy to obtain SIC products covering a period of one year (365 days) from which the dynamic factors were removed by making use of the SIC monitoring product for many years. A combination of the buffer clip and threshold segmentation was used to extract the area of sea ice and coastal polynyas. This paper analyzed the correlation between the formation and persistence of coastal polynyas and the local topography in the Southern Ocean, as well as changes in the long-term stability of the polynyas, which is affected by persistent factors. Finally, we analyzed how the topographical factors affected the stability of the polynyas over a multi-year period.




2. Materials and Methods


2.1. Data


The Special Sensor Microwave/Imager (SSM/I) and Special Sensor Microwave/Imager Sounder (SSM/IS) together form a passive microwave radiometric system, which has been carried onboard the Defense Meteorological Satellite Program (DMSP) satellites on the series of DMSP F-x satellites since 1987. These instruments operate in a near-polar orbit and the currently operating instruments are F15, F16, F17, and F18. These instruments measures dual-polarized microwave radiances at 19, 37, and 85 GHz and vertically polarized radiances at 22 GHz.



To analyze the formation and persistence of Southern Ocean polynyas, daily average SIC products and also seabed data for Antarctic were selected for use. The daily SIC products were acquired by the SSM/I and SSM/IS passive microwave satellites. These data are made available by the University of Hamburg, Germany (icdc.cen.uni-hamburg.de/), which uses the ARTIST Sea Ice (ASI) algorithm to illuminate the sea ice in different polarization modes using high frequency (the 85 GHz SSM/I and the 90 GHz SSM/IS channels) channels, with the brightness temperature polarization difference being obtained by inversion [48,49]. These channels have a considerably finer spatial resolution than the commonly used lower frequency channels. These SIC products are projected on to a polar stereographic grid that is true at a latitude of 70 degrees and has a resolution of 12.5 km [48]. The data selected for use covered the period from 1992 to 2018, and the study area consisted of the entire Antarctic region, including coastal polynyas and the Weddell Polynya.



The Antarctic seabed data was obtained from the Bedmap2 dataset (https://secure.antarctica.ac.uk/data/bedmap2/). Bedmap2 is a new gridded product generated by the British Antarctic Survey in 2013. It provides data for Antarctica south of 60°S [50]. Its spatial resolution is 1 km and it uses the WGS84 polar stereographic projection. Three variables of u10, v10, and si10 components of 10-m surface winds hourly data on single levels were obtained from Copernicus Climate Change Service (C3S) (2017): ERA5: Fifth generation of ECMWF atmospheric reanalysis of the global climate ( https://cds.climate.copernicus.eu/cdsapp#!/home) on October 20 1992 to 2018. These variables are measured at a height of 10 m above the surface of the Earth. The parameter u10 is the eastward component of the 10-m wind. The parameter v10 is the northward component of the 10-m wind. The parameter si10 refers to the calculation of a 3-s gust at each time step, and it has maintained its maximum value since the last post-processing. It has a resolution of 31 km with a Gaussian grid [51].




2.2. A Spatial Multi-Smoothing Algorithm


In order to remove the influence of dynamic factors, this study proposed a temporal spatial smoothing algorithm to smooth the passive microwave SIC products for many years. This algorithm is based on spatially filtered fields, and uses a combination of median filtering and mean filtering to remove dynamic factors from the SIC products. In addition, leap years have to be accounted for in order to unify the data format. The main idea of the algorithm is to perform multiple spatial smoothing processes in the time dimension for each pixel. The algorithm flow is shown in Figure 1.



