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Abstract

:

ICESat-2 altimeter data could be used to estimate sea ice freeboard and thickness values with a higher measuring accuracy than that achievable with data provided by previous altimeter satellites. This study developed an improved algorithm considering variable lead proportions based on the lowest point method to derive the sea surface height for the retrieval of Antarctic sea ice freeboard and thickness values from ICESat-2 ATL-07 data. We first collocated ICESat-2 tracks to corresponding Sentinel-1 SAR images and calculated lead (seawater) proportions along each track to estimate the sea surface height in the Antarctic Ocean. Then, the Antarctic sea ice freeboard and thickness were estimated based on a local sea surface height reference and a static equilibrium equation. Finally, we assessed the accuracy of our improved algorithm and ICESat-2 data product in the retrieval of the Antarctic sea ice thickness by comparing the calculated values to ship-based observational sea ice thickness values acquired during the 35th Chinese Antarctic Research Expedition (CHINARE-35). The results indicate that the Antarctic sea ice freeboard estimated with the improved lowest point method was slightly larger than that estimated with the ICESat-2 data product algorithm. The root mean squared error (RMSE) of the improved lowest point method was 35 cm with the CHINARE-35 measured sea ice thickness, which was smaller than that determined with the ICESat-2 data product algorithm (65 cm). Our improved algorithm could provide more accurate data on the Antarctic sea ice freeboard and thickness, thus supporting Antarctic sea ice monitoring and the evaluation of its change under global effects.
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1. Introduction


Antarctic sea ice plays a significant role in the Earth’s system, affecting changes in the global climate and environment [1,2]. The sea ice freeboard and thickness are important parameters reflecting the exchange of mass and energy between the atmosphere and ocean [3,4]. Satellite altimetry has been demonstrated to constitute an effective method of retrieving the sea ice freeboard and thickness at the basin scale [5,6]. Through the application of satellite altimeter data derived from the ICESat and CryoSat-2 [7,8,9,10], researchers have obtained information on Arctic and Antarctic sea ice thickness levels and explored the response of the sea ice thickness to climate change [11,12]. The new-generation altimeter satellite of the ICESat-2 (Ice, Cloud, and Land Elevation Satellite-2) provides a new direction for follow-up research.



The first examination of the Antarctic sea ice freeboard and thickness based on laser satellite altimeter data was conducted in the Weddell Sea, which demonstrated that the ICESat could measure the Antarctic total freeboard and sea ice thickness [13]. Yi et al. [14] proposed the lowest point method to retrieve the sea ice thickness from ICESat altimeter data, and their snow depth assumption was consistent with the sea ice freeboard. The advantages and disadvantages of this algorithm for sea ice thickness retrieval were summarized by Kern et al. [15]. The surface elevation measured by the CryoSat-2 altimeter could also be employed to estimate the sea ice freeboard and then be converted into the sea ice thickness [16]. However, researchers have reported that the Antarctic sea ice freeboard and thickness estimated from ICESat and Cryosat-2 data retain certain errors over ship-based and in situ measurements [17,18,19]. The Cryosat-2 satellite has remained in orbit for more than 10 years, and the observation data quality may thus be affected. ICESat-2 was launched on 15 September 2018 with the scientific objectives of polar land ice elevation and sea ice freeboard measurement at a high accuracy. The ICESat-2 generates six beams divided into 2 × 3 arrays to measure profiles of the surface height, as acquired by the Advanced Topographic Laser Altimeter System (ATLAS), and thus provides the ability to estimate the sea ice freeboard. Compared to ICESat and CryoSat-2 data, ICESat-2 altimeter data achieve a better spatial coverage and a higher elevation accuracy [20,21], which makes these data promising in the sustainable retrieval of the Antarctic sea ice freeboard and thickness.



According to the ICESat-2 algorithm theoretical basis document for sea ice products of ATL-07/ATL-10 data [22], sea ice leads were determined to detect the sea surface height for the retrieval of the sea ice freeboard and thickness (hereafter referred to as the ICESat-2 data product algorithm). The ICESat-2 data product algorithm is divided into two components: the ICESat-2 data product algorithm (single), which obtains the sea surface by one beam of measurement data, and the ICESat-2 data product algorithm (comprehensive), which obtains the sea surface by six beams of satellite data. The principle of the ICESat-2 data product algorithm entails the application of photon emission rates associated with surface reflectance to discriminate leads from sea ice. However, the complex environment of the Antarctic Ocean with variable sea ice conditions could result in lead misclassification with the ICESat-2 data product. Another effective method for sea ice freeboard and thickness retrieval in the Antarctic is the application of the lowest measurement points of a certain percentage along the track to determine the local sea surface height (the lowest point method). The percentage could be obtained from collocated remote sensing images [23]. However, the application of the lowest point method for Antarctic sea ice freeboard and thickness retrieval from ICESat-2 altimeter data requires further evaluation.



There are two objectives of this study: (1) to investigate the accuracy of surface classification (sea ice and lead) provided by the ICESat-2 data product; (2) to develop an improved algorithm for Antarctic sea ice freeboard and thickness retrieval from ICESat-2 altimeter data based on the lowest point method. In the remainder of this paper, the data and methods are first introduced in Section 2. Then, we present and analyze the results of our experiments in Section 3. Section 4 focuses on a discussion of the experimental process. Section 5 outlines the conclusions drawn in this study.




2. Materials and Methods


2.1. Study Area


The study area in this paper is the Antarctic Ocean, which consists of five sea areas: the Weddell Sea, the Bellingshausen and Amundsen Sea, the Ross Sea, the Pacific Ocean, and the Indian Ocean (Figure 1). Generally, sea ice in the Antarctic Ocean rapidly shrinks during the melting period, with only the coastal areas of the Antarctic continent remaining, while the opposite occurs during the growth period, in which sea ice rapidly expands away from the shore [24]. Antarctic sea ice is dominated by first-year ice, while a small amount of multiyear sea ice is concentrated in coastal areas [25]. In the Antarctic Ocean, sea ice leads vary with the seasons, which are usually distributed in areas with thin sea ice and are more notably distributed along the coast than in offshore areas [26].




