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Abstract

:

Different radiometer sensors have different frequencies, spatial resolutions, and time resolutions, which lead to inconsistencies in ice drift products retrieved by radiometer sensors. Based on the continuous maximum cross-correlation method, in this paper, we used China’s FY-3 and HY-2 satellite radiometer data to generate sea ice drift products; we further evaluated the consistency between them and sea ice drift products retrieved from AMSR2 and SSMIS satellite radiometer data, which could help in future retrieval accuracies of more radiometer sea ice drift products. The results show that ice drift products with good reliability can be obtained by retrievals using 37 and 89 GHz channels of FY-3 and HY-2 radiometer bright temperature data. Compared with the buoy data, the root mean square errors (RMSEs) of the 37 GHz HY-2 sea ice drift product (at an interval of 6 days) were 1.40 cm/s and 7.31° for speed and direction, respectively, and the relative errors (REs) were 5.78% and 6.44%, respectively. The RMSEs of the 37 GHz FY-3 sea ice drift product were 0.77 cm/s and 6.49° for speed and direction, respectively, and the REs were 4.38% and 9.23%, respectively. Moreover, comparisons between sea ice drift vectors derived from AMSR2 and SSMIS satellites showed good quantitative agreement.
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1. Introduction


For polar sea ice, it is important to monitor sea ice drift, sea ice thickness, and sea ice classification [1,2]. Sea ice drift is the result of sea ice dynamic processes [3,4]. It influences the transfer of heat and the momentum between the ocean and the atmosphere; it is an important variable that also affects resource exploitation and navigation in polar seas [5,6]. Over the past decade, sea ice thickness has decreased, and ice drift speed has increased [7,8]. These changes have profound impacts on the global climate and, therefore, the development of sea ice drift products with high accuracy is of vital importance.



Due to the harsh conditions of the polar seas in the winter, there are limited field data on sea ice drift that cover long periods. In contrast, satellite remote sensing data are relatively accessible; they have large spatial and temporal coverages. Therefore, they have become the main data sources for monitoring large-scale sea ice drift [9]. Microwave remote sensing, of the different remote sensing methods, has the advantage of being able to collect data (day and night) under all types of weather conditions [10,11,12]. It is particularly suitable for the observation of the Arctic region, which is dark in the winter and has complex weather patterns. Radiometers and synthetic aperture radar (SAR) [13,14,15,16,17,18,19,20,21,22] are the main microwave remote sensing instruments used to retrieve sea ice drift; SAR is an active high-resolution imaging sensor, which can obtain the backscatter characteristics of sea ice with a maximum resolution of 1 m [23]. However, SAR has a small footprint and long revisit period, and cannot track the short-term changes of sea ice drift over the entire Arctic basin. The microwave radiometer is also able to collect data under all types of weather conditions. In addition, it can provide daily sea ice information for most of the Arctic region. Therefore, it has been widely used in Arctic sea ice drift monitoring in recent years.



Microwave radiometers commonly used to retrieve sea ice drift include the special sensor microwave/imager (SSM/I), the special sensor microwave imager/sounder (SSMIS), the advanced microwave scanning radiometer for earth observing system (AMSR-E), and the advanced microwave scanning radiometer 2 (AMSR2). Microwave radiometer data have been used to study sea ice drift since the launch of SSM/I, which was the first satellite-borne microwave radiometer [24]. Maximum cross-correlation (MCC) and continuous maximum cross-correlation (CMCC) are methods that are commonly used to derive sea ice drift from two brightness temperature image pairs; sea ice displacement vectors are calculated by tracking the change in the patterns of the brightness temperature. Ninnis et al. [25] applied MCC to the optical data from the advanced very-high-resolution radiometer (AVHRR). Agnew et al. [24] used MCC to retrieve sea ice displacement vectors from 85.5 GHz SSM/I brightness temperature data and compared the retrievals with Arctic buoy data; the overall correlation coefficient was 0.75 and the average error of the retrieved vectors was 4.68 cm/s. Kwok et al. [26] used MCC to generate sea ice drift products from 37 GHz SSM/I data; the accuracy of 37 GHz SSM/I retrievals was only about 1 km/d lower than that of 85 GHz SSM/I retrievals. Lavergne et al. [27,28] used CMCC to generate sea ice drift products from AMSR-E and AMSR2 radiometer data; the products had errors of 2.5–4.5 km/d relative to buoy data. Because the spatial resolution of radiometers is low, Yang et al. [29] proposed a fine-scale sea ice motion sequence super-resolution tracking framework and applied it to AMSR2 radiometer data to track sea ice drift; the resolution of the input images increased by four times, and the accuracy of the retrieved sea ice drift was close to that of retrievals from higher resolution data.



With the development of remote sensing instruments and technologies, radiometer data are becoming increasingly available. In addition to SSM/I, AMSR-E, and AMSR2, other satellite-borne radiometers have also been launched by many countries. For example, the HaiYang (HY) and FengYun (FY) series satellites launched by China carry microwave radiometers onboard; they can also be used to retrieve sea ice drift. Differences in frequency and spatial and temporal resolutions of radiometers result in inconsistencies between the ice drift retrievals from different instruments. In view of this problem, many comparisons and evaluations of sea ice drift products have been conducted. Using acoustic doppler current profiler (ADCP) mooring data, Rozman et al. [30] evaluated the sea ice drift products from the environment satellite (ENVISAT) advanced synthetic aperture radar (ASAR) and those from the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Ocean and Sea Ice Satellite Application Facility (OSI SAF) and French Research Institute for the Exploitation of the Seas (Ifremer); they found correlation coefficients of 0.56–0.86 between ADCP data and different products. Using ice-tethered profiler (ITP) data, Hwang et al. [31] evaluated three low resolutions (6–15 km) and three medium resolutions (0.15–1 km) of sea ice drift products from OSI SAF and Ifremer. They found that the ice drift speed in the Fram Strait area was underestimated by 3.5–4.78 km/d and concluded that ice drift speed was generally underestimated in low-resolution products, especially for the melt season. Hwang et al. [31] and Johansson et al. [32] compared ice drift products with different time intervals and found that average drift speeds were lower in products with longer time intervals. Using buoy data from the International Arctic Buoy Program (IABP), Frank et al. [33] evaluated four sea ice drift products based on different combinations of radiometer and scatterometer data. In addition, they estimated the uncertainty of sea ice concentration and ice drift speed. They found that the difference between products was negatively correlated with sea ice concentrations and positively correlated with ice drift speed.



