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Abstract

:

Sea ice concentration (SIC) plays a significant role in climate change research and ship’s navigation in polar regions. Satellite-based SIC products have become increasingly abundant in recent years; however, the uncertainty of these products still exists and needs to be further investigated. To comprehensively evaluate the consistency of the SIC derived from different SIC algorithms in long time series and the whole polar regions, we compared four passive microwave (PM) satellite SIC products with the ERA-Interim sea ice fraction dataset during the period of 2015–2018. The PM SIC products include the SSMIS/ASI, AMSR2/BT, the Chinese FY3B/NT2, and FY3C/NT2. The results show that the remotely sensed SIC products derived from different SIC algorithms are generally in good consistency. The spatial and temporal distribution of discrepancy among satellite SIC products for both Arctic and Antarctic regions are also observed. The most noticeable difference for all the four SIC products mostly occurs in summer and at the marginal ice zone, indicating that large uncertainties exist in satellite SIC products in such period and areas. The SSMIS/ASI and AMSR2/BT show relatively better consistency with ERA-Interim in the Arctic and Antarctic, respectively, but they exhibit opposite bias (dry/wet) relative to the ERA-Interim data. The sea ice extent (SIE) and sea ice area (SIA) derived from PM and ERA-Interim SIC were also compared. It is found that the difference of PM SIE and SIA varies seasonally, which is in line with that of PM SIC, and the discrepancy between PM and ERA-Interim data is larger in Arctic than in Antarctic. We also noticed that different algorithms have different performances in different regions and periods; therefore, the hybrid of multiple algorithms is a promising way to improve the accuracy of SIC retrievals. It is expected that our findings can contribute to improving the satellite SIC algorithms and thus promote the application of these useful products in global climate change studies.
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1. Introduction


Sea ice concentration (SIC) is defined as the percentage of the area occupied by sea ice, which is a common parameter used in climate models [1,2], and it also plays a vital role in ship navigation [3,4]. Long-term and large-scale SIC data of polar regions are essential for climate change studies, especially with the recent decline of Arctic sea ice and increase of Antarctic sea ice [5,6,7,8,9].



Passive microwave (PM) remote sensing has been proved to be an effective way to observe sea ice in polar regions both temporally and spatially, mainly due to its high sensitivity to dielectric properties of sea ice and its capability of all-time and all-weather coverage. Over the last few decades, considerable efforts have been devoted to developing various SIC retrieval algorithms from PM observations, but only some of them, e.g., the NASA Team (NT) [10], enhanced NT (NT2) [11], NASA Bootstrap (BT) [12], Arctic Radiation and Turbulence Interaction Study Sea Ice (ASI) [13,14], and Ocean and Sea ice Satellite Application Facility (OSI-SAF) sea ice algorithms [15,16], are used to operationally generate SIC products. To date, various satellite PM sensors, such as Scanning Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave Imager/Sounder (SSMI/SSMIS), Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E), and its successor AMSR2, as well as the Chinese Feng Yun-3 (FY3) Microwave Radiation Imager (MWRI), have routinely provided SIC products to the public free of charge. Although satellite-based SIC products have become increasingly abundant in recent years, they can only be applied in practical applications after being fully validated. A good knowledge of the quality of the satellite SIC products is of great importance for their application and improvement, and can not only help users to better select suitable products for their research, but also help algorithm developers for further algorithm refinements. Thus, it is necessary and essential to examine the uncertainties and limitations of various remotely sensed SIC products in polar regions.



A number of validation activities have been conducted for the PM SIC products in recent years. Ivanova et al. [17] presented some key results of an extensive algorithm inter-comparison and evaluation experiment. Meier et al. [18] compared the SIC from operational data with PM estimates and assessed the uncertainties in sea ice extent climate indicators [19]. Wiebe et al. [20] examined the accuracy of AMSR-E ASI products by using Landsat-7 ETM+ and synthetic aperture radar (SAR) images during the Arctic spring. Cavalieri et al. [21] assessed the AMSR-E Antarctic winter SIC using Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) data. Several researches investigated the skill of satellite SIC by using ship observations from Chinese National Arctic Research Expedition (CHINARE) [22,23] or Antarctic Sea Ice Processes and Climate (ASPeCt) [24,25,26]. Though many studies have been conducted to validate the PM SIC products using optical data, SAR images, ship observation records, or their combination [4,21,27,28,29,30,31,32,33,34,35], these methods have some limitations in both space and time [19]. For example, the optical data are vulnerable to weather conditions, such as cloud cover, which is particularly prominent in polar regions. The SAR data may suffer from the ambiguity issue in SIC classification, though they are all-weather, daylight independent, and fine-resolution data. Ship observations are usually treated as “ground truth” as they are the only ground SIC observations; however, they are usually biased towards thin, easy to navigate sea ice and cover a comparably small region. Moreover, these validation activities were conducted only over a short time period in a few locations, and therefore the results may be regionally dependent and sometimes even lead to inconsistent conclusions. The reanalysis dataset, which has a comparable spatial and temporal resolution as the PM SIC products, provides an opportunity to evaluate the consistency between PM and reanalysis SIC dataset. This can help us understand the spatial and temporal distribution of discrepancy in the SIC products in the whole polar regions for a long time series. Furthermore, to our knowledge, there is little information available in the literature about the quality of the new Chinese FY3 SIC products in the whole polar regions. Therefore, it is imperative to assess the FY3 SIC products to get more useful feedback for further improvement of the product quality. Even though the reanalysis dataset cannot be regarded as the true SIC, it is a valuable source of reference information. The comparison will be useful to detect the inconsistency and assess the consistency between the two kinds of SIC products and find possible errors in the PM SIC products for further algorithm improvement.