2.2. Data


2.2.1. ICESat-2 ATL-07 and ATL-10 Data


The ICESat-2 exhibits an orbital inclination of 92°, which enables the satellite to detect the region between 88° S and 88° N. The footprint of the ICESat-2 is 17 m, while the segment length of the beams varies from 27 m to 200 m, and the photon elevation accuracy reaches 40 cm [22]. The ICESat-2 altimeter data product provides multiple levels according to the degree of data processing. Among these data, ATL-07 data comprise the ICESat-2 sea ice product containing the surface height and surface type along each of the six ground tracks [21]. ATL-10 data yields the sea ice freeboard derived from ATL-07 data based on a local sea surface reference calculated from the height of the available lead segments. In this study, we used ICESat-2 ATL-07 sea ice height data (November 2018 to October 2019) to estimate the sea ice freeboard based on an improved lowest point (lead) method and then calculated the sea ice thickness according to the static equilibrium equation [13]. ICESat-2 ATL-10 sea ice freeboard data during the same period were also applied to calculate the sea ice thickness. Finally, the sea ice thickness values calculated from the ATL-10-derived sea ice freeboard and ATL-07-derived sea ice freeboard with the improved method in this paper were compared and assessed. We downloaded ICESat-2 ATL-07 and ATL-10 data from the U.S. National Snow and Ice Data Center (NSIDC) (https://nsidc.org/data/ATL07/versions/3, accessed on 7 February 2022; https://nsidc.org/data/ATL10/versions/3, accessed on 7 February 2022) at May, 2020.




2.2.2. AMSR2 Snow Depth Product


The sensor of the Advanced Microwave Scanning Radiometer 2 (AMSR2) is located onboard the Aqua satellite, which was launched on 18 May 2012. The AMSR2 provides accurate measurements of sea ice microwave emissions (brightness temperature), which have been employed to estimate the sea ice concentration and snow depth on sea ice [27,28].



In this study, the AMSR2 snow depth product acquired from the NSIDC (https://nsidc.org/data/AU_SI12/versions/1, accessed on 7 February 2022) was used as input data for sea ice thickness retrieval from ICESat-2 ATL-07 data based on the static equilibrium equation [13]. The NSIDC produces a unified Level 3 snow depth product with a spatial resolution of 12.5 km by applying the snow depth retrieval model proposed by Markus and Cavalieri (1998) [29].




2.2.3. Sentinel-1 and Sentinel-2 Images


Sentinel-1 SAR images exhibit a spatial resolution of 40 m, while the Sentinel-2 optical image spatial resolution is 10 m (Table 1). Since SAR images exhibit a high resolution and can be applied to discriminate leads from sea ice and can monitor sea ice change [30], we used Sentinel-1 images corresponding to ICESat-2 ground tracks with a short time interval (range from 30 to 90 min) to assess the surface type classification provided by the ICESat-2 data product. Sentinel-2 optical images exhibit a higher resolution than that of Sentinel-1 SAR images, meaning that sea ice and leads can usually be identified more accurately. However, Sentinel-2 is a land-observing mission satellite, and its acquisition does not cover as wide an area of the offshore sea ice as Sentinel-1. Considering all of these factors, we obtained Sentinel-1 images to determine the lead location of the sea ice-covered Antarctic Ocean to assess the accuracy of ICESat-2 lead discrimination. Lead proportions were further counted based on Sentinel-1 images with the improved lowest point method to retrieve the Antarctic sea ice thickness from ICESat-2 altimeter data. Sentinel-2 optical images were used in this study to confirm the applicability of Sentinel-1 SAR images. Sentinel-1 and Sentinel-2 images were acquired from https://search.asf.alaska.edu/, accessed on 7 February 2022 and https://earthexplorer.usgs.gov/, accessed on 7 February 2022, respectively.




2.2.4. Ship-Based Observational Sea Ice Thickness Data


In this study, we obtained ship-based observational sea ice thickness data to validate the sea ice thickness data retrieved from the ICESat-2 altimeter. Ship-based observational sea ice thickness data were obtained during the 35th Chinese National Antarctic Research Expedition (CHINARE-35) from November 2018 to January 2019. During CHINARE-35, we used a camera fixed on the side of the scientific expedition vessel (R/V Xuelong) to record sea ice conditions along the ship route. A known-sized reference ball suspended over the side of the ship could be used to estimate the sea ice thickness during the ship’s voyage based on photogrammetric methods (Figure 2). This was accomplished by using the picture to calculate the length ratio of sea ice thickness to a known-length reference bal, and then estimating the sea ice thickness by this ratio. It has been proved that the error of sea ice thickness obtained by this method is less than 7% [31]. These estimates reflected the sea ice thickness along the ship’s route, which could be used in the assessment of the ICESat-2-derived sea ice thickness. Due to environmental factors such as the photography failure during the ship’s voyage and the quality of the photographic images, a total of 1248 measuring points discontinuously distributed across different Antarctic sea areas was finally obtained in this study.





2.3. Methods


2.3.1. Assessment of Lead Discrimination Based on the ICESat-2 Data Product Algorithm


The ICESat-2 data product provided a surface type (sea ice and lead) classification obtained with a decision tree in the data product algorithm, which was based on the parameters of the photon rate, width of fit, sun elevation angle, and background [32]. Leads with a significantly different reflectance from that of sea ice could be discriminated by a specified reflectance threshold. It should be noted that ICESat-2 measuring points with a high reflectance were considered smooth open-water or thin ice to determine the sea surface height. The ICESat-2 measuring points, which were considered in lead location determination based on ATL-07 data, were flagged as sea surface points in the ICESat-2 data product [32]. A local sea surface reference could then be affirmed by extracting all of the sea surface points and calculating the average height within a certain scope (10-km segments).