Differences in sensor performance, frequency, and spatial resolution result in differences in sea ice drift products. Considering that FY-3 and HY-2 data have not been used to study sea ice drift, we aim to contribute toward improving sea ice drift retrievals from satellite radiometer data by using CMCC to generate sea ice drift products with high reliability from China’s FY-3 and HY-2 satellite radiometer data. In this paper, we not only give the detailed process of the algorithm but also evaluate the consistency between them and sea ice drift products retrieved from AMSR2 and SSMIS satellite radiometer data. Moreover, we analyze the effects of different time intervals, different frequencies, and sea ice concentrations on the accuracy of drift speed and direction. A better assessment of sea-ice drift products through different perspectives will provide a reference for more radiometer retrievals of sea-ice drift in the future.



In Section 1, we introduce the background and purpose of the study. In Section 2, the data used in the study are presented. In Section 3, the methods used in the study are presented. In Section 4, we present the results of the comparisons between IABP buoy data and different products; the results of the correlation analyses and factors underlying errors in ice drift retrievals are also presented. In Section 5, we discuss the effects of sea ice concentration on the retrieval of sea ice drift. The study is summarized in Section 6.




2. Data


2.1. Satellite Data


Sea ice drift products are generated and analyzed from SSMIS, AMSR2, FY-3, and HY-2 radiometer data over the Arctic basin for January–April 2019. The main parameters of the four radiometers are listed in Table 1.



2.1.1. SSMIS Data


The SSMIS is a special microwave imager mounted on the Block 5D-/F8 satellite of the Defense Meteorological Satellite Program (DMSP). The satellite height is about 833 km; the orbital inclination is 98.8°, and the orbital period is 102.2 min. It passes over the Equator at about 6:00 local time and makes a complete revolution of the Earth once every 24 h. Its channels cover the 19.0, 22.0, 37.0, and 91.0 GHz bands using both vertical and horizontal polarizations. In this study, we used SSMIS gridded brightness temperature data from the 91.0 and 37.0 GHz channels in the polar stereographic projection; the resolution is 12.5 and 25 km, respectively.




2.1.2. AMSR2 Data


The AMSR2 is a remote sensing instrument mounted on the Global Change Observation Mission-Water Satellite 1 (GCOM-W1). It is used to measure the microwave radiation on the Earth’s surface and in the atmosphere. It makes high-accuracy microwave emissions and scattering intensity measurements at about 700 km above the Earth. Its antenna rotates once every 1.5 s and obtains data with a swath width of more than 1450 km. Its channels cover the 6.9, 10.7, 18.7, 23.8, 36.5, and 89.0 GHz bands using both vertical and horizontal polarizations. In this study, AMSR=gridded brightness temperature data were used from the 37 and 89 GHz channels in the polar stereographic projection; resolutions were 25 and 12.5 km, respectively.




2.1.3. FY-3 Data


The FY-3 meteorological satellite is China’s second-generation polar orbit meteorological satellite. Its payload has sensors in the ultraviolet, visible, infrared, and microwave bands. The 10 channels of the microwave imager cover the 10.7, 18.7, 23.8, 36.5, and 89.0 GHz bands using both vertical and horizontal polarizations. In this study, we used level 1 brightness temperature data from the 36.5 and 89.0 GHz channels of the FY-3D satellite microwave radiation imager (MWRI) sensor in the World Geodetic System 1984 (WGS84) coordinate system; the resolution was 18 × 30 km and 9 × 15 km, respectively. The swath width was 1400 km, and the antenna angle of view was 45°. Each day, 14–15 scenes were available and there were 3392 scenes for January–April 2019.




2.1.4. HY-2 Data


The HY-2 satellite is China’s first marine dynamic environment satellite and it was launched in August 2011. It carries a microwave scatterometer, a radar altimeter, a scanning microwave radiometer (SMR), a calibration microwave radiometer, a dual-frequency global positioning system (GPS), and a laser range finder. The channels of the SMR cover the 6.6, 10.7, 18.7, and 37.0 GHz bands using both vertical and horizontal polarizations and cover the 23.8 GHz band using vertical polarization. In this study, we used level-2A data from the 37 GHz channel of the SMR sensor onboard the HY-2B satellite in the WGS84 coordinate system; the resolution was 20 × 35 km; the swath width was 1600 km; there were 4470 scenes for January–April 2019. The data were downloaded from the National Satellite Ocean Application Service.





2.2. Auxiliary Data


The sea ice concentration products provided by the NSIDC were used to exclude the areas with sea ice concentrations below 15%. The dataset includes the daily and monthly average sea ice concentrations in the Arctic and Antarctic since 26 October 1978. The data are in binary bin format with a spatial resolution of 25 km. The data used in this study were generated with SSMIS data from DMSP F17 through the National Aeronautics and Space Administration (NASA) team algorithm developed by the NASA Goddard Space Flight Center (GSFC).




2.3. Buoy Data


Sea ice motion vectors derived from IABP buoy position data were used to evaluate the accuracy of sea ice drift products. The IABP collects the buoy data in the Arctic Ocean, which accurately reflect sea ice motion but are sparse and do not cover the entire Arctic. The buoy locations recorded in IABP are resampled every 12 h. Each buoy has two separate 24-h motion estimates: one for midnight and one for noon. The speed of sea ice motion is dependent on the sampling frequency. When the sampling frequency is too coarse, the high-frequency oscillation of sea ice motion will be ignored [34,35]. Therefore, to compare the ice drift products with the buoy data, we need to use the same sampling frequency. In this paper, we recalculated the ice speed by the total displacement of the buoy at the corresponding time interval. We converted the IABP buoy data from the equal-area scalable earth grid to the polar stereographic projection, which is used by the four radiometer products.