In this study, we provide the assessment of four PM SIC products, including the DMSP SSMIS with ASI algorithm (SSMIS/ASI), the GCOM-W AMSR2 with BT algorithm (AMSR2/BT), the new Chinese Feng Yun-3B with enhanced NT2 algorithm (FY3B/NT2), and the Chinese Feng Yun-3C with NT2 algorithm (FY3C/NT2) in whole Arctic and Antarctic regions by adopting a reanalysis SIC, namely, the ERA-Interim sea ice fraction data (ERA SIC) as the reference to evaluate the consistency between PM SIC and ERA SIC. This paper aims to improve the understanding of the similarities and differences of different SIC datasets, which not only can guide the users to take maximum advantage of these valuable data, but also can identify the possible error sources for future algorithm refinements. The paper is organized as follows. The data used in the study are briefly introduced in Section 2. Section 3 describes the data processing and evaluation method. Then, the detailed comparison of the PM SIC with respect to ERA SIC is presented in Section 4. Finally, the discussion and concluding remarks are given in Section 5 and Section 6, respectively.




2. Materials


Due to a lack of long-time series of sea ice measurements at satellite footprint scale, it is challenging to assess the consistency of PM SIC products. Compared with traditional optical and SAR images, or ship-based records, the sea ice fraction dataset from ERA-Interim can be used as reference data for a polar-wide and long-time series comparison with other PM SIC data. A brief description of the SIC products are presented in the following Table 1.



The SSMIS boarded on DMSP has been used to monitor SIC for almost forty years. The SIC values estimated by using the ASI algorithm from SSMIS brightness temperatures at 91 GHz were used in this study. The ASI algorithm was originated from the Arctic Radiation and Turbulence Interaction Study Project in 1998. It improves the SIC algorithm by using 90 GHz brightness temperature from SMMR proposed by Svendsen et al. [36]. Compared with other algorithms which used 85/89/90/91 GHz, it has the advantage of no extra data to introduce but with the same performance as other high-frequency algorithms. In order to reduce the weather influence, a 5-day median filter was applied in the product [37]. More details of the ASI algorithm can be found in [13,14]. The SSMIS/ASI SIC product used in this study is provided from 1991 onwards with a grid resolution of 12.5 km [13]. It is freely provided by the University of Hamburg and can be downloaded (http://icdc.cen.uni-hamburg.de).



The AMSR2 sensor has been operating aboard the JAXA GCOM-W1 satellite from 2012 onwards. It is the successor of AMSR-E boarded on the NASA Aqua satellite. It provides data on both horizontal and vertical polarized brightness temperatures at six different frequencies in the range between 6.9 and 89.0 GHz. In this study, the AMSR2 SIC products retrieved by using the BT algorithm were adopted. The BT algorithm, which is developed by Comiso [12], uses brightness temperature at both 37 GHz and 19 GHz to retrieve SIC. A detailed description of the BT algorithm can be found in [12]. The AMSR2/BT SIC product used in this study is provided by the University of Bremen. However, it should be mentioned that the University of Bremen does not deliver AMSR2/BT SIC product nowadays. Other sources for BT algorithm are the AMSR2/BT product provided by the Japan Aerospace Exploration Agency (JAXA) (https://gportal.jaxa.jp/gpr/) and the SSMIS/BT product provided by the National Snow and Ice Data Center (NSIDC) (https://nsidc.org/data/nsidc-0079).



The Chinese FY3B and FY3C satellites were launched in 2010 and 2013, respectively. The microwave sensor loaded on the FY3B and FY3C satellites is the MWRI, which provides observations with frequencies ranging from 10.7 to 89.0 GHz. The only main difference of FY3B and FY3C is that their overpass time is different. The FY3B scans the Earth’s surface in an ascending (1:40 P.M. local solar time) and descending (1:40 A.M. local solar time) mode, while the local equatorial overpass time of the FY3C is 10:15 P.M. (ascending) and 10:15 A.M. (descending). Both FY3B and FY3C adopted the NT2 algorithm to generate SIC products. The NT2 algorithm improves the atmosphere radiation characteristics based on the NT algorithm by using the polarization gradient ratio and the polarization rotation gradient ratio. An optimization algorithm that includes a look-up table for brightness temperatures calculated for various atmospheric conditions is used in the NT2 algorithm. More details of the NT2 algorithm can be found in [11]. The FY3B/NT2 and FY3C/NT2 SIC products (namely, FY3 SIC) include daily ascending averages, daily descending averages, and daily averages, which are produced by the Chinese National Satellite Meteorological Centre (CNSMC) since 2011 and 2014, respectively. The daily SIC averages with a grid resolution of 12.5 km were used for comparison with other two SIC products and ERA SIC. The FY3B and FY3C SIC products can be freely obtained from CNSMC after registration (http://satellite.nsmc.org.cn).



ERA-Interim is a reanalysis of the global atmosphere produced by the European Centre for Medium-Range Weather Forecasts (ECMWF), which covers the data-rich period since 1979 and continues in real-time [38]. Sea ice area fraction, the fraction of a grid box which is covered by sea ice, is an analysis variable in ERA-Interim, which can be retrieved at latitude/longitude grid resolution of 0.125°–3°. The SIC dataset used in ECMWF for the period of 2015–2018 comes from the operational EUMETSAT OSI SAF SIC product [38], which is derived from SSMIS based on a smooth combination of BT and Bristol algorithms [39]. It should be noted that ERA-Interim does not incorporate its analysis of the SIC, but rather as boundary conditions for the atmospheric forecast model. At ECMWF, the SIC fields are resampled to the reduced Gaussian grid used in the Integrated Forecasting System (IFS). In the study, we used the ERA-Interim sea ice fraction data in the period of 2015 to 2018, and the grid resolution of ERA-Interim SIC is quarter-degree latitude by quarter-degree longitude grid (i.e., 0.125°) consistent with other SIC products. Moreover, compared to the original SIC data source, ERA has more additional processing, including coarse quality control bounds, weather filtering on the grid, a posteriori filtering, sea surface temperature filtering, and land mask, which potentially provide reliable mapping of the SIC.