This spatial smoothing processing can be divided into three main steps. Step 1 consists of monthly smoothing processing: That is, in order to remove the influence of dynamic factors over a period of 30 days, the value of each pixel is taken as the median value of the pixel in the 15 days prior to and 15 days after the day in question. Step 2 turns the year into a standard year: To deal with the leap year problem, the mean value of each pixel over two consecutive days is taken as the value of the previous day’s pixel. Thus, in the case of a leap year, the mean for day 365 is the average of days 365 and 366, such as the leap year of 1992 shown in Figure 2. Step 3 is the annual smoothing process: To remove the influence of annual random factors, the median value of a pixel value on the same day of the year over a period of 27 years calculated to obtain 365 days of annual averaged data. As shown in step 3 of Figure 2, the pixel-based median processing is performed on all the 363 days of 27 years to obtain the spatially smoothed SIC data of the 363th day. This algorithm can retain detailed information about multi-year data and data trends. By using this multiple spatial smoothing algorithm to obtain annual SIC spatial smoothing products that are not influenced by dynamic factors, subsequent analysis of the annual trends in sea ice and polynyas is possible.



Sea ice is at a maximum in the icing period in October and it begins to melt around the end of the month in the Southern Ocean. The time when the sea ice area is the largest is also the time when coastal polynyas are relatively stable. This study selected the data of October 20 as the time of maximum SIC in winter. Figure 3 shows the comparison results of the SIC processed by the spatial smoothing algorithm and pixel-based averaging. Figure 3a represents the spatially smoothed annual SIC product on October 20 for the data of 27 years; Figure 3b shows the result of the pixel-based averaging process for the October 20 data for each of the 27 years, as a comparison. The edges of the SIC shown in Figure 3b are more blurred while Figure 3a can clearly show the details of the SIC.




2.3. Extraction of Polynyas and Sea Ice


The threshold segmentation method can effectively extract targets from different gray-scale ranges and is applicable to the extraction of polynyas from SIC products. Polynyas are non-linear areas of open water or thin ice up to 0.3 m thick. The effectiveness of the 75% ice concentration threshold was determined by interactive analysis of the experimental winter images. For the extraction of polynyas and sea ice regions, this paper used the threshold segmentation method. Pixels with ice concentration values less than or equal to 75% were classified as polynya and where the ice concentration is 20% or greater classified as sea ice [35]. Specifically, the Antarctic continental margin was extracted firstly for the extraction of coastal polynyas, and then a 15-pixel buffer along the outside of this line was constructed; areas with this buffer with values of less than 75% were then considered to be the coastal polynyas extent. Denoising treatment was carried out on the extracted polynyas and sea-ice areas. In addition, there are two ice floes that persist for many years in the Antarctic coastal areas that have low SIC in the inversion of the SIC products (marked with two black circles in Figure 3a). In order to avoid being mistakenly identified as polynyas, these two areas were masked.





3. Results and Analysis


3.1. Comparison of Smoothing Results


To verify the effectiveness of the spatial multi-smoothing algorithm, the annual spatially smoothed sea ice extent for a period of 27 years was calculated in Figure 4. As a comparison, the annual averaged SIC data for the same date for 27 years on a pixel-by-pixel basis was used to calculate the sea ice extent, which is shown as the blue dotted line in Figure 4. Additionally, the sea-ice extent was calculated using the original data every five years (1992, 1997, 2002, 2007, 2012), with 2017 and 2018 used as a reference. A comparison of the percentages for a point with low SIC on October, obtained using the two different methods, is given in Figure 5. The position of this point is marked with a red circle in Figure 3a.



It can be seen from Figure 4 that the sea ice extent obtained by the spatial smoothing algorithm is basically the average of the original sea ice extent for the 27-year period. However, the sea ice extent obtained using the average pixel values is generally much higher. This is due to the fact that the average processing result based on pixels has a great influence on the area of low ice concentration (especially in the edge area of SIC), which has a large impact on the stability of the SIC values in several of the years shown. It can also be seen that the Antarctic sea ice extent in 2017 and 2018 was lower than in previous years.



By comparing the October sea ice percentages for one pixel point obtained using the two methods (Figure 5), it can be seen that the values obtained by spatial smoothing are less volatile than those obtained using the pixel-by-pixel averages. In the case of the former, the changes are more stable and the sudden changes in sea ice values on individual days are not present, which greatly reduced the impact of sea ice mutation caused by changes in dynamic factors, such as the short-term climate.