Because the local sea surface height (sea ice lead) is an important parameter for the retrieval of the sea ice freeboard and thickness, the classification of the surface type based on ICESat-2 altimeter data is the key step in the accurate retrieval of the sea ice thickness in the Antarctic Ocean. In this study, we extracted sea ice leads from collocated Sentinel-1 images to assess the accuracy of lead discrimination based on the ICESat-2 data product algorithm. In order to ensure the accuracy of the results, we mainly used manual annotation to obtain the lead location.The principles of the selection of Sentinel-1 images are as follows: (1) the leads in Sentinel-1 SAR images should be clearly discriminated where ICESat-2 ATL-07 measuring points are located; (2) the observation time of Sentinel-1 SAR images should match the time of ICESat-2 passage through the same area, aiming to reduce the influence of sea ice drift; and (3) the ground tracks of the ICESat-2 should traverse the lead area in Sentinel-1 SAR images to ensure that lead discrimination with the ICESat-2 algorithm can be assessed. Moreover, Sentinel-2 optical images were obtained to assess the suitability of the selected Sentinel-1 SAR images.




2.3.2. Sea Ice Freeboard and Thickness Retrieval from ICESat-2 Altimeter Data


The sea ice freeboard could be calculated from the local sea surface height based on the ICESat-2 data product algorithm with the lowest point method [13]. In this study, an improved algorithm of the lowest point method with the reflectance sea surface determined by Sentinel-1 images was applied to retrieve the sea ice freeboard and thickness from the ICESat-2 measured surface height data. The process of the improved algorithm derived the sea surface height according to the determined proportion of lowest elevation points as the local sea surface reference. Sea ice and nearby leads could be discriminated via the threshold method because sea ice exhibits a higher reflectivity than that of the leads. Furthermore, the ICESat-2 data product algorithm considered that specular and quasi-specular returns are observed from smooth open water/thin ice surfaces with the ICESat-2, which indicated that high photon rates are expected and that these segments are processed differently [33]. In this study, we explored the acquisition of a local surface height reference by (1) determining the percentage of the lowest elevation points according to the number of leads along ICESat-2 tracks, (2) filtering corresponding measuring points with the reflectivity threshold given by the ICESat-2 data product algorithm, and (3) calculating the local surface height by extracting measuring points using lead proportion.



Since Antarctic sea ice varies over time and space, the traditional lowest point method considering a unique lead proportion for sea ice freeboard and thickness retrieval may generate errors. In this study, we extracted leads from Sentinel-1 images and calculated the percentages of leads along the ICESat-2 track in different months in various Antarctic sea areas. Figure 3 shows an example of an ICESat-2 track crossing a Sentinel-1 SAR image, which was classified through visual interpretation. It should be noted that we used all six beams of the ICESat-2 altimeter data participating in the calculation of the lead proportion for the improved algorithm of the lowest point method. First, the lead proportion along each ICESat-2 track was calculated based on the distribution of pixels representing leads along the whole ICESat-2 track in Sentinel-1 SAR images. Then, we filtered the selected lowest points by the set threshold of the photon rate (lower than 2.5 or higher than 11 for strong beams, while the threshold for weak beams was a quarter of that for strong beams). Finally, the lowest points in each 10-km segment were selected as a local sea surface reference to estimate the sea surface height.



Based on the estimated local sea surface reference, we calculated the 10 km-average height (   h m   ) from the surface height (   h  o b s    ) and then obtained the relative elevation by computing the difference between  h  and    h m   . The sea ice freeboard can be calculated as the difference between the relative elevation and the sea surface reference:


   h r  =  h  o b s   −  h m       



(1)






   h f  =  h r  −  h  s s h    



(2)




where     h r    is the relative elevation,    h f    is the sea ice freeboard, and    h  s s h      is the sea surface reference height. The specific relationship is shown in the Figure 4. These quantities are both relative to the WGS84 ellipsoid. Finally, the retrieved sea ice freeboard was gridded into 12.5 km × 12.5 km cells.



The sea ice thickness could be calculated from the sea ice freeboard according to the static equilibrium equation [13]. The ICESat-2 is a laser altimeter instrument, which indicates that the sea ice height provided by ICESat-2 ATL-07 data includes the snow depth. We estimated the sea ice thickness (   H i   ) through Equation (3) with the input of the sea ice freeboard (   H f   ), snow depth (   H s   ), snow density (   ρ s   ), water density (   ρ w   ), and sea ice density (   ρ i   ).


   H i  =    ρ w     ρ w  −  ρ i     H f  −    ρ w  −  ρ s     ρ w  −  ρ i     H s   



(3)







In this study, we used     ρ s   = 300 km·m-3,    ρ w   = 1023.9 km·m-3,    ρ i   = 915.1 km·m-3, and the AMSR2-derived snow depth to calculate the Antarctic sea ice thickness. It should be noted that the sea ice freeboard originated both from the ICESat-2 data product algorithm (ICESat-2 ATL-10 sea ice freeboard) and our improved algorithm of the lowest point method.






3. Results


3.1. Accuracy of Surface Type Classification Based on the ICESat-2 Data Product Algorithm


ICESat-2 ATL-07 data from November 2018 to October 2019 pertaining to the Antarctic were extracted and matched to the collocated Sentinel-1 SAR and Sentinel-2 optical images on the same date. Figure 5 shows the distribution of sea ice and leads in Sentinel-1 SAR images and Sentinel 2 optical images. Sea ice in the red rectangle marked in Figure 4 varied statistically insignificantly in both sets of images (Figure 5a versus Figure 5b, and Figure 5c versus Figure 5d). The overall sea ice conditions changed slightly within a short time, making them suitable for the assessment of labeled lead discrimination based on the ICESat-2 data product algorithm. In addition, a comparison of the Sentinel-1 SAR and Sentinel-2 optical images at a 12-h interval revealed that sea ice slightly drifted under the influence of wind and ocean on the sea ice (Figure 5c and Figure 5d, respectively). These results demonstrated that SAR images with a short time interval could reflect the overall consistent sea ice conditions of the corresponding ICESat-2 data.