3. Methods


CMCC is used to generate sea ice drift products from gridded vertically and horizontally polarized brightness temperature data from the four satellite radiometers for N and N + I days. We evaluated the accuracy of the products and analyzed our results following the steps indicated in Figure 1.



3.1. Gridding Brightness Temperature Data


Daily HY-2 and FY-3 data were converted from the WGS84 coordinate system to the polar stereographic projection and extracted brightness temperatures over the Arctic region. Daily brightness temperature data were merged, and the 37 GHz data were gridded into a 25 × 25 km grid and the 89 GHz data into a 12.5 × 12.5 km grid. Neighborhood filtering was used to identify outliers and impute missing values. Figure 2 is an example of the final results. It shows gridded horizontally and vertically polarized brightness temperature data from FY-3 and HY-2 on 1 January 2019, with a resolution of 25 km.




3.2. Retrieval of Sea Ice Drift


To obtain a sea ice drift product with a resolution of 25 km, the brightness temperature data were filtered to remove noise, and a sea ice concentration product was used to exclude areas with concentrations below 15%. We used CMCC to calculate sea ice drift and improved the accuracy of the ice drift vector by replacing outliers (quality control) and using the average value of the retrievals from horizontally and vertically polarized data (polarization fusion).



3.2.1. Gauss Laplace Filter


To reduce data noise and improve data reliability, Laplacian of Gaussian (LOG) filtering [36] was applied to the Arctic brightness temperature data from the four satellites. The Gaussian filtering method involves scanning each pixel in the image with a specified slide window. The weighted average gray value of the pixels in the neighborhood determined by the window was used to replace the value of the pixel point at the center of the window. As that the sliding window used in the CMCC method was 11 × 11 pixels, we also selected 11 × 11 pixels for Gaussian filtering in this paper.




3.2.2. Making a Mask


The 25-km gridded sea ice concentration product from the National Snow and Ice Data Center (NSIDC) for January–April 2019 was used to exclude the areas with sea ice concentrations below 15%. The change in the sea ice concentration between two satellite images with short time intervals (below 14 days) was generally considered to be small. Therefore, the ice concentration of the first image was used to create the sea ice mask.




3.2.3. Continuous Maximum Cross-Correlation Matching


With a search interval of 1 pixel, sea ice drift below 1 pixel cannot be retrieved using MCC [24,25,26]. Therefore, we used CMCC [27,28] to retrieve Arctic sea ice drift. The CMCC is based on MCC; high-resolution (2.5 × 2.5 km) data are obtained by bilinear interpolation of radiometer data and are used for sea ice displacement matching and high-accuracy ice drift retrievals.



In MCC, the sea ice drift displacement vector is evaluated by calculating the correlation coefficient of a set of brightness temperature images on day N and day N + I and selecting the maximum correlation coefficient; N represents the start date of sea ice drift retrieval and I represents the time interval. The correlation coefficient of two images of size M × N is defined as follows:


  r = u ( x , y ) ∘ v ( x , y ) =  1  M N     ∑  m = 0   M − 1      ∑  n = 0   N − 1     u *  ( m , n ) v ( x + m , y + n )      



(1)




where u(x,y) is the brightness temperature value of the first image; v(x,y) is the brightness temperature value of the second image; ∘ is the correlation operation; * is the complex conjugation.



For the center of an 11 × 11 pixel slide window of day N, CMCC uses MCC to find the best matching pixel (m,n) in the image of day N + I, and uses bilinear interpolation to generate an image with higher pixel resolution. We used intervals of 0.2 pixels for search and control; therefore, a 5 × 5 pixel window was used for interpolation for each pixel to generate a new image with a resolution of 2.5 × 2.5 km; the new image was used for MCC processing to retrieve the best matching locations to calculate sea ice drift. The slide window center of the image of day N, the location information of the matching locations on day N + I, and the interval (I days) were used to obtain the sea ice drift speed as follows:


   V u  = Δ  x u  × r e s / ( I × 24 × 60 × 60 )  



(2)






   V v  = Δ  x v  × r e s / ( I × 24 × 60 × 60 )  



(3)




where    V v    and    V u    are sea ice drift speeds in cm/s in the V and U directions, respectively;   Δ  x v    and   Δ  x u    are sea ice displacements in the V and U directions, respectively; res is the spatial resolution of the brightness temperature data.




3.2.4. Quality Control


Some of the sea ice drift speed vectors derived using CMCC are inconsistent with the overall drift trend. There are two reasons for drift vector errors: the drift vector falls into the local optimum during the process of maximum correlation, or pixel noise and spatial structure are of the same orders of magnitude or are beyond the range. Therefore, to improve retrieval accuracy, neighborhood filtering was used and drift vectors with large deviations were corrected. Neighborhood filtering was applied to identify outlier vectors, and outlier speed was replaced with the maximum correlation coefficient or the average speed. For each area, the mean and standard deviation of sea ice speed were calculated in the pixels, and pixels with speeds that exceeded the mean by more than twice the standard deviation were excluded.




3.2.5. Polarization Fusion


The radiometer tracks the location of sea ice based on changes in bright temperature. Since the information obtained from the horizontal and vertical polarization data are uncorrelated, fusing the two involves using more information to track the change in the sea ice position [37]. In this paper, we retrieved sea ice drift speeds from horizontally and vertically polarized bright temperature data and used the average value as the final sea ice drift. As a result, the accuracy and reliability of the velocity field improved.