3.2. Stability Analysis of the Coastal Polynyas


Lindsay observed a distinctive halo of low ice concentration above Maud Rise [52]. There is a more obvious halo around the coast of the Antarctic continent. Due to the influence of the Antarctic continental wind, most of the coastal polynyas are adjacent to the mainland. The persistent factors influencing the formation and persistence of Antarctic polynyas have a strong correlation with the local seabed topography. In the Antarctic, there is often a rapid increase in depth at the beginning of the continental shelf slope, which can be considered a seabed topographic threshold. There is also a well-demarcated halo that follows the boundary between the area of low coastal ice concentration and the thick ice close to the shore (Figure 6). In addition, we found that the outer edge of the area of low coastal ice concentration in the Antarctic basically coincides with the direction of the outer contour of the local seabed topographic threshold. This paper used the SIC products (the gradient-enhanced data of the smoothing SIC products on October 20 using 27-year SIC products) and the Antarctic bedmap2 seabed data to extract the outer edge of the area of low coastal ice concentration and the local seabed topographic threshold. Using the Antarctic SIC (Figure 6a) and the Antarctic seabed elevation (Figure 6b) as the background, the outer edge of the area of low coastal ice concentration (the yellow line) and the edge of the seabed topographic threshold (the red line) are shown as superimposed in Figure 6a,b. As shown in Figure 7, this study analyzed the distance between the two edge lines. In total, 1000 sampling points were uniformly selected with black point A as the starting point and black point B as the end point from the two curves, and the data was standardized for z-scores, respectively. The small picture in Figure 7 is the distance between the edge of the seabed topographic threshold in Maud Rise and the halo appearing on its surrounding sea surface.



Figure 6a,b show the extracted outer edges of the low coastal ice concentration areas and the seabed. The overall fit for the two edges is highly consistent, especially between about 30°W to 150°E (in the clockwise direction). In contrast, the level of agreement between about 150°E to 60°W (in the clockwise direction) is relatively low. This is mainly due to the smaller coastal terrain gradient in this area, coupled with the influence of the wind and other factors, which results in the occurrence of polynyas directly above the shelf area. The outer edge of the low ice concentration area within the black rectangular frame does not coincide with the contour making the seabed shelf edge. However, the area of low ice concentration located directly above the abrupt change in the seabed has a halo in it, which is highly consistent with the abrupt change in the depth of the seabed. What is more, as shown in Figure 6a, the Weddell Polynya, marked by the green rectangular frame, is located at about 0°E away from the Antarctic continent, and the outer edge of the polynya or the halo [52] of low ice concentration that occurs there is highly consistent with the curvature of the outer contour of the Maud Rise on the seabed. These areas of low ice concentration are also the sites where the formation of polynyas is most likely to occur [24,30,53].



To analyze the correlation between the outer edge of the low coastal ice concentration and the edge of the seabed topographic threshold, the distance was calculated between the two curves in Figure 7. The abscissa is a mark that sorts the 1000 sample points by the sequence from the start point A to the end point B. The ordinate is the distance between the corresponding sampling points on the two curves, which is normalized by the Z-score. It can be seen from Figure 7 that the distances corresponding to sampling points 0–430 (54°W–98°E) are almost all less than 0, and the similarity between the two curves is higher than 99.5%. The distances corresponding to sampling points 0–658 (54°W-173°E) are generally less than 0; the similarity between the two curves is higher than 96.5%, and the overall similarity is greater than 70.6%. The distance between the two curves at Maud Rise is less than 0 and the similarity reaches 100% here. In short, the low coastal ice concentration edge and the seabed topographic threshold are highly consistent between 54°W and 173°E (in the clockwise direction). The coincidence between them is lower between 173°E and 65°W (in the clockwise direction), where the terrain is gentler. The correlation between the occurrence of polynyas and the local seabed topography is further discussed and analyzed from the horizontal and vertical perspectives in Section 3.2.1 and Section 3.2.2, respectively.



