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Abstract


We conducted a comparison of sea ice concentration (SIC) in the Amundsen Sea using three satellite datasets: Hadley Centre’s sea ice and sea surface temperature (HadISST1), Operational Sea Surface Temperature and Ice Analysis (OSTIA), and Advanced Microwave Scanning Radiometer 2 (AMSR2). HadISST1 has the longest time period, while AMSR2 has the shortest. In terms of grid resolution, HadISST1 has the coarsest resolution, while AMSR2 has the finest. The sea ice areas (SIAs) observed in HadISST1, OSTIA, and AMSR2 are similar. We studied the decadal variations in SICs by dividing the study period into four temporal segments. We investigated the differences between HadISST1 and OSTIA for each temporal segment. HadISST1 exhibited a more pronounced positive trend compared to OSTIA between 2005 and 2010. Additionally, we compared the interannual and seasonal variations in SICs between HadISST1 and OSTIA. Lastly, it should be noted that the Amundsen Sea polynya area varies across all three datasets.
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1. Introduction


Sea ice concentration (SIC) and sea surface temperature are important indicators in climate research [1,2,3]. A lower SIC indicates more open water at the sea–air interface. The positive feedback of sea ice loss on the expansion of open ocean leads to accelerated ice loss [4]. Sea ice plays a crucial role in climate change in Antarctica [5,6]. The SIC also significantly affects phytoplankton and zooplankton in the Southern Ocean [7,8]. Therefore, studying SIC is valuable for understanding atmosphere–ice–ocean interactions [9], climate change [1,10,11,12,13], and Antarctic marine biology [14] and chemistry [15,16]. On the other hand, SIC has operational applications in shipping safety [17].



Satellite data can be used to obtain SIC information [18,19,20]. Satellite SIC products have been available since 1979 [2,21]. Passive microwave-based SIC data reveal a positive trend in the Antarctic region until 2014 [5,22], and a rapid decline since then [23]. The Ross Sea shows a significant positive trend in SIC [24]. The Amundsen and Bellingshausen Seas are of particular interest due to their pronounced negative SIC trends [1,5,25,26]. A persistent deep low-pressure system is centered in the Amundsen and Bellingshausen Seas, which has implications for local ice motion [27]. The Amundsen and Bellingshausen Seas are also the home of many sub-Antarctic synoptic storms which further impact sea ice behavior [28]. The Southern Annular Mode modulates SIC in Antarctica [11,29]. The monthly SIC trends in the Amundsen and Bellingshausen Seas are consistently negative. Summer is the most severe season for sea ice retreat in these areas [30].



The Amundsen Sea polynya (ASP; 110   ∘  W–120   ∘  W, 72   ∘  S–75   ∘  S) is the fourth-largest coastal polynya in Antarctica in terms of area and ice production [31,32,33,34]. Using satellite-based SIC data, the daily average area of the ASP can be quantified [32,34]. The opening time of the ASP tends to occur earlier, resulting in a shorter winter ice period. However, it remains uncertain whether there are differences in the results of the ASP among different SIC products.



Actually, satellite SIC is retrieved based on brightness temperatures using specific algorithms [21,35], which typically include Bristol, bootstrap frequency mode [36,37,38], N90 [39], and NASA TEAM [40,41]. It should be noted that the quality of satellite SIC data cannot be overlooked [18,19,42,43,44,45]. Common discrepancies in satellite SICs arise from the differences in sensors, algorithms, and weather filters. The UK Met Office provides at least two SIC datasets. The first dataset is the Hadley Centre’s Sea Ice and Sea Surface Temperature (HadISST1), and the second dataset is the Operational Sea Surface Temperature and Ice Analysis (OSTIA). Additionally, the Advanced Microwave Scanning Radiometer 2 (AMSR2) provided by the University of Bremen or the National Snow and Ice Data Center (NSIDC) is widely used in SIC research. The quantitative assessment of the multi-scale differences among widely used SIC products in the Amundsen and Bellingshausen Seas is yet to be determined. Furthermore, the decadal changes in SIC have not been well documented. Therefore, we attempt to quantify the multi-scale differences among multiple satellite-based SIC products, covering the temporal scales of mean state, trend, decadal, interannual, and seasonal changes.