Figure 6 shows the error in the ICESat-2-labeled surface type classification with the collocated Sentinel-1 SAR images. The detected misclassification of the surface type with the ICESat-2 data product occurred in two aspects: (1) there were certain points within the leads in the Sentinel-1 images discriminated as sea ice by the ICESat-2 data product algorithm; (2) there occurred points on the sea ice in the images that were identified as leads by the ICESat-2 data product algorithm. Figure 6a,b show that a fair number of points were incorrectly classified over the collocated Sentinel-1 SAR images. Misclassification of the surface type could cause errors in freeboard estimation based on the ICESat-2-measured surface height data. The numerical results of surface type classification from the ICESat-2 ATL-07 data after 2 days indicated that there occurred a large number of lead points misclassified as sea ice by the ICESat-2 data product algorithm (Table 2). The lead discrimination accuracy (defined as the ratio of the number of correct lead classifications to the total number of points labeled as leads in the ICESat-2 data product) ranged from 0% to 42.45%. This could cause errors during subsequent retrieval of the sea ice freeboard and thickness from the ICESat-2 ATL-07 data.




3.2. Antarctic Sea Ice Freeboard Retrieval from ICESat-2 Altimeter Data


Table 3 shows the proportions of leads along the ICESat-2 tracks in the Antarctic Ocean from November 2018 to October 2019 calculated from Sentinel-1 SAR images using the method in Section 2.3.2. It summarizes the proportions of leads during a 12-month period. The lead proportion ranged from 0.73% to 6.67%, and the mean value of the proportion in the different Antarctic Ocean areas ranged from 2.12% to 3.33%, with the maximum and minimum lead proportions observed in the Ross Sea and Indian Ocean, respectively. The lead proportions between November and March were the highest because sea ice in the Antarctic Ocean melted during this period. As Antarctic sea ice increased over time, the lead proportion along the ICESat-2 tracks gradually decreased and then remained stable with the stability of sea ice after March, which is basically consistent with the seasonal process of sea ice variation. The average lead proportion in the Weddell Sea and Indian Ocean was relatively low, while the average proportion in the Ross Sea was the highest. Sea ice in the Ross Sea melted and rapidly drifted, which caused the emergence of numerous leads over the other Antarctic sea areas. Moreover, the sea ice extent in the Ross Sea varied greatly with the season [34], which was consistent with the trends of sea ice motion. Comparatively, sea ice in the Weddell Sea and Indian Ocean melted and drifted relatively slowly because relatively more multiyear ice and fast ice occurred, resulting in a small number of sea ice leads. Previous studies have verified that the area of fast ice in the Indian Ocean is larger than that in the Pacific Ocean [35], which results in a high lead proportion in the Pacific Ocean.



Based on the statistics of the lead proportions along the ICESat-2 tracks in the different months and Antarctic sea areas, we calculated the sea ice freeboard using Equation (1) and Equation (2) while sea surface height was calculated using the improved algorithm (a variable lead proportion value replaced the traditional fixed proportion value) of the lowest point method. The estimated sea ice freeboard was then compared to the sea ice freeboard calculated with the ICESat-2 data product algorithm in the different Antarctic Ocean areas (Figure 7). The Antarctic sea ice freeboard estimated with the improved algorithm of the lowest point method increased by 0.5 cm to 2.2 cm, and the mean value was 1.8 cm larger than the sea ice freeboard estimated with the ICESat-2 data product algorithm. The sea ice freeboard estimates based on the two considered algorithms exhibited earlier increasing and later decreasing trends, with its minimum values occurring in July 2019 in most areas of the Antarctic Ocean. The sea ice freeboard values calculated with the improved algorithm and ICESat-2 data product algorithm were consistent in the Weddell Sea, the Bellingshausen and Amundsen Sea, and the Ross Sea, except in July 2019. The difference was attributed to the lack of ICESat-2 data in early July, which led to the inaccuracy of the ICESat-2 data product algorithm. The difference in the retrieved sea ice freeboard between the ICESat-2 data product algorithm and the improved algorithm in the Indian Ocean and Pacific Ocean was relatively large, probably because these two approaches even behaved differently in regard to fast ice mainly distributed in these two sea areas.




3.3. Spatiotemporal Variations in the Antarctic Sea Ice Thickness from November 2018 to October 2019


The sea ice thickness in the Antarctic Ocean was larger in winter and smaller in summer (Figure 8). The Antarctic sea ice thickness decreased as sea ice melted from November 2018 to January 2019, increased as sea ice grew from February 2019 to July 2019, and then remained stable throughout the rest of the period. Relatively more sea ice, including some multiyear ice, gathered in the Weddell Sea, causing thicker sea ice along the Weddell Sea coast than that in the other Antarctic sea areas. Sea ice in the Bellingshausen and Amundsen Sea, the Indian Ocean, and the Pacific Ocean exhibited the same characteristics of thicker ice concentrated along the coast and thinner ice distributed offshore.



The sea ice thickness in the Weddell Sea was larger than that in the other sea areas in the Antarctic Ocean in summer, with the thickest sea ice distributed in the southwest of the Weddell Sea. Sea ice formed in the east, and eddy currents caused sea ice to accumulate in the western Weddell Sea near the Antarctic Peninsula [36]. A phenomenon occurred in the Ross Sea whereby coastal sea ice was not notably thicker than offshore sea ice, and there occurred almost no sea ice during the sea ice melting period, which was obviously different from the other Antarctic sea areas. Sea ice in the Indian Ocean and Pacific Ocean was dominated by fast ice, which barely drifted, and the sea ice extent was the smallest in the Antarctic Ocean, resulting in a larger value of the spatial average sea ice thickness than that in the other sea areas of the Antarctic Ocean. The sea ice thickness in the Bellingshausen and Amundsen Sea was the second largest, followed by the Weddell Sea, where thicker sea ice was concentrated in the coastal areas throughout the whole year.