3. Methods


For a consistent and fair comparison, the nearest interpolation method was adopted to resample ERA SIC to a grid resolution of 12.5 km to match with PM SIC grids [40]. Both monthly and annual SIC calculated from daily SIC during the period from 1 January 2015 to 31 December 2018 (a total of four years) were selected to compare and evaluate the consistency of the PM SIC products with respect to the ERA SIC product. For the monthly SIC data, the error metrics were calculated on a grid-by-grid basis by using all the data in every month (e.g., for January, all the data in January of each year from 2015 to 2018 were used). For the annual SIC data, the error metrics were calculated on a grid-by-grid basis by using all the data for the four years (e.g., for a specific grid, the data from 1 January 2015 to 31 December 2018 were used). The null data (e.g., the land) were not considered in the calculation. In our study, Arctic and Antarctic are individually evaluated using monthly and annual SIC. Moreover, the daily sea ice extent (SIE) and sea ice area (SIA) derived from PM and ERA SIC data are compared. The 15% threshold is usually used for both SIE and SIA calculations [41]. Specifically, SIA is defined as the sum of the product of pixel area and SIC for SIC greater than 15%, while SIE is simply the sum of all the pixel areas with SIC greater than 15% [42]. The 15% threshold was chosen because it on average corresponded with the true ice edge in validation studies when the algorithms were being developed [43]. As ERA-Interim SIC data is not considered as the “true” SIC values and may contain errors, we use the root mean square difference (RMSD) instead of root mean square error (RMSE) to characterize the discrepancy of the SIC products. Besides, we consider standard deviation ratio (σ), which can describe the product fluctuation. Four statistical indicators, including the mean bias (Bias), RMSD, σ, and the Spearman correlation coefficient (R), were computed to quantitatively evaluate the consistency between four PM SIC products and reanalysis dataset: RMSD is the representation of absolute difference between satellite data and reference data; the Bias represents the mean difference between satellite retrievals and reference data; R is a measure of the strength of an association between two variables and the Spearman correlation coefficient is able to describe a relationship between two variables without making any assumptions about the frequency distribution of the variables [44]; the standard deviation ratio represents the volatility of satellite SIC compared to the reference data. If σ > 1, it implies that the volatility of satellite SIC is larger than that of ERA SIC, and if σ < 1, it indicates the volatility of satellite SIC is smaller than that of ERA SIC.
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where    x i    and   x ¯   represent PM remotely sensed SIC and its average, respectively.    y i    and   y ¯   denote ERA SIC and its average, respectively. n is the total number of samples.    σ  P M     and    σ  E R A     are the standard deviation of PM SIC and ERA SIC, respectively, which can be explained the volatility and dynamic changes of products. The larger the value of σ, the greater the fluctuation of products.




4. Results


In this section, the statistical indicators of four PM SIC, SIE, and SIA concerning RMSD, Bias, σ, and R with regard to ERA SIC were computed in both Arctic and Antarctic. First, the spatial patterns of daily SIC were presented, which can illustrate the polar-scale consistency and discrepancy between four PM SIC and ERA SIC, shown in Figure 1 and Figure 2 for Arctic and Antarctic, respectively. Then, we examined the temporal behavior of monthly SIC during the study period, which can reveal how the temporal distribution characteristic of the discrepancy between PM SIC and ERA SIC products varies seasonally. The statistical metrics of the four average monthly PM SIC products are displayed in Figure 3 and Figure 4. Four error metrics (RMSD, Bias, σ, and R) used to quantify the consistency of the four SIC products were computed for average monthly SIC, which are summarized in Table 2. To further investigate the annual discrepancy of each satellite algorithm, we examined the spatial pattern of annual SIC to make a clearer view of the consistency between them, shown in Figure 5 for Arctic and Figure 6 for Antarctic. Moreover, Figure 7 and Figure 8 present the temporal evolution of daily SIE and its bias between four PM SIC and ERA SIC. Figure 9 and Figure 10 are similar to Figure 7 and Figure 8 but for daily SIA. Finally, the detailed statistical indicators of the daily SIE and SIA are described in Table 3 and Table 4 respectively.



4.1. Daily average SIC Calculated from PM SIC and ERA SIC


The daily average spatial pattern of four PM SIC and ERA SIC in the Arctic for the period of 2015–2018 is shown in Figure 1. Four remotely sensed SIC products exhibit a similar spatial distribution with ERA SIC, with a noticeable decrease from near polar center to sea ice marginal zone. In marginal ice zones (e.g., Bering Sea and Okhostsk Sea), the SIC is generally below 20%. The high SIC locates in the high latitudes, where the PM SIC is generally consistent with ERA SIC, though with some discrepancies. The SSMIS/ASI has the highest consistency with ERA SIC in general while AMSR2 SIC product exhibits more sea ice in the marginal ice zone. The spatial distribution of the FY3B/NT2 and FY3C/NT2 is highly consistent, which is in line with expectations, as they adopted the same algorithm to generate SIC products.



Figure 2 depicts the spatial pattern regarding the daily average PM and ERA SIC products in Antarctic. The spatial distribution of the four PM SIC products agree even better with ERA SIC in Antarctic than in Arctic. Similar to Arctic, the SIC values decrease as the latitude decreases in Antarctic. This is because high latitude regions (e.g., Weddell Sea) more commonly have higher multiyear ice fractions, resulting in higher SIC values. The AMSR2/BT, FY3B/NT2, and FY3C/NT2 are somewhat different from the SSMIS/ASI product when compared with ERA SIC in the location where SIC is above 90%. It can be seen that in these regions the SSMIS/ASI product shows lower SIC values, whereas the others present marginally higher SIC values. In the Ross Sea, the FY3B/NT2 and FY3C/NT2 overestimate the ERA SIC than the AMSR2/BT. Meanwhile, the SSMIS/ASI slightly underestimate the ERA SIC. In general, the AMSR2/BT product seems in best agreement with ERA SIC in Antarctic visually.




4.2. Comparison of PM SIC with ERA SIC


The monthly statistical metrics between the PM SIC and ERA SIC in Arctic are shown in Figure 3. As can be seen from Figure 3a,b, the RMSD and Bias values vary seasonally, and larger difference and inconsistency between PM SIC and ERA SIC substantially occur in July to September in Arctic region. The reason is that there is a large uncertainty in detecting sea ice by satellite observations during the sea ice melting season, due to the existence of snow melt pools on the sea ice surface in summer, which will influence the radiation signal received by microwave sensors [17]. The SSMIS/ASI has the lowest RMSD and Bias less than 10%, whereas the FY3 SIC products (particularly FY3B/NT2) show the largest RMSD compared to the other SIC products, with the RMSD even larger than 20% in June and July. Besides, the FY3 SIC and AMSR2/BT products continuously overestimate ERA SIC with a positive bias (except FY3 SIC products in December), whereas the SSMIS/ASI product underestimates ERA SIC in summer (July to September) and shows a very small positive bias in the remaining months. It should be mentioned that the archived grid resolution of ERA-Interim is in the reduced Gaussian grid N128/T255 [45], which is approximately 80 km in resolution. Therefore, there may be some uncertainties in the resampled ERA SIC (0.125°) used in the study.