3.3. Evaluation Indicators


The root mean square error (RMSE) and relative error (RE) between the satellite product and buoy data were calculated and used to evaluate the accuracy of the product. The RMSEs and REs of the ice drift speed and direction were calculated as follows:


  R M S E _ V =     ∑  i = 1  n     (  V  1 i   −  V  2 i   )  2  / n      



(4)






  R M S E _ D =     ∑  i = 1  n     (  D  1 i   −  D  2 i   )  2  / n      



(5)






  R E _ V =   ∑  i = 1  n     (  V  1 i   −  V  2 i   ) /  V  2 i     / n    



(6)






  R E _ D =   ∑  i = 1  n     (  D  1 i   −  D  2 i   ) /  D  2 i     / n    



(7)




where    V 1    and    V 2    are the drift speeds retrieved from satellite and buoy data, respectively;    D 1    and    D 2    are the drift directions retrieved from satellite and buoy data, respectively; n is the number of data points used for the evaluation.





4. Results


4.1. Accuracy of Satellite Products


4.1.1. Effect of Time Interval on the Accuracy of Sea Ice Drift Retrievals


CMCC was used to retrieve sea ice drift in N and N + I day image pairs from SSMIS, AMSR2, FY-3, and HY-2 data. For a time interval of 1 day, drift velocities of ≥1.44 cm/s can be retrieved using CMCC by bilinear interpolation from the 12.5 × 12.5 km to 2.5 × 2.5 km grids. The time interval determines the minimum retrievable drift speed. To examine the effect of the time interval on the accuracy of ice drift products, we retrieved the sea ice drift from the 37 and 89 GHz brightness temperature data using time intervals of 3, 6, and 14 days and compared the retrievals with buoy data.



For drift speed and direction retrieved from 37 GHz data for January–April 2019, the RMSEs and REs between the satellite product and IABP buoy data are shown in Table 2 and Table 3; S denotes speed and D denotes direction. The corresponding density scatter plot is shown in Figure 3. For a time interval of 6 days, the RMSEs of SSMIS speed and direction were 0.52 cm/s and 5.56°, respectively, while the RMSEs of AMSR2 speed and direction were 0.51 cm/s and 5.36°, respectively. The REs of the SSMIS speed and direction were 2.37% and 8.50%, respectively, while the REs of the AMSR2 speed and direction were 2.42% and 8.32%, respectively. For a time interval of 14 days, the RMSEs of SSMIS speed and direction were 0.33 cm/s and 4.45°, while the RMSEs of AMSR2 speed and direction were 0.32 cm/s and 4.48°. The REs of SSMIS speed and direction were 2.28% and 9.14%, while the REs of the AMSR2 speed and direction were 2.22% and 7.27%. For intervals of 6 and 14 days, the accuracy of SSMIS products was close to that of AMSR2 products. However, at an interval of 3 days, the RMSEs of SSMIS speed and direction were 0.92 cm/s and 6.83°, and the RMSEs of AMSR2 speed and direction were 0.73 cm/s and 6.49°. The REs of SSMIS speed and direction were 4.00% and 10.83%, and the REs of the AMSR2 speed and direction were 3.70% and 5.30%. The accuracy of SSMIS products was considerably lower than that of AMSR2 products; this may be because the higher raw resolution of AMSR2 data supports the retrieval of ice drift vectors at low speeds.



As can be seen from Figure 3, the drift speeds of the four products are generally concentrated in the range of 0–10 cm/s, and the drift directions are generally concentrated from −90° to 0°. The SSMIS and AMSR2 products are relatively close to the buoy data in terms of speed and direction. The overall speed of the FY-3 product is overestimated, but not much different in terms of direction. Relatively, the RE of the FY-3 product is higher than that of the SSMIS and AMSR2 products in terms of speed. It can be seen that the RE in the speed of the FY-3 product is nearly 2% higher than that of the other two products at an interval of 6 days, and nearly 1% higher in terms of direction. The HY-2 product has a tendency to be overestimated in some areas, resulting in a higher RMSE and RE.



For the same frequency, product accuracy was the highest at the 14-day interval and the lowest at the 3-day interval (Table 2 and Table 3). This may be related to the influence of image noise on retrieved drift speed. Low drift velocities cannot be retrieved using short time intervals because of the low spatial resolution of the radiometer; the effect of the image noise on the retrieved drift speed decreases as the time interval increases. Therefore, longer intervals are associated with higher product accuracy. Because the RMSEs of the SSMIS and AMSR2 products were the highest at an interval of 3 days and the lowest at an interval of 14 days, we conclude that a 3-day interval is insufficient to retrieve ice drift vectors with high accuracy from radiometer data with low spatial resolution while ice drift vectors that are of high accuracy but of low temporal resolution can be retrieved using a 14-day interval. Considering the effect of spatial and temporal resolution of the radiometer, the option of an interval of 6 days is a compromise compared to the ice drift results of a 3-day interval and a 14-day interval.



For a time interval of 6 days, the RMSEs of FY-3 speed and direction were 0.77 cm/s and 6.49°, respectively, while the RMSEs of HY-2 speed and direction were 1.40 cm/s and 7.31°, respectively. The accuracy of HY-2 and FY-3 ice drift products was lower than that of SSMIS and AMSR2 products; this is related to the relatively large number of outliers in HY-2 and FY-3 data. For example, on 1 March 2019, outliers accounted for 0.67% (or 3644 data points) of the gridded FY-3 brightness temperature data and 20.39% (or 111,052 data points) of the gridded HY-2 brightness temperature data. There were fewer outliers in FY-3 than in HY-2 data. After interpolation, the FY-3 product was only 0.25 cm/s higher than the SSMIS product at the 6-day interval.



Figure 4 shows the monthly average drift speeds retrieved from buoy data and four sets of satellite data with intervals of 6 and 14 days for January–April 2019. Average monthly ice drift speed decreased with increasing time intervals. By increasing the time interval from 6 to 14 days, the average speed retrieved from buoy data was reduced by 22%, the average speed retrieved from AMSR2 and SSMIS data was reduced by 23%, the average speeds retrieved from FY-3 and HY-2 data were reduced by 29% and 44%, respectively. Retrievals of sea ice displacement do not reflect the actual distances traveled by ice floes; they measure the relative distances that have been covered by floes over a certain period of time. For example, for an ice floe that moves in a circle and is in the same location at the moment of acquisition of the first and a subsequent image, the retrieved displacement and velocity are zero, while the actual displacement and velocity are non-zero. Therefore, the retrieved velocity is lower than the instantaneous velocity of the ice floe at the moment of image acquisition, and higher retrieved velocities are associated with shorter time intervals [32].