3.2.1. The Relationship Between Coastal Polynyas and Topography


Antarctic coastal polynyas are formed by the divergence between ice movements caused by prevailing winds or ocean currents, and most polynyas are covered by thin ice [24,30,53]. The horizontal distribution of the Southern Ocean Coastal Polynyas is inseparable from the topography of the local seabed. In this study, we conducted a statistical analysis of the horizontal distribution of the Southern Ocean Coastal Polynyas and its relation to the bed elevation.



To carry out this analysis, we used the topographic data of the Antarctic from the bedmap2 dataset and the spatially smoothed SIC data for October 20. First, the SIC data with dynamic factors removed were projected on to the WGS84 polar stereo projection, and the spatial resolution was resampled to 1km*1km using bilinear interpolation, which was consistent with the projection and spatial resolution of the seabed data in bedmap2. Then, the coastal polynyas, which had been resampled, were extracted from the spatially smoothed SIC data for October 20 using the threshold segmentation method. Finally, this paper extracted the seabed data for the extracted polynya areas and counted the number of pixels in the polynya that corresponded to different elevation values. The results are showing in the Figure 8 and Table 1.



It can be seen that almost all of the coastal polynyas correspond to areas that are between −1200 and 0 m above sea level and 88.81% of the polynyas correspond to the bed elevation range −800 to 0 m. There are two peaks in the distribution of coastal polynyas, ranging from −800 to −550 m and −500 to −150 m, respectively.



The distribution of the Southern Ocean polynyas is also closely related to the vertical profile of the local seabed, which mainly occurs in the area where the seabed changes abruptly. In particular, the appearance of polynyas near the Antarctic landmass is significant, and these polynyas occur closer to where this change in the seabed occurs. However, due to the influence of factors, such as the slope of the terrain, the ice sheet in some areas is not located at the edge of the area of this abrupt change. Coastal polynyas are usually distributed along the outer edge of the Antarctic continent due to the wind and other factors, which causes the position of some polynyas to be slightly offset and for them to appear in the surrounding area. Figure 9 shows the distribution of coastal polynyas on slope and wind speed. The wind speeds in Figure 9b represents the averaged values of the si10 variable from October 20 1992 to 2018. The black lines show the distribution of coastal polynyas in Figure 9.



In order to analyze the distribution of the polynya in relation to the topographic profile of the local seabed, this paper performed a topographical profile analysis of the spatially smoothed SIC data on 20 October after re-sampling and the Antarctic seabed data. According to the distribution of the polynyas and the distance of the two curves, we selected six representative meridional sections (a to f) in the SIC data in order to display the sea ice and the bed elevation. The locations of the six meridional sections are at 3°E, 12°E, 69°E, 110°E, 145°E, and 112°W, as shown in Figure 9a. Section (a) passes through the Maud Rise, and sections (b–e) pass through a polynya where the seabed changes abruptly.



This study further extracted the bed elevation and sea ice information for each meridional section, removing the Antarctic continent from the sea ice data, and the following cross-sectional view was used to analyze the distribution of the polynyas within the topographic section (Figure 10). The abscissa represents the latitude, the main ordinate represents the bed elevation, and the secondary ordinate represents the percentage of SIC (the percentage of SIC was calculated in the oceanic region, and the region of the Antarctic continent was ignored). The blue line represents the value of bed elevation, and the orange line represents the value of SIC.



A plot of the SIC against the topographical profile is shown in Figure 10. The profile (Figure 10a) passes through the outer edge of the Maud Rise, where the terrain is rapidly descending. There is often a polynya or halo located nearby in the Weddell Sea, and the SIC values within the halo are lower than the surrounding values. The positions of the polynyas in Figure 10b,c are exactly where the local seabed begins to drop rapidly; the polynyas shown in Figure 10d,e occur before the sudden drop in the seafloor. Coastal polynyas in the Southern Ocean are distributed along the edge of the ice sheet. In Figure 10c,d, this edge basically follows the topography of the local seabed. However, the edge of the ice sheet near the shore shown in Figure 10d,e slightly deviates from the local seabed topographic threshold, and its edge more closely follows the Antarctic landmass than the seabed topography. Therefore, the locations of the polynyas in this area are correspondingly closer to the Antarctic. However, the edge of the polynyas near the ocean is still consistent with the contours of the local terrain. In contrast, the location of the polynyas in Figure 10f is far from the steep part of the terrain and the slope here is relatively gentle. There is an area of flat land in the middle of the local terrain, which is exactly where the edge of the ice sheet is located, and the polynyas are distributed along the ice sheet here.