The results indicate that different PM SIC algorithms have a notable different performance in summer. Meanwhile, we found that the monthly FY3/NT2 SIC are highest, followed by AMSR2/BT and SSMIS/ASI SIC. Besides, it can be seen from the standard deviation ratio in Figure 3c that the variation of the four PM SIC products with respect to that of ERA SIC is significant. The monthly fluctuation of the SSMIS/ASI product is smaller than that of the ERA SIC (i.e., σ < 1) at most of the time, while the fluctuations of the other three products are larger than ERA SIC. It also shows the fluctuation varies seasonally, with fewer fluctuations in April, September, and October. In addition, Figure 3d presents that all PM SIC products have a high correlation with ERA SIC (R > 0.73) in Arctic, which indicates that the PM SIC can well capture the temporal trend of ERA SIC.



Figure 4 shows the monthly SIC statistical metrics of four PM SIC in comparison with ERA SIC in the Antarctic. According to Figure 4a, the RMSD of PM SIC products varies seasonally, which is in line with the results in Arctic. The overall RMSD of AMSR2/BT is similar to that of SSMIS/ASI. The FY3 SIC products demonstrate the largest RMSD, especially in December (>20 %). Similar to the results of Arctic, the largest divergence between PM SIC and ERA SIC occurs in summer (January to March) except for FY3 SIC products in December, implying that there are still large uncertainties in SIC products in summer. Furthermore, the SSMIS/ASI product exhibits similar performance to that in Arctic by showing an underestimation of ERA SIC in summer, while the other three products still overestimate ERA SIC continuously. However, it is noted that the bias of the PM SIC is significantly lower than that of the Arctic region as detailed in Figure 4b. In addition, from the standard deviation ratio in Figure 4c, it is seen that the variation of the SSMIS/ASI product in May–November is smaller than that of ERA SIC, whereas the AMSR2/BT product exhibits the largest variation in general and the fluctuation of the FY3 SIC products is closest to that of ERA SIC during this period. Besides, as illustrated by Figure 4d, the monthly SIC of PM SIC products are highly consistent with ERA SIC in the Antarctic region with an average correlation coefficient higher than 0.85.



The statistical metrics of the four average monthly PM SIC products are summarized in Table 2. In Arctic region, the SSMIS/ASI product shows the lowest bias and RMSD of −1.46% and 7.7%, respectively, and the highest correlation coefficient of 0.92 relative to the ERA SIC. The FY3 SIC products have the largest bias and RMSD higher than 9.03% and 14.06%, respectively, but the correlation coefficients of both products are higher than 0.89, revealing the good temporal consistency of the two products with ERA SIC. The AMSR2/BT also shows good agreement with ERA SIC with a bias of 7.71% and a RMSD of 11.84%. In the Antarctic region, the FY3B/NT2, FY3C/NT2, and AMSR2/BT products all overestimate ERA SIC with a bias of 2.93%, 7.31%, and 7.55%, respectively, while the SSMIS/ASI underestimates ERA SIC with a bias of −2.13%. Similar phenomenon has also observed in Arctic. Overall, the variation in SSMIS/ASI product is slightly smaller than that in ERA SIC, while the fluctuations of the other three products are larger than ERA SIC in the whole polar region. All the four PM SIC products show a good temporal consistency with ERA SIC in the Arctic and Arctic regions, with an average correlation coefficient higher than 0.9 (expect FY3B/NT2 in Arctic with an R value of 0.89). Furthermore, to evaluate the consistency of PM SIC products in each season, the four error metrics in spring, summer, autumn, and winter in Arctic and Antarctic were calculated, also displayed in Table 2. In this study, April–June, July–September, October–December, and January–March were classified as spring, summer, autumn, and winter in Arctic, respectively [46], and October–December, January–March, April–June, July–September were classified as spring, summer, autumn, and winter in Antarctic, respectively [47]. The results clearly indicate that all the PM products exhibit the largest discrepancy to ERA SIC in summer in both Arctic and Antarctic except the results of FY3 SIC in Antarctic. The largest RMSD of FY3 SIC in spring in Antarctic is due to its abnormal behavior in December, which is shown in Figure 4b. Overall, the results of Table 2 and Figure 3 and Figure 4 indicate that large uncertainties exist in satellite SIC products in summer.



In summary, compared with ERA SIC, the SSMIS/ASI performs the best in Arctic but shows negative bias, while AMSR2/BT exhibits the highest absolute accuracy in Antarctic but overestimates SIC. The FY3/NT2 SIC products have the highest monthly SIC value leading to a relatively large positive bias, but they display good temporal consistency with ERA SIC. On average, the SSMIS/ASI shows the best agreement with ERA SIC in the whole polar regions, particularly in terms of RMSD and bias.




4.3. Comparison of Annual SIC


The statistical indicators between annual PM SIC products and ERA SIC in the period of 2015–2018 are shown in Figure 5. The four PM SIC products consistently present a similar spatial pattern in terms of RMSD, σ, and R. It is also found that the most noticeable discrepancy between PM and ERA SIC occurs in the marginal ice zone, with the RMSD larger than 20%, where the daily average SIC is below 20% (see in Figure 1). In these regions, all PM products also show large variations than ERA SIC with the standard deviation ratio (σ) larger than 1. In high concentration sea ice zones (the daily average SIC is above 90%), the RMSD and bias of PM SIC are smaller, indicating that the four PM SIC products are close to ERA SIC in these zones. In addition, the SSMIS/ASI has a negative bias in the Okhostsk Sea and high concentration sea ice zones, while the other PM SIC products present a positive bias. The discrepancies of RMSD among the AMSR2/BT, FY3B/NT2, and FY3C/NT2 are not apparent. The AMSR2/BT performs similarly with the FY3B/NT2 and FY3C/NT2 in terms of bias, and they all overestimate ERA SIC in most areas in the Arctic region. However, the PM SIC products all are highly correlate with ERA SIC. It should be noted that the lower correlation coefficient primary occurs in the zones near the Arctic center. This is because that the sea ice type in these zones is almost multiyear or perennial sea ice, and the variation of sea ice is much smaller in these regions than other areas.