The structure of this paper is as follows: Section 2 introduces the data, Section 3 presents the multi-scale results, Section 4 is the discussion, and finally, Section 5 summarizes and draws conclusions.




2. Data


2.1. Bathymetry


We utilized RTOPO2 data for bathymetry [46]. The spatial resolution of RTOPO2 is 30 arc seconds, and it provides information about lands and ice shelves.




2.2. HadISST1


For climate studies, we employed the HadISST1 dataset, specifically for SIC analysis [21]. HadISST1 consists of a long-term historical record, making it suitable for investigating long-term variations (Table 1). It combines satellite observations, weather station reports, and historical records to produce the SIC dataset. The spatial resolution of HadISST1’s SIC dataset is 1   ∘   × 1   ∘  , and it has a monthly temporal resolution. We selected the time range of 1973–2021 for our analysis [47].



For the 1973–1978 SIC, HadISST1 used hand-drawn analyses provided by the U.S. National Ice Center. Later, the long-term SIC data (1979–2021) in HadISST1 were mainly provided by the Goddard Space Flight Center. This center utilizes the NASA Team algorithm [40,41]. The passive microwave sensors include the Scanning Multichannel Microwave Radiometer (SMMR; 1979–1987) and the Special Sensor Microwave/Imager (SSM/I; 1987–present). The NASA Team algorithm features a low SIC in the Southern Hemisphere, therefore, HadISST1 adds its source data from Bristol and NCEP [21].




2.3. OSTIA


To obtain real-time monitoring capabilities, we utilized OSTIA’s daily SIC data, which is derived from 10 km data from the Ocean and Sea Ice Satellite Application Facility (OSI SAF) [48]. OSTIA offers high-resolution analysis, with a spatial resolution of 1/20   ∘   × 1/20   ∘   (Table 1). We considered the period from 1982 to 2021 for OSTIA’s SIC data. OSTIA’s SIC analysis is generated through model-based data assimilation [49]. The SIC data source in the numerical model is derived from satellite-based observations, with initial utilization of passive microwave SMMR (1979–1987) data and a later incorporation of passive microwave SSM/I (and SSMIS; 1987–present) SICs [50]. The data provider is the OSI SAF, which adopts a hybrid algorithm combing Bristol and bootstrap frequency mode.




2.4. AMSR2


In addition, we incorporated SIC data detected by AMSR2 from 2013 to 2021 (Table 1) [51,52]. AMSR2 is a radiometric sensor, which is characterized by a high spatial resolution [53]. The algorithm of AMSR2 is the ARTIST (Arctic Radiation and Turbulence Interaction Study) Sea Ice (ASI) algorithm, which is a further enhancement of the N90 algorithm [39]. AMSR2 provides a relatively high spatial resolution of 3.125 km × 3.125 km and a daily temporal resolution. This dataset is suitable for studying short-term variations.





3. Results


3.1. Bathymetry


Our research area spans [55   ∘  S, 80   ∘  S] × [70   ∘  W, 160   ∘  W] (Figure 1), encompassing the Amundsen Sea, the western Bellingshausen Sea, and the eastern Ross Sea. In the Amundsen Sea, the Amundsen Basin is situated on the northern side, with a maximum water depth exceeding 5000 m. On the southern side, the Amundsen Sea Shelf is located in proximity to both ice shelves and Antarctic land. Troughs exist in the Amundsen Sea Shelf, providing channels for deep ocean water intrusion into the Amundsen Sea Shelf [54]. The Amundsen Sea polynya (ASP) is present in front of the Dotson Ice Shelf at 110   ∘  W. Between the basin and shelf, a slope is distributed within the latitude band of [65   ∘  S, 76   ∘  S]. It should also be noted that the Pacific Antarctic Ridge is situated on the northwest side of the Amundsen Sea [55], where the water depth is nearly 3000 m.