3.2.2. The Relationship Between Coastal Polynyas and Wind


Surfaces winds directly affect the formation and distribution of polynyas at coastal locations along the Southern Ocean [34]. The horizontal and vertical distribution of wind are important factors for studying the stability of coastal polynyas. Three types of wind variables were selected to analyze the impact on coastal polynyas. Taking October 2018 as an example, the 24-h data of the three wind variables in a day were averaged to represent the average wind speed on that day. The distribution of coastal polynyas was compared with the three daily averaged wind speed variables of the region in October 2018 in Figure 11. The coastal polynyas extent was extracted with the original SIC products in October 2018.



It can be seen from Figure 11 that the line of coastal polynyas extent is the process growing as a whole in October 2018. The wind speeds of the si10 variable fluctuated more in the second half of October than in the first half of the month, and the coastal polynyas extent increased more in the second half of the month than in the first half of the month. There is little difference between the wind speed of the u10 component and v10 component in 10 m, and the fluctuation of the u10 component is slightly higher than the v10 component. There is a phenomenon of a slightly symmetrical distribution between the two. In general, when the u10 component wind speed decreases, the v10 component increases, and vice versa. No obvious pattern was found between the two and the coastal polynyas extent.



According to the positions of the six meridians in Figure 9a, the three variables of wind speed and coastal polynyas were analyzed by cross section. Firstly, three variables of the 24-h wind speeds from October 20 1992 to 2018 were selected, and then the daily data were averaged. Finally, the annual average wind speed of the three variables was obtained by averaging the data on October 20 each year. Figure 12 shows the wind speed and SIC profiles on the six meridians.



It can be seen from Figure 12 that at the edge of the coast and land, the variation trend of the si10 wind speed in most areas is generally consistent with the v10 component, and just opposite to the u10 component. The wind speed of the v10 component remains constant or decreases slightly while the increase of the u10 component causes the si10 speed to increase at the depth of the ocean. Most sections experienced a process of the wind speed decreasing first and then increasing sharply near the location of the coastal polynyas. Additionally, this wind speed change location is also the location where the bed elevation changes abruptly in most areas.



To study the effect of seasonal temporal changes in wind speed on polynyas, days at the four times in late winter and early spring were analyzed on October 13, 18, 23, and 28, respectively. The wind speeds of these four days were averaged from 1992 to 2018. Section (c) passes through a clear polynya along 69°E, and its change at the four days is shown in Figure 13 as an example.



As can be seen from Figure 13a–d, the three variables of wind speed as a whole have a consistent trend. The wind speeds of si10 and v10 show signs of decline from Figure 13a–d, especially in the location of the coastal polynya. There are signs of sea ice melting at the coastal polynya, especially the thin ice near the land, which even melts into the sea water.





3.3. Stability Changes of Coastal Polynyas


Due to the seasonal appearance of the Southern Ocean coastal polynyas, this study chose the sea ice and coastal polynyas for a stability analysis covering the 214 days (from April to October) of the glaciated period. The 214-day SIC product, with dynamic factors removed by the spatial-temporal smoothing strategy, can objectively reflect the overall changes in polynyas over a period of years. Additionally, the threshold segmentation method was used to extract sea ice and coastal polynya regions from the spatially smoothed SIC data. This paper indicated the coastal polynyas in general are stable and analyzed the relationship with the sea ice extent of the Southern Ocean in Figure 14. In order to study the changes in polynyas over the past 27 years, this paper calculated the extent of the coastal polynyas from the spatially smoothed data for five-year periods (1992–1996, 1997–2001, 2002–2006, 2007–2011, 2012–2016), the past two years (2017–2018), and all 27 years (1992–2018) in Figure 14a. The stability of the coastal polynyas is closely related to the sea ice extent of the Southern Ocean. This study calculated the extent of the sea ice in the Southern Ocean and coastal polynyas (Figure 14b) and analyzed the relationship between them (Figure 14c) by using the spatially smoothed SIC data.