The comparison results of annual SIC in Antarctic are presented in Figure 6. The comparisons indicate that the results in Antarctic are generally in line with those in Arctic, but the discrepancies between PM and ERA SIC are smaller in Antarctic. The spatial distribution of RMSD for the four PM SIC products is similar and the largest RMSD also occurs in the marginal ice zone. In this zone, the four PM SIC products all overestimate the ERA SIC and their bias is larger than that of other regions. Similarly, the PM products exhibit larger temporal variations than ERA SIC in the marginal ice zone. In terms of tracking temporal evolution of SIC, the four PM SIC products are all highly correlated with ERA SIC, with the R value higher than 0.6 in most areas. In the Weddell Sea, the RMSD and R are both the smallest as the multiyear sea ice is the main sea ice type in this zone. The sea ice nearly remains the same during the period, which leads to the highest absolute accuracy of PM SIC, but also the lowest correlation values due to the small variation of the sea ice in this region. The FY3C SIC products still overestimate ERA SIC clearly than the SSMIS/ASI and the AMSR2/BT in terms of bias.




4.4. Comparison of Four PM Products Concerning the SIE


From Figure 7 it can be seen that the four PM SIC and ERA SIC all can reflect the variability of daily SIE in the whole polar region. For each product, the minimum/maximum SIE occurs in September/March in Arctic and in February/September in Antarctic. However, a fairly large difference in numerical values is noticed in these products. In the Arctic, it is evident that when the SIE is the largest, the SSMIS/ASI tends to underestimate ERA SIE, and when the SIE is small, the SSMIS/ASI product is closer to ERA SIE. The other three products all overestimate the minimum SIE (see Figure 7a).



In the Arctic, the SSMIS/ASI SIE mainly exhibits negative bias in comparison with ERA SIE, within ±2 × 106 km2 (nearly ±13.33% of the investigated range). To be consistent with all products, we roughly used 15 × 106 km2 and 20 × 106 km2 as the range of measured values (corresponding to ERA data) for SIE in Arctic and Antarctic, respectively. The minimum SIE of the AMSR2/BT in 2016, 2017, and 2018 is larger than others and the AMSR2/BT significantly overestimates the SIE derived from ERA SIC, with a maximum daily bias reaches 5 × 106 km2 (~33.33% of the investigated range). It may be ascribed to the more erroneous sea ice (SIC is greater than 15%) which results from the false sea ice caused by weather filtering [12]. The FY3B/NT2 remains similar SIE with the FY3C/NT2, but the FY3C/NT2 is closer to ERA SIE.



It can be observed in Figure 7c,d that all products exhibit very similar changes of SIE in Antarctic. Compared with the Arctic region, the differences in SIE derived from four PM SIC and ERA SIC are not significant, whose range is ~± 1 × 106 km2 (nearly ±5% of the investigated range). The SSMIS/ASI and the AMSR2/BT SIE are the closest to ERA SIE, while the FY3 SIC has a higher SIE with a positive bias.



The SIE bias distribution of the four products in month is given in Figure 8. The SIE bias in the Arctic presents noticeable seasonal variation, and the large bias is mainly concentrated in July to October. In contrast, the SIE bias of PM products in the Antarctic is stable, and the range is within ±1 × 106 km2 (nearly ±5% of the investigated range). Additionally, except the SSMIS/ASI, the other PM products all present positive SIE bias, illustrating that larger SIE was estimated by PM SIC products than ERA SIC. It is also seen from Figure 8a that the SSMIS/ASI has lower SIE than ERA in every month. The fluctuation of SIE bias of the AMSR2/BT is larger than other products in the whole polar region. Though the FY3 SIC products have the largest bias in December in Antarctic, there is no significant difference in SIE bias.



Table 3 provides the quantitative statistic metrics of the SIE derived from four PM SIC products in the whole polar region. In the Arctic region, the SSMIS/ASI is closest to the ERA SIE, with the lowest bias of −0.43 × 106 km2 (nearly ±2.87% of the investigated range) and RMSD of 1.66 × 106 km2 (nearly ±11.07% of the investigated range). On the contrary, in Antarctic region, the FY3C/NT2 shows the best agreement with the ERA SIE, with the lowest bias of 0.15 × 106 km2 (nearly ±0.75% of the investigated range) and RMSD of 0.53 × 106 km2 (nearly ±2.65% of the investigated range). Overall, the results indicate that the SIC product obtained by the same retrieval algorithm has different performance in different polar regions.




4.5. Comparison of Four PM Products Concerning the SIA


From Figure 9, it can be observed that the all PM and ERA data can well reflect the variability of daily SIA in polar regions, and the variations of SIA are slightly smoother than those of SIE. Moreover, the results indicate that the largest inconsistency between PM and ERA products locates at the maximum and minimum SIA in Arctic (see Figure 9a,b). The SSMIS/ASI exhibits the lowest SIA, while the FY3B/NT2 displays the largest SIA. From Figure 9b, it is seen that the range of bias is from −2 × 106 km2 to 4 × 106 km2 (nearly −14.29% to 28.57% of the investigated range). To be consistent with all products, we roughly used 14 × 106 km2 and 18 × 106 km2 as the range of measured values (corresponding to ERA data) for SIA in Arctic and Antarctic, respectively. The discrepancy of SIA in Antarctic is smaller than that in Arctic, and the largest discrepancy locates at maximum SIA. Figure 9d reveals that the FY3 SIC products have the largest positive bias, and the SSMIS/ASI and the AMSR2/BT have lower bias.