3.2. Time Series of SIA


Figure 2 illustrates the time series of sea ice area (SIA) in the Amundsen Sea. Here, SIA is defined as the cumulative sea ice area of all grid boxes for which the SIC exceeds 15%, and 15% is also the definition of sea ice edge. Typically, SIA is smallest in February and largest in September, displaying significant seasonal variability. On average, HadISST1 exhibits larger SIA compared to AMSR2 and OSTIA. The mean SIA in the Amundsen Sea is approximately 6.48 × 10   5   km   2   for HadISST1, 5.86 × 10   5   km   2   for OSTIA, and 6.19 × 10   5   km   2   for AMSR2. The absolute difference in mean SIA between HadISST1 and OSTIA is 6.2 × 10   4   km   2  . AMSR2 provides an intermediate mean SIA compared to HadISST1 and OSTIA. In the time series, HadISST1 consistently exhibits higher SIA than OSTIA during winter months. In recent years, AMSR2 shows a similar time series to HadISST1 and OSTIA. In specific years, like 2017, AMSR2 displays slightly higher SIA than HadISST1 and OSTIA. Both OSTIA and AMSR2 have higher spatial and temporal resolutions, with a mean SIA difference of 3.3 × 10   4   km   2  .




3.3. Mean State of SIC


Figure 3 displays the spatial distribution of the climatological annual mean SIC. The integration period for HadISST1 and OSTIA is their overlapping period, from 1982 to 2021. The pattern shows that sea ice is primarily distributed on the shelf, slope, and deep basin not far from the slope. There are some polynyas on the shelf that contribute to a certain amount of sea ice production, while the sea ice in the deep basin is prone to melting due to warm water from the north-side. The ice edge is located farthest north at around 150   ∘  W, turning southward from west to east (90   ∘  W–150   ∘  W). OSTIA provides a relatively fine structure due to its higher resolution as compared to HadISST1. Furthermore, OSTIA is lower than HadISST1 near the Amundsea Sea slope, as well as the deep basin not far from the slope (Figure 3e). Meanwhile, the SIC of OSTIA is higher than that of HadISST1 in some areas on the shelf (around 110   ∘  W). The integration period of AMSR2 is relatively short (2013–2021). The biggest difference in the mean state of AMSR2 and OSTIA over the 9 years is on the Amundsen Sea Shelf (Figure 3c,d), where the SIC in AMSR2 is 10% higher than that in OSTIA (Figure 3f).




3.4. Trend of SIC


The spatial patterns of HadISST1 and OSTIA share some similar features (Figure 4). Negative trends exist in the deep basin not far from the slope (near 70°S) in the western Amundsen Sea and the eastern Ross Sea. In the deep basin near 70   ∘  S, the negative trend in OSTIA is as strong as −5%/decade, and the area of the strong negative trend (lower than −5%/decade) in OSTIA is larger than in HadISST1. In the deep basin around 65   ∘  S, the trend of HadISST1 is positive. Over the AMSR2 period (2013–2021), AMSR2 data have revealed a strong positive trend in the Amundsen Sea (not far from the slope) and the Bellingshausen Sea Shelf, while the Ross Sea Shelf has exhibited a pronounced negative trend. Meanwhile, strong negative trends have been observed in the basin areas near 65   ∘  S and (60   ∘  S, 150   ∘  W).




3.5. Decadal Variation in SIC


Based on the time series (Figure 5), it is evident that the SIC exhibits decadal variations after applying a 10-year low-pass filter (Lanczos filter [56], number of weights is 9). Here, we use annual mean SIA/SIC in computation (before filter). The HadISST1 dataset identifies four specific segments: (1) 8592 (1985–1992; trend is negative), (2) 9398 (1993–1998; trend is positive), (3) 99A4 (1999–2004; trend is negative), and A5B0 (2005–2010; trend is positive). By examining these selected segments, we can analyze the decadal variations in SIC and gain insights into the long-term trends of SIC in the Amundsen Sea.



Figure 6 compares the decadal trends of SIC between HadISST1 and OSTIA datasets. In the first decadal segment (8592), the SIC trend is primarily negative on the shelf and in the basin near the slope (65   ∘  S–75   ∘  S). The negative trend in HadISST1 reaches −2%/decade, which is slightly stronger than that in OSTIA. Actually, these negative trends are too weak to pass the 90% significance test.