3.4. Accuracy of the Retrieved Antarctic Sea Ice Thickness Based on the Improved Algorithm of the Lowest Point Method


We obtained ship-based observational sea ice thickness data from CHINARE-35 to assess the accuracy of the retrieved Antarctic sea ice thickness, which was calculated from the sea ice freeboard estimated with the improved algorithm of the lowest point method. The Antarctic sea ice thickness calculated from the freeboard estimated with the ICESat-2 data product algorithm was also assessed and compared. The root mean squared error (RMSE) and mean absolute error (MAE) were adopted in this study as assessment indices, which are defined by Equation (4) and Equation (5):


  RMSE =     ∑   j = 1  n     (   H   i j    −  H   p j     )   2  / n    



(4)






  MAE =  (    ∑   j = 1  n  a b s  (   H   i j    −  H   p j     )   )  / n  



(5)




where    H i    denotes the sea ice thickness retrieved with the improved algorithm of the lowest point method or retrieved with the ICESat-2 data product algorithm,    H p    is the sea ice thickness measured via ship-based photogrammetry during CHINARE-35,  n  is the number of comparison pair points, and abs() in Equation (5) means the absolute value function.



Figure 9a–c shows that the RMSE value of the sea ice thickness estimated with the improved algorithm of the lowest point method was 34.8 cm, while the RMSE value of the sea ice thickness estimated with the ICESat-2 data product algorithm (single) and ICESat-2 data product algorithm (comprehensive) was 47.2 cm and 65.7 cm, respectively. Moreover, the MAE values reached 22 cm, 32.6 cm, and 43.5 cm, respectively. Considering that the coverage of these three kinds of data was inconsistent (the coverage of the data estimated with the improved algorithm was slightly higher than that of the other kinds of data), we selected overlapping data and compared the associated RMSE and MAE values. Figure 9d–f shows that the RMSE reached 41.2 cm, 47.2 cm, and 67.9 cm, and the MAE was 27.8 cm, 32.6 cm, and 43.8 cm, respectively. The statistical results are summarized in Table 4. It could be concluded from this that the improved algorithm of the lowest point method used in this study performed better than the ICESat-2 data product algorithm.





4. Discussion


4.1. Improvement in the Variable Lead Proportion for the Retrieval of the Sea Ice Freeboard and Thickness from ICESat-2 Data


The ICESat-2 is a new-generation laser satellite altimeter that provides more accurate surface elevation measurements and additional surface type classifications, including sea ice leads, which could be used for the estimation of the sea ice freeboard [37]. The accuracy of the retrieved freeboard greatly depends on the precision of lead discrimination along ICESat-2 tracks. In this study, we found that there remained errors in the lead discrimination results obtained with the current ICESat-2 data product. The lowest point method is one of the more commonly applied methods for the retrieval of the sea ice freeboard [23], and an important step of this approach is the determination of the lowest point proportion for the retrieval of the Antarctic sea ice freeboard because the distribution of leads varies over time and space in the Antarctic Ocean.



In this study, we proposed an improved algorithm of the lowest point method to calculate the Antarctic sea ice freeboard and thickness from ICESat-2 altimeter data. The proportions of the lowest points (leads) over all 12 months of the year in the different sea areas of the Antarctic Ocean were confirmed according to the combined analysis of ICESat-2 tracks and collocated Sentinel-1 SAR images. Compared to the previous algorithm of the lowest point method [13], the improved algorithm replaced the traditional fixed lead proportion with a variable proportion in each month in the different Antarctic sea areas. The validation results verified that the Antarctic sea ice thickness calculated with the improved algorithm of the lowest point method performed better than that calculated with the ICESat-2 data product algorithm. Although we proposed a variable representative lead proportion for freeboard and sea ice thickness estimation, limitations remain. Since the SAR images obtained in our study could be inaccurate for distinguishing thin sea ice from seawater, our algorithm may overestimate the lead proportions in the lowest point method, resulting in overestimated sea surface height values and underestimated sea ice freeboard and thickness values according to Equation (1) [33]. It indicates that our algorithm has room for improvement, especially in the selection of images, although our algorithm could provide more accurate data than the ICESat-2 data product algorithm.



We also compared the retrieved sea ice thickness based on our algorithm with the results from Xu [38] (https://figshare.com/articles/dataset/Antarctic_Sea-Ice_Thickness_and_Volume_from_NASA_s_ICESat_ICESat-2_Missions/12910121/, accessed on 7 February 2022). As shown in Figure 10, the bias between these two results ranged from −17 cm to 26 cm. The difference between these two results was small in January 2019 and May 2019 with the average value of 2.8 cm.




4.2. Influence of Negative Freeboard for the Retrieval from ICESat-2 Altimeter Data


In the process of sea ice thickness retrieval, we found that there existed negative freeboard in Antarctic Ocean during the study period. As shown in Figure 11a, the negative freeboard occurred mainly in the coastal area of the Weddell Sea and Bellingshausen and Amundsen Sea ranging from −5 cm to 0 cm. Previous studies have shown that snow cover on Antarctic sea ice plays an important role in the formation of negative freeboard because sea ice can be depressed below sea-water level and turned into snow-ice due to the snow loading [39]. It could therefore be seen that negative freeboard was concentrated in the region with great snow depth, especially in the area where there existed multi-year sea ice.



Figure 11b shows the difference between the retrieved sea ice thickness, which did not consider the influence of the negative freeboard and that considering the negative freeboard. It could be perceived that sea ice thickness not considering negative freeboard is 1.86 cm thicker than that considering negative freeboard. The method of dealing with the negative freeboard for the accurate retrieval of Antarctic sea ice thickness will be the focus of our future work.