The SIA bias distribution of Arctic and Antarctic in month is shown in Figure 10. Similar to the results of SIE, the SIA bias varies seasonally in Arctic, with larger bias in June, July, and August for the AMSR2/BT and the FY3/NT2 SIC products, and from January to April for the SSMIS/ASI. Though the SIA bias in Antarctic also presents seasonal variation, its fluctuation is smaller than that in Arctic. The overall SIA bias is larger than SIE owing to the different SIC values estimated by different PM SIC algorithms. According to Figure 10a,b, we can find that the range of SIA bias is from −2 × 106 km2 to 4 × 106 km2 (−14.29% to 28.57% of the investigated range) and from −1 × 106 km2 to 2×106 km2 (−5.56% to 11.11% of the investigated range) in Arctic and Antarctic, respectively.



The error metrics of daily SIA between four PM and ERA data in the period of 2015–2018 are listed in Table 4. The SSMIS/ASI presents the overall lowest bias and RMSD among the four PM SIA, but it underestimates the ERA SIA in Arctic while overestimates ERA SIA in Antarctic. The AMSR2/BT is closer to ERA data than FY3C/NT2 and FY3B/NT2 with a lower RMSD in polar regions. In addition, the SIA calculated by the AMSR/BT and FY3/NT2 SIC products all overestimate the SIA derived from ERA SIC.





5. Discussion


In this study, we attempt to investigate the consistency of PM SIC products over the entire Arctic and Antarctic regions, and we also want to compare the performance of the new Chinese FY3 SIC products with other products. As no single satellite/sensor delivers all the products with different algorithms, we have chosen the four SIC products (SSMIS, AMSR2, FY3B, and FY3C) that derived from three well-established algorithms (ASI, BT, and NT2) with the same grid resolution. As the results shown in Section 4, although the four PM SIC products can generally well reflect the temporal and spatial pattern of sea ice, the discrepancy between PM and ERA SIC still exists in Arctic and Antarctic regions. It is necessary to investigate and discuss the possible error sources of the SIC retrievals, and the difference may be the results of combined effects of many factors, especially in the polar region with various sea ice types and conditions. First, in our study, the four PM SIC products are originated from three SIC retrieval algorithms (i.e., ASI, BT, and NT2), which adopts different retrieval schemes. The discrepancy of SIC can be attributed to the choice and utilization of different channels and weather filter approaches. It should be noted that a 5-day median filter was applied to the SSMIS/ASI product to remove spurious sea ice over open ocean and to reduce weather-induced elevated sea ice concentrations along the ice edge [48]. Thus, the differences of the SSMIS/ASI product compared to other datasets may be partially attributed to the nature of this dataset. Additionally, the brightness temperature acquired by different microwave radiometers (i.e., SSMIS, AMSR2, and MWRI), which have its own properties, are used in SIC algorithms, and the inter-sensor calibration discrepancies of brightness temperature can also lead to the discrepancies in SIC products.



The results indicate that larger bias of four PM SIC products in comparison with the ERA SIC occurs in summer, which is in line with previous studies [49,50]. The large uncertainty in SIC retrievals during the summer period is caused by increased variability in sea ice emissivity due to the surface wetness and presence of melt ponds. The performance of SIC algorithm heavily depends on sea ice conditions, particularly the surface melt and thin ice. Surface melt generally reduces concentration (the algorithm interprets the liquid water as open water) and thin ice is underestimated due to emission from the water beneath the ice [19]. Thin ice also occurs more commonly along the ice edge and satellite SIC algorithms usually have a low accuracy in those regions [35]. In our study, we also found that large inconsistency of the four products mainly occurs in the marginal ice zone, which is consistent with previous studies (see, e.g., in [17,29,33]). Ivanova et al. [17] reported that the areas with large uncertainty in PM SIC are often located at the marginal ice zone, which is caused by atmospheric contributions and wind roughening of open water areas. The marginal ice zone is also characterized by increased uncertainties due to smearing and footprint mismatch effects. Moreover, different algorithms use different combinations of frequency and polarization channels. The ASI algorithm only uses the high-frequency channel (e.g., 91 GHz for SSMIS and 89 GHz for AMSR2) to estimate SIC. At this high frequency, emission comes primarily from the snow or ice surface. Therefore, this channel is less sensitive to inhomogeneity in the snow or ice (particularly icy, refrozen layers within the snow) [29] compared with low-frequency channels, such as 19 GHz and 37 GHz used in the AMSR2 BT algorithm. Moreover, the spatial resolution becomes higher with the increase of observation frequency. Therefore, the nominal spatial resolution of SIC obtained by ASI algorithm is higher than that of BT and NT2 (if the same satellite/sensor is used), though they are usually resampled to the same grid resolution to facilitate the application of users. Due to the higher resolution, the ASI algorithm will more precisely detect the sea ice edge. Lower resolution (e.g., BT and NT2 SIC) may lead to a “smearing out” of the ice edge, leading to an overestimate of the edge [19]. However, higher frequency (e.g., 91 GHz for SSMIS) is more susceptible to atmospheric cloud liquid water and water vapor, which will impose a negative effect on brightness temperatures. This effect takes place more frequently in summer and early autumn at marginal ice zone [35]. The BT algorithm [12] is based on cluster analysis of the emissivity scatter plots for two frequencies (19 GHz and 37 GHz for AMSR2). Comiso, et al. [51] reported that the BT formulation tends to be less sensitive to thin ice and layering effects with a polarization signature. However, BT algorithm will be sensitive to anomalous volume scattering characteristics in the snow and sea ice. Overall, the low-frequency channels will respond more to changes in the sea ice, whereas the high-frequency channels (89/91 GHz) barely penetrate the typical snow cover [33]. For the NT2 algorithm, it is an enhancement to the original NT algorithm. The enhancements in NT2 algorithm include the incorporation of the high-frequency (89 GHz for AMSR2) channel to reduce sensitivity to surface inhomogeneity. Compared with ASI, which also incorporates the high-frequency channel, a radiative transfer model is employed in NT2 to correct the atmospheric contribution to the high-frequency brightness temperature. This is a unique feature of the NT2 algorithm. In general, each algorithm has its own advantages and limitations. Ivanova et al. [17] compared the skill of 13 SIC retrieval algorithms and pointed out that a hybrid approach is suggested to retrieve SIC globally.