In the second decadal segment (9398), the pattern mainly exhibits zonal differences. There is a strong positive trend in the eastern Ross Sea Basin (130   ∘  W–160   ∘  W, 60   ∘  S–73   ∘  S), while the positive trend of OSTIA near (70   ∘  S, 150   ∘  W) is greater than that of HadISST1. There is also a weak negative trend in the Bellingshausen Sea Basin (70   ∘  W–100   ∘  W, 65   ∘  S–70   ∘  S); however, the negative trend does not pass 90% significance test.



In the third decadal segment (99A4), the pattern also highlights zonal differences in the SIC decadal trend. There is a negative trend in the eastern Ross Sea Basin (130   ∘  W–160   ∘  W, 60   ∘  S–65   ∘  S), while a positive trend is observed near the slope of Bellingshausen Sea (70   ∘  W–90   ∘  W, 67   ∘  S–73   ∘  S). It is worth mentioning that OSTIA shows stronger trends than HadISST1 on these two trends. Additionally, there is a positive trend near the slope of the eastern Ross Sea (150   ∘  W–160   ∘  W).



In the fourth decadal segment (A5B0), the decadal trend shows primarily meridional differences. There is a positive trend in the basin far from the slope in the eastern Ross Sea and western Amundsen Sea (64   ∘  S–67   ∘  S, 120   ∘  W–150   ∘  W), as well as in the basin near the slope in the eastern Amundsen Sea and Bellingshausen Sea (65   ∘  S–71   ∘  S, 90   ∘  W–120   ∘  W), where HadISST1 exhibits a relatively stronger positive trend than OSTIA. Meanwhile, OSTIA suggests a negative trend on the shelf of the Bellingshausen Sea, while this signal is not significant in HadISST1.




3.6. Interannual Variation in SIC


The interannual variation (standard deviation) in SIC is also analyzed (Figure 7). The maximum interannual variation occurs near 66   ∘  S and 120   ∘  W. The western Amundsen Sea exhibits higher interannual variation compared to the eastern Amundsen Sea. The interannual variations in HadISST1 and OSTIA are similar for the longer time periods, but AMSR2 shows considerably weaker interannual variation.




3.7. Seasonal Variation in SIC


The spatial distribution of average SIC in winter and summer months (August and February) is presented (Figure 8). In winter, the ice edge moves northward and then southward from west to east, with the most northern position at around 150   ∘  W. The latitude band occupied by the “SIC front” (15% to 85%) is approximately 5   ∘   along 150   ∘  W. For AMSR2, which has a shorter time period, the ice edge is close to the other datasets, but the 85% contour line turns more northward, resulting in a narrower latitude band for the SIC front. In summer, the ice edge retreats to nearly 70   ∘  S. In the eastern Ross Sea, HadISST1 and OSTIA show higher SICs compared to AMSR2 near the slope. Additionally, the ASP is more prominent in OSTIA and AMSR2 compared to HadISST1.




3.8. Time Series of ASP


The time series of ASP areas indicates pronounced seasonal variations (Figure 9). The ASP area is largest in summer (February) and smallest in winter (August). Specifically, the mean area is 1.72 × 10   4   km   2   in the HadISST1, 1.69 × 10   4   km   2   in the OSTIA, and 1.84 × 10   4   km   2   in the AMSR2. The mean area is similar between HadISST1 and AMSR2, and slightly larger in HadISST1 compared to OSTIA. In summer, the mean February area for HadISST1 is 6.29 × 10   4   km   2  , while for OSTIA and AMSR2, they are 5.14 × 10   4   and 5.19 × 10   4   km   2  , respectively. The absolute difference between HadISST1 and OSTIA in terms of mean February ASP area reaches 1.15 × 10   4   km   2  . In winter, the mean August area is 7.78 × 10   2   km   2   for HadISST1, and 2.11 × 10   3   km   2   for OSTIA. The absolute difference between HadISST1 and OSTIA for mean August ASP area is 1.33 × 10   3   km   2  . AMSR2 shows that the ASP reaches its minimum winter area in July, with a corresponding mean area of 2.09 × 10   3   km   2  . Therefore, there are significant differences in seasonal variation in ASP area between HadISST1 and OSTIA. Additionally, AMSR2 differs from both HadISST1 and OSTIA regarding the month when the minimum ASP area occurs.