4.3. Uncertainty in the Sea Ice Freeboard and Thickness Retrieved from ICESat-2 Altimeter Data


There are uncertainties when converting ICESat-2-measured point data into freeboard gridded data with a specific spatial resolution (12.5 km in this study) because of the data processing normally required [15]. We calculated the standard deviation for each freeboard grid in the different months with the improved algorithm of the lowest point method (Figure 12). The mean value of the standard deviation across all sea ice freeboard grids ranged from 9 cm to 17 cm, and the mode of the standard deviation ranged from 1 cm to 8 cm. The mean standard deviation of the sea ice freeboard determined by the ICESat [40] was slightly larger than our result. The high mean standard deviation of the ICESat-2-derived sea ice freeboard was attributed to the smaller footprint of the ICESat-2 than that of the ICESat, which made it easier for the ICESat-2 to capture texture features and detect elevation changes in the sea ice surface. Therefore, the ICESat-2 attained a high standard deviation due to the high accuracy in the rasterization process of freeboard grids with a specific resolution.



In addition, the validity of the coverage of the ICESat-2 laser altimeter data should be further examined because monthly altimeter tracks cannot completely cover the whole Antarctic Ocean [2]. The extent of ICESat-2 operational measurements is concentrated near satellite tracks. We employed AMSR2-unified L3 daily 12.5 km sea ice concentration data to verify the representativeness of ICESat-2 altimeter data. The total number of grids with AMSR2-derived sea ice concentrations higher than 0% at the ICESat-2 measuring data grid scale was counted to calculate the proportion of valid ICESat-2 measurement data in the ice-covered areas of the Antarctic (Figure 13). The proportion of valid ICESat-2 measurement data in the Antarctic sea ice region ranged from 9.5% to 36%. Generally, the proportion was high when the sea ice extent was small because the ICESat-2 tracks were more intensive in the coastal areas. The average proportion of sea ice-covered 12.5-km grids with valid ICESat-2 data that could be considered for sea ice thickness retrieval in the Weddell Sea, Indian Ocean, Pacific Ocean, Ross Sea, Bellingshausen and Amundsen Sea was 24.5%, 17.4%, 14.0%, 28.1%, and 18.7%, respectively. The difference between the maximum and minimum proportions in the different Antarctic sea areas was 14.1%, which indicates that ICESat-2 altimeter data exhibit different representativeness levels among the various sea areas. Therefore, the Antarctic sea ice thickness retrieved from the ICESat-2 altimeter data could be considered more typical in the Weddell Sea and Ross Sea and less typical in the Indian Ocean and Pacific Ocean. The ICESat-2 improved the accuracy and the amount of satellite measurement data along its tracks. However, the altimeter data coverage in the Antarctic Ocean is not higher than that of the previous generation of altimeter satellites.



According to Equation (3), the sea ice density, snow density, and seawater density contribute to the retrieval of the Antarctic sea ice thickness from the ICESat-2 altimeter data. The seawater density contributes the least to the uncertainty in the estimation of the sea ice thickness, while the sea ice density contributes the most to the uncertainty [41]. We obtained the uncertainty in the sea ice density, snow density, and seawater density from the literature [42,43], which reported that the uncertainty in the seawater density, snow density, and sea ice density reached 0.5 kg/m3, 50 kg/m3, and 15 kg/m3, respectively. Calculated with the error propagation model, the influence of the sea ice density, snow density, and seawater density on the retrieval of the sea ice thickness reached 0.19 m, 0.07 m, and 0.01 m, respectively. The sea ice density exerted a great impact on the accuracy of sea ice thickness retrieval from ICESat-2 data, followed by the snow density and seawater density.




4.4. Limitation of the Calculated Lead Proportions along ICESat-2 Measurement Points Based on Sentinel-1 SAR Images


Sentinel-1 SAR images were used in this study and collocated with ICESat-2 tracks to calculate the variable lead proportions along ICESat-2 measurement points for the retrieval of the Antarctic sea ice freeboard and thickness. The uncertainty in these derived lead proportions entails the fact that not all ICESat-2 tracks were involved in the proportion calculation, as limited by the number of matched SAR images. Compared to SAR images, optical images are often affected by clouds. However, optical remote sensing can better distinguish thin sea ice from melting ice under cloudless weather conditions [44]. The ability of SAR images to identify thin sea ice and melted ice increases the uncertainty in the calculated lead proportions along the ICESat-2 measurement points.



The mean value of the lead proportion was applied to represent the overall lead distribution along the ICESat-2 tracks within a given month of the year. The uncertainty due to the fluctuation in the lead proportion along the different ICESat-2 tracks is given in Table 3. The standard deviation of the lead proportions in the different months in the various Antarctic sea areas ranged from 0.49% to 4.29%, which could cause a freeboard uncertainty ranging from 0.03 m to 0.05 m and a sea ice thickness uncertainty ranging from 0.28 m to 0.43 m. In theory, each ICESat-2 track yields a corresponding lead proportion for determining the local sea surface height for the retrieval of the Antarctic sea ice freeboard and thickness. However, this scheme could not be adopted because of the lack of enough matched images in the practical calculation process. Therefore, combining multiple types of remote sensing images (both SAR and optical images) to obtain more accurate Antarctic lead proportions along ICESat-2 tracks will comprise our future work.





5. Conclusions


The ICESat-2 is a new-generation altimeter that provides high-resolution surface height measurements for the retrieval of the Antarctic sea ice freeboard and thickness. Our present study first assessed the accuracy of lead discrimination from the currently released ICESat-2 data product based on Sentinel-1 SAR images and then explored an improved algorithm involving variable lead proportions based on the lowest point method for the retrieval of the Antarctic sea ice freeboard and sea ice thickness from November 2018 to October 2019. The retrieved Antarctic sea ice thickness was finally compared to ship-based observational sea ice thickness values during CHINARE-35.