Relative to the monthly average drift speed retrieved from buoy data at an interval of 14 days, the average speeds retrieved from AMSR2 and SSMIS were lower by 5%, the average speed retrieved from FY-3 was lower by 1%, and that retrieved from HY-2 was higher by 17%. Relative to the monthly average drift speed retrieved from buoy data at an interval of 6 days, the average speeds retrieved from the AMSR2 and SSMIS products were lower by 4%, while those retrieved from FY-3 and the HY-2 products were higher by 6% and 46%, respectively. Retrieved drift velocities were lower than actual velocities because of the low spatial resolution of the radiometers. Drift velocities retrieved from HY-2 were considerably higher than those from buoy data, and velocities retrieved from FY-3 were slightly higher than those retrieved from the other satellites. This is because of the outliers in FY-3 bright temperature data, which varied in number and location with time. For example, for March 2019, the average drift velocity retrieved from HY-2 was 57% higher than that retrieved from buoy data; outliers accounted for 40% of the corresponding HY-2 brightness temperature data on days 2 and 3, and accounted for more than 30% of the brightness temperature data on days 17, 20, and 21.




4.1.2. Effect of Frequency on the Accuracy of Sea Ice Drift Retrievals


Table 4, Table 5 and Table 6 show the RMSEs of the drift speed and direction retrieved from 37 and 89 GHz SSMIS, AMSR2, and FY-3 data at intervals of 3 days, 6 days, and 14 days for January–April 2019. The corresponding REs are shown in Table 7, Table 8 and Table 9. Retrievals from HY-2 were excluded from the analysis because 89 GHz data were not available from this satellite. Figure 5 shows the density scatter plot of sea ice drift and direction retrieved from buoy data and 89 GHz SSMIS, AMSR2, and FY-3 data at an interval of 6 days for January–April 2019.



For FY-3, accuracy was higher at 89 GHz than at 37 GHz. For SSMIS and AMSR2, accuracy was slightly lower at 89 GHz than at 37 GHz; the difference was generally no more than 0.04 cm/s. However, at an interval of 3 days, the AMSR2 speed error at 89 GHz was higher than that at 37 GHz by 0.36 cm/s. For SSMIS and AMSR2, errors at 89 GHz were higher than those at 37 GHz; this may be caused by the influence of water vapor on the high-frequency channel of the SSMIS and AMSR2 radiometers [38]. The low accuracy of the 37 GHz FY-3 product was probably related to outliers in the brightness temperature data between orbits (Figure 2a,b), while there were no outliers in the 89 GHz FY-3 data (Figure 2e,f). The outliers may have been caused by an abnormality during the image acquisition at 37 GHz in the FY-3 sensor. Proximity interpolation was used to replace outlier values. At a low frequency, the accuracy of SSMIS and AMSR2 products was generally higher than that of the FY-3 product; at a high frequency, the accuracy of the FY-3 product was higher than that of SSMIS and AMSR2 products. A similar tendency is reflected in the REs. However, there are higher REs in some cases. For example, the RE in the speed for these products with a 3-day interval is higher than the 17% in March to April. From Table 7, Table 8 and Table 9, we find that when the RE in the speed is small, the RE in the direction is larger and vice versa. When the time interval increases, the RE of the products in the speed decreases, and the RE of the direction increases.



Figure 6 shows average monthly drift speeds retrieved from buoy data and 37 and 89 GHz AMSR2, SSMIS, and FY-3 data at an interval of 6 days. For SSMIS and AMSR2, monthly average drift speeds retrieved from 89 GHz data were higher than those retrieved from 37 GHz data (Table 5). This is because low velocities cannot be retrieved from brightness temperature data with a low spatial resolution; therefore, drift speeds retrieved from low-resolution data are slightly lower than those from high-resolution data. At 89 GHz, the average monthly speed from FY-3 was close to that from SSMIS and AMSR2; at 37 GHz, the average monthly speed from FY-3 was higher than that from SSMIS and AMSR2 by 11%. Therefore, we conclude that the accuracy of FY-3 products is higher at 89 GHz than at 37 GHz.




4.1.3. Drift Speed Error Distribution


The relationships between retrieved ice drift speed, drift speed error, and drift direction error vary according to the satellite product. Therefore, we examined these relationships by using three sea ice drift products at 89 GHz. A 6-day interval was used for the analysis because of the optimal accuracy and temporal resolution (Section 4.1.1). Figure 7 shows the density scatter plot of sea ice drift speed retrieved from buoy data and the differences between buoy and satellite retrievals of sea ice speed and direction at an interval of 6 days. The red diamonds indicate differences averaged over intervals of 3 or 2 cm/s in buoy drift speed.



For all products, speed error was positively correlated with buoy drift speed, and errors increased with speed. The speed error of the AMSR2 product was considerably lower than that of the other two products, especially at low speeds. The overall speed error of the AMSR2 product was the smallest. This indicates that the AMSR2 product is superior in tracking sea ice at low speeds. The speed error of the FY-3 product was higher than that of the SSMIS product by about 1 cm/s. Errors in retrieved sea ice drift direction were particularly large at very low speeds; they decreased gradually with increasing speed.