4. Discussion


In the initial assessment [51], the ASI algorithm shows higher SIC than Bootstrap in the Southern Hemisphere. The former is implemented in AMSR2, while the latter is adopted in OSI SAF (and OSTIA). Here, in terms of the mean state, AMSR2 shows higher SIC than OSTIA. These results are consistent with previous studies. On the other hand, the ASI algorithm yields a lower SIC than that of NASA Team 2. Consequently, the mean SIA in OSITA is found to be lower than that in HadISST1. Therefore, the mean state SIA can be justified by the algorithm employed. We therefore speculate that the differences among these datasets primarily arise from the distinct algorithms they utilize.



Regarding decadal trends, the last segment, A5B0, presents considerable differences between HadISST1 and OSTIA (Figure 6g,h). Although it is arguable that HadISST1 utilizes the same algorithm, the data inconsistencies arising from different sensors are likely not sufficiently reconciled. The model-supported data assimilation in the OSTIA applies physical constrains to the SIC product, thereby helping the OSTIA to eliminate data noise. As a result, OSTIA exhibits a comparatively weak positive trend in the A5B0 segment as compared with HadISST1.




5. Conclusions


We conducted a comparison of three SIC datasets, HadISST1, OSTIA, and AMSR2, and examined their differences across various scales. HadISST1 has the longest time period but the lowest spatial and temporal resolutions. On the other hand, OSTIA and AMSR2 have relatively finer spatial and temporal resolutions, although AMSR2 has a time period of less than 10 years.



When examining the spatially integrated regional SIA in the Amundsen Sea, the time series of SIA reveals that HadISST1 consistently shows slightly larger values compared to OSTIA and AMSR2. The absolute difference in mean SIA between HadISST1 and OSTIA is 6.2 × 10   4   km   2  , while it is 3.3 × 10   4   km   2   between OSTIA and AMSR2.



In terms of the mean state of SIC, all three datasets exhibit good consistency. They indicate that most of the sea ice is distributed on the shelf, with the ice edge (15% SIC) being farthest north around 150   ∘  W. However, OSTIA shows a lower SIC in the deep basin compared to HadISST1 and AMSR2. Regarding the trend analysis, both HadISST1 and OSTIA show similar patterns, with a negative trend observed near the slope and a positive trend in the northern basin. However, OSTIA suggests a stronger negative trend near the slope compared to HadISST1. As for the AMSR2 dataset, due to its shorter time period, it mainly exhibits stronger positive trends in the Amundsen Sea (not far from the slope) and the Bellingshausen Sea slope. In summary, while there are discrepancies among the datasets, they generally agree on the mean state and trends of SIC and SIA in the Amundsen Sea region. It is important for researchers to consider these differences when analyzing and interpreting the data.



To examine decadal variability, we divided the time period into four segments: 8592 (1985–1992), 9398 (1993–1998), 99A4 (1999–2004), and A5B0 (2005–2010). During the 8592 segment, there was a weak negative trend in SIC on the shelf and in the basin near the slope. In the 9398 segment, the eastern Ross Sea Basin exhibited a positive trend. In the 99A4 segment, the eastern Ross Sea Basin exhibited a significant negative trend, while there is a positive trend near the Bellingshausen Sea slope. In the fourth decade, A5B0, the decadal trend was characterized by meridional differences. There was a strong positive trend in the basin. Additionally, OSTIA suggested a negative trend on the Bellingshausen Sea Shelf, which was not significant in HadISST1.



Regarding the ASP area, all three datasets indicated that the ASP area is largest in February. The minimum ASP area for HadISST1 and OSTIA occurred in August, while AMSR2 showed the smallest area in July, indicating clear seasonal variation. The different datasets provided different estimates of the ASP area, with HadISST1 showing a significantly larger mean area than OSTIA and AMSR2.