There occurred a large number of ICESat-2 measurement points in the data product that were misclassified according to the obtained Sentinel-1 SAR images. The accuracy of lead classification with the ICESat-2 data product algorithm reached only up to 40% of that of Sentinel-1-extracted sea ice lead classification, which could cause substantial errors in the retrieval of the sea ice freeboard and thickness from the ICESat-2 altimeter data. The Antarctic sea ice freeboard calculated with the improved algorithm of the lowest point method was 0.5 cm to 2.2 cm larger than that calculated with the ICESat-2 data product algorithm. The improved algorithm of the lowest point method for sea ice thickness retrieval performed better than did the ICESat-2 data product algorithm when validated against ship-based observational sea ice thickness data. The sea ice thickness in the Antarctic Ocean exhibited the characteristics of thicker ice concentrated along the coast and thinner ice distributed offshore, with thicker ice in the Antarctic winter and thinner ice in summer. The thickest sea ice was distributed in the West Weddell Sea near the Antarctic Peninsula.



The uncertainties in the sea ice density, snow density, and seawater density in the retrieval of the sea ice thickness were 0.19 m, 0.07 m, and 0.01 m, respectively. In addition, applying a representative lead proportion in the different months in the various Antarctic sea areas could cause a sea ice thickness uncertainty ranging from 0.28 m to 0.43 m. Because the insufficient ability of SAR images to identify thin sea ice and melted ice increased the uncertainty in the calculated lead proportions along the ICESat-2 measurement points, combining multiple types of remote sensing images (SAR and optical images) in the Antarctic to obtain more accurate Antarctic lead proportions along ICESat-2 tracks comprises our further work.
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Figure 1. Five sea areas of the Antarctic Ocean, with overlaid background of the maximum (blue, 20 September 2019) and minimum (light green, 20 January 2019) Antarctic sea ice extents from November 2018 to October 2019. The whole Antarctic Ocean refers to the sea areas around the Antarctic continent, which is higher than 60°S. 
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Figure 2. Ship routes during CHINARE-35 with (a) the ship-based observational sea ice thickness (red dots) and (b) sea ice thickness estimation software involving photogrammetric images. The red lines in (b) mean the length of reference ball and sea ice thickness and the blue line means snow depth. The red area at the bottom of (b) is the side of this ship. 






Figure 2. Ship routes during CHINARE-35 with (a) the ship-based observational sea ice thickness (red dots) and (b) sea ice thickness estimation software involving photogrammetric images. The red lines in (b) mean the length of reference ball and sea ice thickness and the blue line means snow depth. The red area at the bottom of (b) is the side of this ship.



[image: Remotesensing 14 01069 g002]







[image: Remotesensing 14 01069 g003 550] 





Figure 3. Example of an ICESat-2 track crossing (a) an original Sentinel-1 SAR image and (b) discriminated leads from the same Sentinel-1 image. The red line in (b) indicates the part of the ICESat-2 track that is classified as a lead based on the Sentinel image-1. The lead proportion along this ICESat-2 track can be calculated by the ratio of the red line length to the ICESat-2 track length in the Sentinel-1 image. 
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Figure 4. Geometric relationships between total freeboard (   H f   ), snow depth (   H  f s    ), and sea ice thickness (   H i   ) measured by ICESat-2 satellite altimeter. Sea ice freeboard in this study refers to total freeboard (   H f   ). 
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Figure 5. Sea ice and leads in Sentinel-1 SAR and Sentinel-2 optical images at different times within a day: (a) Sentinel-1 image at 3:06, 17 November 2018, (b) Sentinel-1 image at 3:56, 17 November 2018, (c) Sentinel-1 image at 7:13, 17 November 2018, and (d) Sentinel-2 image at 19:04, 17 November 2018. 
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Figure 6. Comparison of the surface type classification results between the ICESat-2 data product algorithm and Sentinel-1 SAR images: (a) ICESat-2 ATL-07 data at 8:25, 8 October 2019, with the background of a Sentinel-1 image at 7:55, 8 October 2019, (b) ICESat-2 ATL-07 data at 6:01, 18 June 2019, with the background of a Sentinel-1 image at 7:27, 18 June 2019, (c) the distribution of leads in the ICESat-2 labeled surface type (red) and Sentinel-1 image (blue) along one beam with most leads along the ICESat-2 tracks in (a), and (d) the distribution of leads in the ICESat-2 labeled surface type (red) and Sentinel-1 image (blue) along one beam with most leads along the ICESat-2 tracks in (b). 
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Figure 7. Mean sea ice freeboard calculated with the improved algorithm of the lowest point method and ICESat-2 data product algorithm in the Antarctic Ocean: (a) the whole Antarctic Ocean, (b) the Weddell Sea, (c) the Indian Ocean, (d) the Pacific Ocean, (e) the Ross Sea, and (f) the Bellingshausen and Amundsen Sea. 
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Figure 8. Antarctic sea ice thickness calculated with the improved algorithm of the lowest point method and ICESat-2 measured surface height data from November 2018 to October 2019. 
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Figure 9. Comparison of the sea ice thickness values estimated with the ICESat-2 data product algorithm and the improved algorithm of the lowest point methods to the sea ice thickness measured via ship-based photogrammetry during CHINARE-35: (a) assessment of the sea ice thickness retrieved with the improved algorithm of the lowest point method, (b) assessment of the sea ice thickness retrieved with the ICESat-2 data product algorithm (single), (c) assessment of the sea ice thickness retrieved with the ICESat-2 data product algorithm (comprehensive), (d) assessment of the sea ice thickness retrieved with the improved algorithm of the lowest point method in overlapping data, (e) assessment of the sea ice thickness retrieved with the ICESat-2 data product algorithm (single) in overlapping data, and (f) assessment of the sea ice thickness retrieved with the ICESat-2 data product algorithm (comprehensive) in overlapping data. 
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Figure 10. Monthly difference between sea ice thickness obtained from our improved algorithm and Xu [38] from November 2018 to October 2019. 
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Figure 11. The contribution of negative freeboard in the retrieval of sea ice freeboard and thickness from ICESat-2 altimeter data using out algorithm from November 2018 to October 2019 (a) and the difference between sea ice thickness that did not consider negative freeboard and sea ice thickness considering negative freeboard from November 2018 to October 2019 (b). 