4.2. Correlation between Retrieved Drift Speeds


Given that all four ice drift products adopted the sea ice drift results in U and V directions, Figure 8 shows the density scatter plots of sea ice drift speeds in the U and V directions retrieved from 37 GHz FY-3, HY-2, AMSR2, and SSMIS data for January–April 2019. The correlation coefficients between FY-3 and AMSR2, between FY-3 and SSMIS, and between SSMIS and AMSR2 were high. The correlation coefficients between SSMIS and AMSR2 were the highest; for the U and V directions, correlation coefficients were 0.84 and 0.86, respectively, and RMSEs were 1.58 and 1.76 cm/s, respectively. The correlation coefficients between AMSR2 and FY-3 were the second highest; for the U and V directions, correlation coefficients were 0.76 and 0.80, and RMSEs were 2.04 and 2.19 cm/s. For the U and V directions, the correlation coefficients between FY-3 and SSMIS were 0.76 and 0.78, and RMSEs were 2.03 and 2.28 cm/s. The correlation coefficients between HY-2 and the other three products were low; they were around 0.4, with RMSEs of approximately 3.0 cm/s.



Figure 9 is a density scatter plot of sea ice drift speeds in the U and V directions retrieved from 89 GHz FY-3, AMSR2, and SSMIS data for January–April 2019. The correlation coefficients between AMSR2 and FY-3 were the highest. For the U and V directions, correlation coefficients were 0.74 and 0.84, respectively, and RMSEs were 1.78 and 1.86 cm/s, respectively. For the U and V directions, correlation coefficients between SSMIS and AMSR2 were 0.69 and 0.80, and RMSEs were 2.20 and 2.18 cm/s. For the U and V directions, correlation coefficients between FY-3 and SSMIS were 0.58 and 0.74, and RMSEs were 2.46 and 2.45 cm/s. Correlation coefficients were slightly lower at 89 GHz than at 37 GHz; this may be related to the influence of water vapor on the 89 GHz radiometer data.



Retrieved sea ice drift speeds were generally low and between +15 and −15 cm/s. There were large differences between the retrieved speeds at the pixel levels at some grid points. The outliers in HY-2 led to extremely large deviations in the values of the maximum correlated image element; large deviations at low drift speeds resulted in a low correlation between HY-2 and the other products. Overall, the correlation between FY-3 and AMSR and that between FY-3 and SSMIS were high. In the density scatter plots between FY-3 and AMSR2 and between FY-3 and SSMIS, the data scatter was highly concentrated; only a small proportion of the scatter was associated with grid points with large differences between FY-3 and AMSR2 speeds or between FY-3 and SSMIS speeds (Figure 9).





5. Discussion


The spatial distribution of retrieved ice drift speed varies according to the satellite product and may be related to the sea ice concentration. Figure 10a shows the sea ice concentration over the Arctic basin. We explored the impact of sea ice concentration on the differences between drift ice speeds retrieved from four sets of satellite data for January–April 2019. We used AMSR2 as the basis for the density scatter plots in Figure 10b–d. To improve the accuracy of the products, grid points with sea ice concentrations of less than 15% were removed during the retrieval of sea ice drift, and data for areas with low ice concentrations are excluded from Figure 10b–d.



The difference between ice speeds was negatively correlated with sea ice concentration; low concentrations were associated with large speed differences. By increasing the concentration from 15% to 80%, the difference between ice drift speed retrieved from SSMIS and that from AMSR2 decreased from 2.04 to 0.56 cm/s; the difference between HY-2 and AMSR2 decreased from 5.81 to 3.72 cm/s. By increasing the concentration from 15% to 70%, the difference between the ice drift speed retrieved from FY-3 and that from AMSR2 decreased from 2.38 to 1.61 cm/s. For all products, speed differences were high at concentrations of 80–90%; at concentrations exceeding 90%, speed differences decreased; presumably, this is because the number of pixels with large speed differences increased at concentrations exceeding 80%. The differences between drift speeds retrieved from SSMIS and those from AMSR2 were the smallest. The differences between drift speeds retrieved from FY-3 and those from AMSR2 remained small for concentrations below 70%; at concentrations of 70–90%, differences were relatively large. The differences between drift speeds retrieved from HY-2 and those from AMSR2 were large; this is consistent with the effects of the large outliers at low drift speeds that are discussed in Section 4.2.



We explored the effect of sea ice concentration on the spatial distribution of the retrieved ice drift speed and direction. Figure 11 shows the distribution of the average sea ice drift speed in the Arctic retrieved from HY-2, FY-3, AMSR2, and SSMIS data for January 2019; gray shading indicates the land area and the thin red line represents the coastline. Figure 12 shows the sea ice drift direction retrieved from HY-2, FY-3, AMSR2, and SSMIS data for January 2019; blue arrows indicate sea ice drift velocity.



All retrieved Arctic sea ice drifts were anticyclonic (Figure 12). The four products shared similar characteristics, such as high drift velocities in northern Alaska, where the monthly average drift speed reached 13 cm/s; ice drifted from the north of Cape Barrow to northern Russia; speeds were extremely low and were close to 0 cm/s in the northern Canadian Archipelago; in the central Arctic, drift directions were between 150°W and 30°E. In the gray rectangle in Figure 11, the speeds retrieved from AMSR2 were close to those retrieved from SSMIS; the speeds retrieved from HY-2 and FY-3 were higher and were associated with large drift vectors; ice concentration was 70–90% and errors in the speeds retrieved from FY-3 were large (Figure 10b). There were spatial differences between the four ice drift products; the largest speed and direction differences were concentrated in the marginal ice zone and between eastern Iceland and western Russia (red rectangles in Figure 11 and Figure 12).



Differences between retrieved drift speeds (Figure 11) were mainly related to sea ice concentration (Figure 10a); differences were large at low concentrations and small at high concentrations. There is more variability in satellite retrievals of sea ice motion during the early stages of freezing and melting because of the enhanced atmospheric influence on the satellite signal and the rapid changes in sea ice surface emissivity. Therefore, the variabilities in sea ice drift retrievals were higher and differences between speed retrievals were larger at low ice concentrations [33]. For some regions, drift speeds retrieved from FY-3 and HY-2 data were higher than those retrieved from SSMIS and AMSR2; for other regions, the speeds retrieved from the different datasets were comparable.