Moreover, the divergence of the PM SIC products varies seasonally. This may be due to the fact that the ice consolidation in winter results in the values of the tie points and brightness temperature being stable. In contrast, this consolidation is easily destroyed by surface melt in summer [52]. This phenomenon can be attributed to the presence of melt ponds, which is already known to be a problem for most of the SIC algorithms [4]. Furthermore, our results reveal that the same SIC product has different performance in the Arctic and Antarctic. In general, the uncertainty and discrepancy in Arctic is more pronounced than in Antarctic. It is known that there are different ice types and ice conditions in the Arctic and Antarctic. To simplify the inversion process, the sea ice in Arctic is widely identified as two types, i.e., the multiyear sea ice and first-year sea ice, whereas in Antarctic the sea ice is classified into types A and B [10], [51]. The presence of complex ice types (e.g., young ice, new ice, and floe, etc.) makes the PM SIC products more uncertain in Arctic than Antarctic. For this reason, the discrepancy of SIE and SIA is not significant especially for the Antarctic. The discrepancy in SIE and SIA is also likely related to the difference in land mask used in the algorithms. Since a fully independent with high-quality and hemisphere-wide SIC product does not exist, we adopted the ERA SIC to compare the consistency of PM SIC products in long-time series for the whole polar region. We acknowledge that there are still some errors and uncertainties in the ERA SIC product, and the work presented here is more appropriately treated as a comparison and not a validation work. We believe that the inconsistencies between different types of SIC products found in our study can assist in identifying potential problems with PM SIC products highlighting areas for improvement. It is also noteworthy that it is not our intention to conclude which algorithm (or product) is the best choice in the whole polar regions. The PM SIC algorithms are still under refinement and we expect these valuable satellite products can evolve and advance through positive comparison.




6. Conclusions


The quality and consistency of the satellite PM SIC products need to be examined for their applications and improvement. In this study, the consistency of PM products concerning daily/monthly/annual SIC as well as daily SIE and SIA were compared and evaluated with a reanalysis SIC product (i.e., ERA-Interim) in long time series (from 2015–2018) and the whole polar region. Moreover, the performance of the new Chinese FY3 SIC products was examined, which is being considered to integrate into the ESA CCI sea ice product [53]. These comparisons yield a better understanding of remotely sensed SIC products, which is conducive to the improvement of the SIC retrieval algorithms.



Overall, the spatial patterns of PM SIC products agree well with ERA SIC. The comparison of monthly and annual SIC shows that the largest bias and RMSD (even >20%) for the PM SIC products mainly occur in summer and the marginal ice zone, indicating that there are still many uncertainties in PM SIC products in such period and region. Meanwhile, the daily SIE and SIA derived from the four PM SIC products can generally well reflect the variation trend of SIE and SIA in Arctic and Antarctic. However, the largest bias of SIE and SIA are above 4×106 km2 when the sea ice reaches the maximum and minimum value. Besides, the daily bias of SIE and SIA vary seasonally and regionally, which is particularly concentrated from June to October in the Arctic. The results of monthly and annual SIC are consistent with those of daily SIE and SIA. Generally, our results show that, among the four PM SIC products, the SSMIS/ASI product is closest to ERA SIC in the Arctic but it usually underestimates SIC with a negative bias, while the AMSR2/BT product exhibits the best consistency in Antarctic relative to ERA SIC but it overestimates SIC with a positive bias. The consistency of the four PM products with respect to ERA SIC in the Antarctic region is generally superior to that in Arctic. On average, the SIC, SIE and SIA derived from SSMIS/ASI are in the best agreement with ERA data.



In the future, the hybrid of multiple SIC algorithms can be considered, which will further improve the accuracy of the SIC retrievals. To further understand the accuracy of the PM SIC products, based on the findings in the study especially the inconsistency among the products, we will take SAR and optical images into account to ascertain regional uncertainties in the satellite-based SIC products in the next stage.
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Figure 1. Daily average PM and ERA-Interim sea ice fraction data (ERA SIC) products in the period of 2015–2018 in Arctic. 
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Figure 2. Daily average PM and ERA SIC products in the period of 2015–2018 in Antarctic. 
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Figure 3. Monthly SIC error metrics between PM SIC products and ERA SIC in the period of 2015–2018 in the Arctic region for (a) root mean square difference (RMSD), (b) bias, (c) σ, and (d) R. 
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Figure 4. Monthly SIC error metrics between PM SIC products and ERA SIC in the period of 2015–2018 in the Antarctic region for (a) RMSD, (b) bias, (c) σ, and (d) R. 
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Figure 5. Statistical indicators between annual PM SIC products and ERA SIC in the period of 2015–2018 in Arctic region for (a) RMSD, (b) bias, (c) σ, and (d) R. 
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Figure 6. Statistical indicators between annual PM SIC products and ERA SIC in the period of 2015–2018 in Antarctic region for (a) RMSD, (b) bias, (c) σ, and (d) R. 
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Figure 7. Temporal evolution of daily SIE and its bias between four PM SIC and ERA SIC in the period of 2015–2018 in Arctic and Antarctic for (a) SIE in Arctic, (b) SIE bias in Arctic, (c) SIE in Antarctic, and (d) SIE bias in Antarctic. 
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Figure 8. The SIE bias regarding comparison between PM SIC and ERA SIC in every month during the period of 2015–2018 for (a) Arctic and (b) Antarctic. 
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Figure 9. Temporal evolution of daily SIA and its bias between four PM SIC and ERA SIC in the period of 2015–2018 in Arctic and Antarctic for (a) SIA in Arctic, (b) SIA bias in Arctic, (c) SIA in Antarctic, and (d) SIA bias in Antarctic. 
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Figure 10. The SIA bias regarding the comparison between PM SIC and ERA SIC during the period of 2015-2018 for (a) Arctic and (b) Antarctic. 
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Table 1. The main information of the passive microwave sea ice concentration (PM SIC) products used in the study.
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	Products
	Grid Resolution
	Algorithm
	Sensor
	Frequency
	Source





	SSMIS/ASI
	12.5 km
	ASI
	SSMIS
	91 V, 91 H
	University of Hamburg



	AMSR2/BT
	12.5 km
	BT
	AMSR2
	19V, 37V
	University of Bremen



	FY3B/NT2
	12.5 km
	NT2
	MWRI
	19V, 19H, 37V, 89 H, 89 V
	National Satellite Meteorological Centre