Figure 11. The contribution of negative freeboard in the retrieval of sea ice freeboard and thickness from ICESat-2 altimeter data using out algorithm from November 2018 to October 2019 (a) and the difference between sea ice thickness that did not consider negative freeboard and sea ice thickness considering negative freeboard from November 2018 to October 2019 (b).



[image: Remotesensing 14 01069 g011]







[image: Remotesensing 14 01069 g012 550] 





Figure 12. Frequency histogram of the standard deviation of the sea ice freeboard calculated with the improved algorithm of the lowest point method from November 2018 to October 2019. 
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Figure 13. Proportion of valid ICESat-2 measurement data in the ice-covered areas of the Antarctic from November 2018 to October 2019. The ice-covered areas were confirmed against AMSR2 12.5-km sea ice concentration data: (a) proportion in the whole Antarctic Ocean, (b) proportion in the Weddell Sea, (c) proportion in the Indian Ocean, (d) proportion in the Pacific Ocean, (e) proportion in the Ross Sea, and (f) proportion in the Bellingshausen and Amundsen Sea. 
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Table 1. Information on the satellite images used in this study.






Table 1. Information on the satellite images used in this study.





	Satellite Designation
	Image Type
	Resolution
	Number of Images Used in This Study





	Sentinel-1A, Sentinel-1B
	SAR image
	40 m
	213



	Sentinel-2A, Sentinel-2B
	Optical image
	10 m
	10
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Table 2. Accuracy of the labeled surface type from ICESat-2 ATL-07 data (6 beams) assessed against collocated Sentinel-1 images.






Table 2. Accuracy of the labeled surface type from ICESat-2 ATL-07 data (6 beams) assessed against collocated Sentinel-1 images.





	
Date

	
Track

	
ICESat-2

	

	




	
CLASSIFIED AS A LEAD

	
Correct Classification

	
Incorrect Classification

	
Missing Lead Discrimination

	
Number of Leads in Sentinel-1

	
Accuracy of

ICESat-2 Lead Discrimination (%)






	
8 October 2019

	
1008-gt1l

	
395

	
14

	
381

	
212

	
226

	
3.54




	
1008-gt1r

	
468

	
18

	
450

	
161

	
179

	
3.85




	
1008-gt2l

	
775

	
329

	
446

	
634

	
963

	
42.45




	
1008-gt2r

	
815

	
117

	
698

	
712

	
829

	
14.36




	
1008-gt3l

	
944

	
98

	
846

	
207

	
305

	
10.38




	
1008-gt3r

	
1167

	
212

	
955

	
250

	
462

	
18.17




	
18 June 2019

	
0618-gt1l

	
77

	
2

	
75

	
66

	
68

	
2.60




	
0618-gt1r

	
69

	
3

	
66

	
39

	
42

	
4.35




	
0618-gt2l

	
56

	
9

	
47

	
52

	
61

	
16.07




	
0618-gt2r

	
44

	
8

	
36

	
75

	
83

	
18.18




	
0618-gt3l

	
72

	
17

	
55

	
94

	
111

	
23.61




	
0618-gt3r

	
38

	
0

	
38

	
116

	
116

	
0
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Table 3. Proportions of leads along the ICESat-2 tracks in the Antarctic Ocean from November 2018 to October 2019 calculated from Sentinel-1 SAR images.






Table 3. Proportions of leads along the ICESat-2 tracks in the Antarctic Ocean from November 2018 to October 2019 calculated from Sentinel-1 SAR images.





	
Year/Month

	
Lead Proportion along ICESat-2 Tracks (%)




	
Weddell Sea

	
Ross Sea

	
Bellingshausen and Amundsen Sea

	
Indian Ocean

	
Pacific Ocean






	
2018/11

	
2.60

	
6.67

	
2.98

	
3.93

	
2.96




	
2018/12

	
6.11

	
4.59

	
3.71

	
2.69

	
5.69




	
2019/01

	
3.44

	
5.82

	
2.71

	
1.53

	
2.80




	
2019/02

	
2.93

	
3.99

	
6.42

	
2.84

	
3.04




	
2019/03

	
1.18

	
3.17

	
2.13

	
1.69

	
2.97




	
2019/04

	
1.94

	
1.10

	
2.27

	
2.14

	
2.78




	
2019/05

	
1.55

	
1.99

	
2.51

	
1.96

	
1.62




	
2019/06

	
1.81

	
1.98

	
3.07

	
1.50

	
2.44




	
2019/07

	
1.60

	
0.73

	
1.97

	
1.17

	
2.47




	
2019/08

	
2.47

	
3.08

	
2.67

	
0.82

	
2.78




	
2019/09

	
1.92

	
2.53

	
1.08

	
1.69

	
2.74




	
2019/10

	
4.23

	
4.27

	
1.73

	
3.46

	
3.52




	
Mean value

	
2.65

	
3.33

	
2.77

	
2.12

	
2.99
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Table 4. Comparison of the sea ice thickness values retrieved based on the ICESat-2 data product algorithm and the improved algorithm in this study to the ship-based measured sea ice thickness during CHINARE-35.






Table 4. Comparison of the sea ice thickness values retrieved based on the ICESat-2 data product algorithm and the improved algorithm in this study to the ship-based measured sea ice thickness during CHINARE-35.





	Algorithms for the Retrieval of the Sea Ice Thickness from ICESat-2 data
	RMSE (cm)
	MAE (cm)





	Improved algorithm of the lowest point method
	34.8
	22.0



	ICESat-2 data product algorithm (single)
	47.2
	32.6



	ICESat-2 data product algorithm (comprehensive)
	65.7
	43.5



	Improved algorithm of the lowest point method in overlapping data
	41.2
	27.9



	ICESat-2 data product algorithm (single) in overlapping data
	47.2
	32.6



	ICESat-2 data product algorithm (comprehensive) in overlapping data
	67.9
	43.9
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