6. Conclusions


In this study, CMCC was used to generate sea ice drift products from China’s FY-3 and HY-2 radiometer data, and FY-3 and HY-2 products were compared with sea ice drift products retrieved from AMSR2 and SSMIS radiometer data. Product accuracy was evaluated using IABP buoy data. In addition, we examined the correlation between products and analyzed the factors underlying errors in the retrievals. Our main conclusions are as follows:




	
High-accuracy ice drift products can be obtained from FY-3 and HY-2 radiometer bright temperature data. Comparing ice drift vectors retrieved from IABP buoy data and 37 GHz satellite data in a 6-day time interval, we found that the errors in the FY-3 (RMSEs in the drift speed and direction relative to buoy data: 0.77 cm/s and 6.49°; REs in the drift speed and direction relative to buoy data: 4.38% and 9.23%) and HY-2 (RMSEs in the drift speed and direction: 1.40 cm/s and 7.31°; REs in the drift speed and direction: 5.78% and 6.44%) products were slightly higher than those in the SSMIS (RMSEs in the drift speed and direction: 0.52 cm/s and 5.56°; REs in the drift speed and direction: 2.37% and 8.50%) and AMSR2 (RMSEs in the drift speed and direction: 0.51 cm/s and 5.36°; REs in the drift speed and direction: 2.42% and 8.32%) products. In general, the accuracies of the HY-2 and FY-3 products were slightly lower than those of the SSMIS and AMSR2 products, but the differences were small and met the international requirements for ice drift products.



	
There is a close agreement between the sea ice drift vectors retrieved from the four sets of satellite data. Between the FY-3, SSMIS, and AMSR2 products, correlation coefficients and RMSEs were higher at 37 GHz (correlation coefficients: 0.76–0.86; RMSEs: 1.58–2.28 cm/s) than at 89 GHz (correlation coefficients: 0.58–0.84; RMSEs: 1.78–2.46 cm/s). In general, the correlation between FY-3, SSMIS, and AMSR2 products was high, while the correlation between HY-2 and the other products was low. Discrete point values in regions of low drift speeds impacted retrieval results.



	
There was consistency between the spatial distributions of drift speeds retrieved from the four sets of radiometer data. Differences between products were negatively correlated with sea ice concentrations; large differences were associated with low sea ice concentrations. The retrieved sea ice drift speed was high in northern Alaska and extremely low in the northern Canadian Archipelago. There were spatial differences in the speed and direction of the different products; the largest differences were concentrated at the ice edge and between eastern Iceland and western Russia; this reflects the influence of the sea ice concentration on the spatial distribution of ice drift. Differences in the drift speeds were large in areas with low ice concentrations and small in areas with high ice concentrations. Retrievals of sea ice drift can be used in the formulation of local marine protection measures.








In conclusion, differences in radiometer frequency and spatial and temporal resolutions result in differences in sea ice drift products. In this study, we compared and evaluated different ice drift products for January–April 2019. During this period, there were many outliers in the HY-2 data, and the accuracies of the sea ice drift vectors retrieved from HY-2 data were low. However, the retrieval accuracy will improve with the improvement of the HY-2 satellite data.
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Figure 1. Flowchart of sea ice drift retrieval and analysis. 
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Figure 2. FY-3 and HY-2 brightness temperature data over the Arctic for 1 January 2019. The black line at the orbital junction in the 37 GHz FY-3 data indicates abnormal values. (a) The 37 GHz horizontally polarized brightness temperature from FY-3 on a 25 × 25 km grid. (b) The 37 GHz vertically polarized brightness temperature from FY-3 on a 25 × 25 km grid. (c) The 37 GHz horizontally polarized brightness temperature from HY-2 on a 25 × 25 km grid. (d) The 37 GHz vertically polarized brightness temperature from HY-2 on a 25 × 25 km grid. (e) The 89 GHz horizontally polarized brightness temperature from FY-3 on a 12.5 × 12.5 km grid. (f) The 89 GHz vertically polarized brightness temperature from FY-3 on a 12.5 × 12.5 km grid. 
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Figure 3. Density scatter plot of the ice drift product buoy verification at an interval of 6 days in 37 GHz channel from January to April 2019. 
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Figure 4. Average monthly drift speeds retrieved from buoy data and 37 GHz HY-2, FY-3, SSMIS, and AMSR2 data at intervals of 6 (orange) and 14 days (magenta) for January–April 2019. Rectangles, circles, upward-pointing triangles, downward-pointing triangles, and diamonds represent retrievals from buoy data, and AMSR2, HY-2, SSMIS, and FY-3 data, respectively. 
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Figure 5. Density scatter plot of the ice drift product buoy verification at an interval of 6 days in an 89 GHz channel from January to April 2019. 
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Figure 6. Average monthly drift speeds retrieved from buoy data (black rectangles) and 37 GHz (magenta lines) and 89 GHz (orange lines) AMSR2 (circles), SSMIS (upward-pointing triangles), and FY-3 (downward-pointing triangles) data at an interval of 6 days. 
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Figure 7. Sea ice drift speed retrieved from buoy data and differences between buoy and satellite retrievals (errors) at an interval of 6 days. Red diamonds indicate errors averaged over intervals of 3 or 2 cm/s in buoy drift speed. 
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Figure 8. Density scatter plot of sea ice drift speeds in the U and V directions retrieved from 37 GHz FY-3, HY-2, AMSR2, and SSMIS data at an interval of 6 days. 
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Figure 9. Density scatter plot of sea ice drift speeds in the U and V directions retrieved from 89 GHz FY-3, AMSR2, and SSMIS data at an interval of 6 days. 
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Figure 10. (a) Arctic sea ice concentration, (b) sea ice concentration and difference between ice drift speed retrieved from FY-3 and that from AMSR2, (c) sea ice concentration and difference between ice drift speed retrieved from HY-2 and that from AMSR2, (d) sea ice concentration and difference between ice drift speed retrieved from SSMIS and that from AMSR2. Red diamonds indicate speed differences averaged over intervals of 0.1 in sea ice concentration. 
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Figure 11. Arctic sea ice drift speed retrieved from (a) HY-2, (b) FY-3, (c) SSMIS, and (d) AMSR2 data. Gray shading indicates land area. The thin red line indicates the coastline. In the gray rectangle, HY-2 and FY-3 retrievals were higher than SSMIS and AMSR2 retrievals. Differences between the four ice drift products were the largest inside the red rectangle. 
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Figure 12. Arctic sea ice drift vectors retrieved from (a) HY-2, (b) FY-3, (c) SSMIS, and (d) AMSR2 data. Gray shading indicates the land area. The thin red line indicates the coastline. Differences between the four ice drift products were the largest inside the red rectangle. 
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Table 1. Parameters of the satellite data included in this study.
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	Data Source
	Coordinate System
	Swath Width
	Frequencies
	Spatial Resolution
	Polarization Mode