The changes of coastal polynyas extent in a multi-year period and its relationship with the sea ice extent of the Southern Ocean are shown in Figure 14. Figure 14a shows the extent of the coastal polynyas from the spatially smoothed SIC data for multiple years. It can be seen that the extent of coastal polynyas gradually shrinks from April to August and then gradually expands from September onwards. The sea froze later in 2017 and 2018 and the total sea ice extent was lower throughout those years, especially in 2017 (Figure 4). The extent of coastal polynyas reaches a minimum during August and is relatively stable then. While the formation of coastal polynyas in 2017 and 2018 was slower than in previous years, the minimum area of these polynyas was higher, which is in line with the sea ice extent data shown in Figure 4. To analyze whether the reduced sea ice and later formation have a significant impact on polynyas’ formation and stability, Figure 14b,c indicate the relationship between the coastal polynyas extent and sea ice extent.



Changes in sea ice throughout the Southern Ocean directly lead to changes in the extent of coastal polynyas. The statistics of the extent of sea ice and coastal polynyas are shown in Figure 14b. As the sea ice area increases, the area of coastal polynyas gradually decreases. The largest extent of sea ice occurs in August and September while the coastal polynyas cover the smallest extent in July and August. The extent of coastal polynyas decreases to a minimum one month later than the sea ice reaches its maximum. This is probably because the polynyas occur close to the Antarctic continent, and are easily affected by the temperature of the land. The Antarctic continent heats up quickly because of its low heat capacity while the heat capacity of the ocean leads to a slower temperature rise. This causes the sea ice to melt about a month later [9]. In addition, when winter begins (April–May), the waters near the coast gradually freeze, and the polynyas extent drops rapidly. From June to August, the sea ice extent continues to expand while the extent of the polynyas remains basically unchanged. As the sea ice begins to melt in October, the polynyas extent grows rapidly. Therefore, after a certain point, the polynyas extent will not continue to decrease as the sea ice expands and, once the sea ice begins to melt, the extent of the polynyas will increase rapidly.



In order to further analyze the relationship between the extent of coastal polynyas and Southern Ocean sea ice, this paper made a scatter plot analysis between them in Figure 14c. The coefficient of determination, R2, is 0.9584, showing that the sea ice and the coastal polynyas have a certain negative correlation. The fact that the coastal polynyas and sea ice do not always decrease or expand due to seasonal factors is an important factor affecting the determination coefficient. In summary, the extent of coastal polynyas is to some extent negatively correlated with the total extent of sea ice in the Southern Ocean.





4. Discussion


To analyze the annual trends in sea ice and polynyas, it is necessary to remove the influence of dynamic factors. It is easy to ignore some details that are on the edge of the thin ice area when we indicate the condition of the changing polynyas through the mean value of a period of time. With the long term time-series of SIC products and spatial smoothing algorithms, abnormal fluctuations caused by interference factors are effectively removed. This method can fully retain the detailed information of the image, which is conducive to a more accurate analysis of the stability of coastal polynyas.



The factors that have long been acting on the changes of polynyas include topography, wind, and ocean circulation. The outer edge of the area of low coastal ice concentration in the Southern Ocean has a high degree of coincidence with the edge of the local seabed topographic threshold. However, the coastal polynyas appear mostly near the seabed topographic threshold, which indicates that the topography factors are likely to be the fundamental factors leading to the formation of the polynyas. Wind is a direct factor affecting the formation and maintenance of polynyas, especially the Katabatic wind, which is an iconic climatic feature of Antarctica [54]. In the area where the land surface slope changes abruptly, the wind speed often changes rapidly, and the wind can descend towards the surface and ascend from the surface, changing the dynamic forcing on surface water and ice. Therefore, the combined effect of topographic and wind factors is likely to be the key reason for the formation and maintenance of coastal polynyas in the Southern Ocean.