	FY3C/NT2
	12.5 km
	NT2
	MWRI
	19V, 19H, 37V, 89 H, 89 V
	National Satellite Meteorological Centre
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Table 2. Error metrics of monthly SIC between four PM SIC and ERA SIC in the period of 2015–2018. RMSD and bias are in %.  σ  is the standard deviation ratio and R is the correlation coefficient (p-value < 0.01). N is the number of samples. April–June, July–September, October–December, and January–March were classified as spring, summer, autumn, and winter in Arctic, respectively, and October–December, January–March, April–June, July–September were classified as spring, summer, autumn, and winter in Antarctic, respectively.
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Season

	
Products

	
Arctic

	
Antarctic




	
RMSD

	
Bias

	
σ

	
R

	
N

	
RMSD

	
Bias

	
σ

	
R

	
N






	
Spring

	
SSMIS/ASI

	
6.92

	
−0.09

	
0.96

	
0.90

	
246,575

	
6.10

	
−0.97

	
0.96

	
0.96

	
368,938




	
AMSR2/BT

	
11.26

	
6.53

	
1.14

	
0.89

	
263,386

	
5.58

	
3.08

	
1.06

	
0.98

	
375,966




	
FY3B/NT2

	
11.35

	
9.83

	
1.14

	
0.91

	
253,974

	
12.77

	
10.91

	
1.04

	
0.97

	
374,912




	
FY3C/NT2

	
11.27

	
9.48

	
1.11

	
0.91

	
253,452

	
14.33

	
12.49

	
1.07

	
0.97

	
373,897




	
Summer

	
SSMIS/ASI

	
9.39

	
−7.08

	
1.03

	
0.98

	
141,217

	
8.25

	
−2.18

	
1.04

	
0.97

	
140,258




	
AMSR2/BT

	
14.41

	
12.08

	
1.08

	
0.98

	
150,827

	
8.86

	
4.51

	
1.04

	
0.97

	
143,170




	
FY3B/NT2

	
19.42

	
15.96

	
1.15

	
0.96

	
144,845

	
11.58

	
7.94

	
1.10

	
0.97

	
144,345




	
FY3C/NT2

	
17.97

	
14.93

	
1.13

	
0.97

	
144,855

	
11.42

	
7.33

	
1.11

	
0.97

	
142,590




	
Autumn

	
SSMIS/ASI

	
6.55

	
−0.59

	
0.98

	
0.94

	
195,066

	
6.91

	
−3.41

	
0.98

	
0.95

	
262,077




	
AMSR2/BT

	
11.73

	
6.77

	
1.22

	
0.92

	
210,302

	
5.86

	
2.43

	
1.06

	
0.98

	
267,057




	
FY3B/NT2

	
13.47

	
5.06

	
1.13

	
0.88

	
201,112

	
7.61

	
5.84

	
1.05

	
0.97

	
266,609




	
FY3C/NT2

	
12.62

	
5.09

	
1.06

	
0.90

	
199,956

	
8.80

	
4.56

	
1.06

	
0.96

	
263,247




	
Winter

	
SSMIS/ASI

	
7.05

	
1.91

	
0.94

	
0.85

	
281,283

	
6.55

	
−0.19

	
0.89

	
0.86

	
405,259




	
AMSR2/BT

	
10.17

	
5.43

	
1.18

	
0.85

	
302,701

	
5.06

	
1.68

	
1.15

	
0.94

	
413,891




	
FY3B/NT2

	
13.29

	
7.82

	
1.08

	
0.80

	
290,574

	
6.02

	
4.56

	
1.02

	
0.94

	
412,003




	
FY3C/NT2

	
11.42

	
6.63

	
1.04

	
0.80

	
288,895

	
7.32

	
5.80

	
1.02

	
0.94

	
409,887




	
All

	
SSMIS/ASI

	
7.70

	
−1.46

	
0.98

	
0.92

	
864,141

	
6.95

	
−2.13

	
0.97

	
0.93

	
1,176,532




	
AMSR2/BT

	
11.84

	
7.71

	
1.16

	
0.91

	
927,216

	
6.34

	
2.93

	
1.08

	
0.97

	
1,200,084




	
FY3B/NT2

	
15.29

	
9.67

	
1.13

	
0.89

	
890,505

	
9.50

	
7.31

	
1.05

	
0.96

	
1,197,869




	
FY3C/NT2

	
14.06

	
9.03

	
1.09

	
0.90

	
887,158

	
10.49

	
7.55

	
1.07

	
0.96

	
1,189,621
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Table 3. Error metrics of daily SIE derived from four PM SIC with respect to ERA data in the period of 2015–2018. RMSD and bias are in 106 km2. R is the correlation coefficient (p-value < 0.01).
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Products

	
Arctic

	
Antarctic




	
Bias

	
RMSD

	
R

	
Bias

	
RMSD

	
R






	
SSMIS/ASI

	
−0.43

	
1.66

	
0.93

	
−0.17

	
0.54

	
0.99




	
AMSR2/BT

	
1.36

	
2.45

	
0.92

	
0.22

	
0.59

	
0.99




	
FY3B/NT2

	
1.46

	
2.19

	
0.93

	
0.42

	
0.65

	
0.99




	
FY3C/NT2

	
0.94

	
1.90

	
0.93

	
0.15

	
0.53

	
0.99











[image: Table] 





Table 4. Error metrics of daily SIA between four PM SIC and ERA SIC in the period of 2015–2018. RMSD and Bias are in 106 km2. R is the correlation coefficient (p-value < 0.01).
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Products

	
Arctic

	
Antarctic




	
Bias

	
RMSD

	
R

	
Bias

	
RMSD

	
R






	
SSMIS/ASI

	
−0.23

	
1.48

	
0.93

	
0.26

	
0.50

	
0.99




	
AMSR2/BT

	
1.27

	
1.90

	
0.94

	
0.42

	
0.54

	
0.99




	
FY3B/NT2

	
1.53

	
2.12

	
0.92

	
1.10

	
1.17

	
0.99




	
FY3C/NT2

	
1.25

	
1.93

	
0.93

	
1.22

	
1.31

	
0.99
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