In conclusion, this study compared the HadISST1, OSTIA, and AMSR2 datasets to analyze SIC in the Amundsen Sea. The results revealed differences in the multiscale variability in SIC among the datasets, which may be influenced by factors such as data sources, processing methods, and observational resolution. These findings contribute to a better understanding of the changes and evolution of the Antarctic sea ice system. Future research can further explore the consistency between different datasets and investigate the reasons behind the observed differences.
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Figure 1. Research area, which includes the Amundsen Sea (AS), western Bellingshausen Sea (BS), and eastern Ross Sea (RS). Color shading shows the bathymetry (RTOPO2). Isobaths of 500, 1000 and 2000 m are shown as black solid lines. Black shading shows land mask. Grey shading represents ice shelf mask. Red solid lines are the boundaries among AS, BS, and RS. 
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Figure 2. Time series of SIA. Three datasets are considered as HadISST1 (red line), (a) 1972–1982; (b) 1982–1992; (c) 1992–2002; (d) 2002–2012; and (e) 2012–2022. OSTIA (green line), and AMSR2 (blue line). Abscissa axis is the time, where 72–99 represents 1972–1999, 00–21 indicates 2000–2021. 
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Figure 3. Mean state of SIC in the Amundsen Sea (units: %; climatological annual mean). (a) HadISST1 (1982–2021), (b) OSTIA (1982–2021), (c) AMSR2 (2013–2021), (d) OSTIA (2013–2021), (e) HadISST1-OSTIA (1982–2021), and (f) AMSR2-OSTIA (2013–2021). 
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Figure 4. Trend of SIC (units: %/decade). (a) HadISST1 (1982–2021), (b) OSTIA (1982–2021) and (c) AMSR2 (2013–2021). Annual mean SIC is used in computation. Black dots mean passing the 90% significance test. 
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Figure 5. Dacadal variation in SIA. Four decadal segments are selected as 8592 (1986–1992), 9398 (1993–1998), 99A4 (1999–2004), and A5B0 (2005–2011). 
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Figure 6. Decadal trend in different periods (units: %/decadal). (a,b) 8592 (1985-1992), (c,d) 9398 (1993–1998), (e,f) 99A4 (1999–2004), and (g,h) A5B0 (2005–2010). (a,c,e,g) HadISST1; (b,d,f,h) OSTIA. Black dots mean passing the 90% significance test. 
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Figure 7. Interannual variation in SIC (units: %). (a) HadISST1 (1982–2021), (b) OSTIA (1982–2021), and (c) AMSR2 (2013–2021). Standard deviations of SIC are shown. For HadISST1 and OSTIA, the results are obtained using bandpass filters between 2 and 8 years. Annual mean SIC is used in computation. 
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Figure 8. Seasonal variation in SIC (units: %). (a,b) HadISST1 (1982–2021), (c,d) OSTIA (1982–2021), and (e,f) AMSR2 (2013–2021). Left panels (a,c,e) are SIC in winter (August). Right panels (b,d,f) are SIC in summer (February). Monthly mean SIC is used in computation. 
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Figure 9. Time series of Amundsen Sea polynya (ASP) area. (a) 1972–1982; (b) 1982–1992; (c) 1992–2002; (d) 2002–2012; and (e) 2012–2022. Three datasets are considered as HadISST1 (red line), OSTIA (green line), and AMSR2 (blue line). Abscissa axis is the time, where 72–99 represents 1972–1999, 00–21 indicates 2000–2021. 
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Table 1. Satellite products of SICs.






Table 1. Satellite products of SICs.





	Dataset
	Period
	Period Used
	Spatial Resolution
	Temporal Resolution





	HadISST
	1973/01 –present
	1973/01–2021/12
	1   ∘   × 1   ∘  
	monthly



	OSTIA
	1981/10–present
	1982/01–2021/12
	1/20   ∘   × 1/20   ∘  
	daily



	AMSR2
	2012/08–present
	2013/01–2021/12
	3.125 km × 3.125 km 1
	daily







1 3.125 km × 3.125 km is nearly 0.03   ∘  × 0.07   ∘  .
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