Polynyas is a sensitive reactor for climate change. According to the multi-year changes in the coastal polynyas of the Southern Ocean, the formation of polynyas in 2017 and 2018 was later than in previous years, and they disappeared earlier than in previous years. The shortening of the existence period of coastal polynyas may be a sign of Antarctic climate warming.




5. Conclusions


This study used long term time-series of SIC products covering the Southern Ocean to analyze the relationship between the formation and persistence of polynyas and topographical factors. In this study, an effective method based on a spatial-temporal smoothing strategy to obtain 365-day, annual SIC products that had dynamic factors removed and which was based on SIC monitoring products was proposed for many years. This paper found a halo located on the border of areas of low and high ice concentration around the Antarctic coast, and it has a strong similarity with the local seabed in outline using the spatially smoothed SIC data and seabed. According to the distance between the two curves, it was proved that the two edges had high consistency, especially in 30°W–150°E. Through the relationship between the distribution of the polynyas and the topography, it was found that the location and slope of the steep part of the local terrain greatly affected the formation and location of the polynyas. Among them, several representative coastal polynyas, which are located at 30°W–150°E, are mainly distributed in the seabed topographic threshold. Analysis of the three wind parameters revealed that at locations where the terrain changes abruptly tends to first decrease wind and then increase wind, and this location is exactly the area where the coastal polynyas appears. Based on the combination of image expansion and threshold segmentation, we calculated the extent of coastal polynyas and sea ice using the spatially smoothed SIC data during the freezing period. It showed that there is a negative correlation between them. When the sea ice extent increases, the coastal polynyas extent decreases, and the sea ice change is nearly one month later than coastal polynyas. Fitting the extent of coastal polynyas and sea ice with a second-order polynomial, the coefficient of determination R2 reaches 0.9584, which proved that the correlation is extremely high between them. Further research may focus on the intrinsic mechanisms of the topographical and wind factors affecting the polynyas and on the other factors affecting the formation and maintenance of the polynyas.



The formation and persistence of polynyas is a complex process that is influenced by many factors. This paper identified that the combination of abrupt changes in topography and wind speed are preferential locations for polynyas. It has been shown that the topography is an important factor affecting the formation and persistence of polynyas but whether it is the fundamental factor affecting their formation remains to be shown. In a future study, we will further improve the ASI algorithm to correctly identify SIC data. It was, therefore, shown that sea ice and polynyas in the Antarctic can be effectively monitored using long-term sequences of SIC products. In this paper, we used seabed data to analyze the annual smoothed polynya data that had dynamic factors removed. The most direct evidence demonstrates the impact of topography on the formation and maintenance of polynyas and provides important support for further research into the genesis of polynyas.
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Figure 1. The spatial multi-smoothing algorithm flow chart. 
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Figure 2. The detailed flow chart of the spatial multi-smoothing algorithm (taking data processing from 1992 to 2018 as an example). 
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Figure 3. Comparison of the spatial smoothing and the pixel-based averaging results on October 20. (a) represents the final annual data on October 20 that have been spatially smoothed using 27-year SIC products, and (b) shows the result based on the average of pixel values of SIC data on October 20 in 27 years, which is provided for comparison. (c) is an enlarged image of the blue rectangular area of (a), and (d) is an enlarged image of (b) at the same position within the frame. 
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Figure 4. Comparison of the sea ice extent over 365-day periods. The black dotted line represents the sea ice extent obtained by applying the spatial smoothing algorithm to data from 1992–2018; the blue dotted line represents the sea ice extent obtained using the pixel-by-pixel means. The sea ice extent from the original data for 1992, 1997, 2002, 2007, 2012, 2017, and 2018 was used as a reference. 






Figure 4. Comparison of the sea ice extent over 365-day periods. The black dotted line represents the sea ice extent obtained by applying the spatial smoothing algorithm to data from 1992–2018; the blue dotted line represents the sea ice extent obtained using the pixel-by-pixel means. The sea ice extent from the original data for 1992, 1997, 2002, 2007, 2012, 2017, and 2018 was used as a reference.



[image: Remotesensing 12 01043 g004]







[image: Remotesensing 12 01043 g005 550] 





Figure 5. Comparisons of the percentage of SIC for one pixel point obtained using the method of spatially smoothed and pixel-based averaging. The orange line represents the sea ice area obtained using the spatial smoothing algorithm. The blue line represents the sea ice area obtained using the pixel-by-pixel mean. 
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Figure 6. Analysis of the extracted outer edge of the area of low coastal ice concentration and the edge of the seabed topographic threshold. (a,b) show the extraction results for the outer edge of the region of low coastal ice concentration and the edge where the abrupt change in the seabed occurs. The results were obtained using a processed SIC product as the base map (a) and the seabed elevation from Bedmap2 as the base map (b). The yellow line represents the outer edge of the area of low ice concentration, and the red line represents the line where the seabed drops steeply. (c) is an enlarged image of the blue rectangular area of (a). 
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Figure 7. Distance analysis for the two edges. The abscissa is the sampling point and the ordinate is the distance after the Z-score normalization process. The small image in Figure 7 shows the distance analysis for Maud Rise. 
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Figure 8. Distribution of polynyas against the bed elevation. Values of bed elevation less than −2000 m are ignored. 
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Figure 9. Distribution of coastal polynyas on slope and winds. (a) shows the distribution of coastal polynyas on slope. The six red lines (a–f) represent the locations of the six meridional sections, which are located at 3°E, 12°E, 69°E, 110°E, 145°E, and 112°W, respectively. (b) shows the distribution of coastal polynyas on winds. 
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Figure 10. Topographic profile map. (a–f) show the profiles for the six meridional sections passing through polynyas or the Maud Rise in Figure 9a. Of these, section (a) passes through the Maud Rise, the polynyas in (b) and (c) are located where the local topography abruptly changes, and the polynyas in (d) and (e) occur before the local topography drops rapidly. The polynya in (f) appears well before this rapid change occurs. In each case, the locations of the Antarctic continent, polynyas, and ocean are shown. 
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Figure 11. Distribution of coastal polynyas and three wind variables. 
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Figure 12. Wind profile map. The position of each subfigure corresponds to each meridian of Figure 9. 
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Figure 13. Wind profile map of section (c). Subfigure (a–d) represent maps on October 13, 18, 23, and 28, respectively. 
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Figure 14. Extent statistics and analysis of coastal polynyas. (a) The extent of the coastal polynyas was extracted from the spatially smoothed SIC data for April to October 1992–1996, 1997–2001, 2002–2006, 2007–2011, 2012–2016, 2017–2018, and 1992–2018. (b) Extent statistics for sea ice and coastal polynyas. The sea ice and coastal polynya areas for April to October were extracted from the spatially smoothed SIC data of the Southern Ocean. (c) Scatter plot of coastal polynyas extent against sea ice extent. A second-order polynomial was used to fit the 214-day sea ice and coastal polynya data from the spatially smoothed SIC data of the Southern Ocean. 
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Table 1. Table showing statistics related to the distribution of polynyas.






Table 1. Table showing statistics related to the distribution of polynyas.





	Bed Elevation (m)
	Area (km2)
	Percentage (%)
	Accumulated Percentage (%)





	<−2000
	1423
	0.45
	0.45



	−2000 ~ −1800
	887
	0.28
	0.73



	−1800 ~ −1600
	1111
	0.35
	1.08



	−1600 ~ −1400
	1669
	0.52
	1.60



	−1400 ~ −1200
	3548
	1.11
	2.71



	−1200 ~ −1000
	6887
	2.16
	4.87



	−1000 ~ −800
	20,156
	6.32
	11.19



	−800 ~ −600
	59,769
	18.74
	29.93



	−600 ~ −400
	71,411
	22.40
	52.33



	−400 ~ −200
	104,838
	32.88
	85.21



	−200 ~ 0
	47,174
	14.79
	100



	Total
	318,873
	100
	100
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