	SSMIS
	Hughes 1980
	3000 km
	37 GHz/

91 GHz
	25 km × 25 km/

12.5 km × 12.5 km
	H/V



	AMSR2
	Hughes 1980
	1450 km
	37 GHz/

89 GHz
	25 km × 25 km/

12.5 km × 12.5 km
	H/V



	FY-3
	WGS84
	1400 km
	36.5 GHz/

89 GHz
	18 km × 30 km/

9 km × 15 km
	H/V



	HY-2
	WGS84
	1600 km
	37 GHz
	20 km × 35 km
	H/V
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Table 2. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 GHz HY-2, FY-3, SSMIS, and AMSR2 data.
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Data

	
HY-2

	
FY-3

	
SSMIS

	
AMSR2




	
RMSE

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)






	
3 d

	
2.85

	
8.12

	
1.34

	
7.98

	
0.92

	
6.83

	
0.73

	
6.49




	
6 d

	
1.40

	
7.31

	
0.77

	
6.49

	
0.52

	
5.56

	
0.51

	
5.36




	
14 d

	
0.56

	
6.70

	
0.45

	
6.03

	
0.33

	
4.45

	
0.32

	
4.48
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Table 3. REs of ice drift speed (S) and direction (D) retrieved from 37 GHz HY-2, FY-3, SSMIS, and AMSR2 data.
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Data

	
HY-2

	
FY-3

	
SSMIS

	
AMSR2




	
RE (%)

	
S

	
D

	
S

	
D

	
S

	
D

	
S

	
D






	
3 d

	
10.41

	
7.52

	
7.21

	
7.80

	
4.00

	
10.83

	
3.70

	
5.30




	
6 d

	
5.78

	
6.44

	
4.38

	
9.23

	
2.37

	
8.50

	
2.42

	
8.32




	
14 d

	
3.83

	
15.45

	
3.05

	
9.70

	
2.28

	
9.14

	
2.22

	
7.27
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Table 4. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 3-day interval relative to buoy data.






Table 4. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 3-day interval relative to buoy data.





	
Data

	
FY-3

	
SSMIS

	
AMSR2




	
RMSE

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)






	
37 GHz (January to February)

	
1.46

	
7.76

	
0.79

	
7.05

	
0.72

	
7.05




	
37 GHz (March to April)

	
1.30

	
8.06

	
1.04

	
6.55

	
0.74

	
6.31




	
89 GHz (January to February)

	
0.88

	
7.89

	
0.87

	
7.29

	
0.77

	
6.89




	
89 GHz (March to April)

	
1.12

	
7.29

	
0.89

	
7.16

	
1.20

	
7.17
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Table 5. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 6-day interval relative to buoy data.






Table 5. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 6-day interval relative to buoy data.





	
Data

	
FY-3

	
SSMIS

	
AMSR2




	
RMSE

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)






	
37 GHz (January to February)

	
0.75

	
6.68

	
0.59

	
6.29

	
0.49

	
5.88




	
37 GHz (March to April)

	
0.77

	
6.42

	
0.51

	
5.56

	
0.51

	
5.36




	
89 GHz (January to February)

	
0.58

	
5.99

	
0.51

	
6.92

	
0.50

	
6.03




	
89 GHz (March to April)

	
0.70

	
7.13

	
0.49

	
5.85

	
0.53

	
6.14
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Table 6. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 14-day interval relative to buoy data.






Table 6. RMSEs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 14-day interval relative to buoy data.





	
Data

	
FY-3

	
SSMIS

	
AMSR2




	
RMSE

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)

	
S (cm/s)

	
D (°)






	
37 GHz (January to February)

	
0.39

	
5.29

	
0.29

	
4.01

	
0.26

	
3.74




	
37 GHz (March to April)

	
0.47

	
6.36

	
0.38

	
4.84

	
0.38

	
4.66




	
89 GHz (January to February)

	
0.36

	
4.49

	
0.32

	
3.96

	
0.30

	
3.71




	
89 GHz (March to April)

	
0.44

	
6.44

	
0.42

	
5.38

	
0.41

	
6.24
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Table 7. REs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 3-day interval relative to buoy data.






Table 7. REs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 3-day interval relative to buoy data.





	
Data

	
FY-3

	
SSMIS

	
AMSR2




	
RE (%)

	
S

	
D

	
S

	
D

	
S

	
D






	
37 GHz (January to February)

	
7.50

	
9.25

	
4.04

	
7.69

	
3.95

	
6.02




	
37 GHz (March to April)

	
6.84

	
6.39

	
4.05

	
15.14

	
3.50

	
4.54




	
89 GHz (January to February)

	
3.73

	
6.99

	
4.27

	
6.80

	
3.39

	
6.09




	
89 GHz (March to April)

	
21.41

	
5.72

	
17.42

	
15.62

	
19.83

	
5.90











[image: Table] 





Table 8. REs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 6-day interval relative to buoy data.






Table 8. REs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 6-day interval relative to buoy data.





	
Data

	
FY-3

	
SSMIS

	
AMSR2




	
RE (%)

	
S

	
D

	
S

	
D

	
S

	
D






	
37 GHz (January to February)

	
4.72

	
10.29

	
2.11

	
11.16

	
1.95

	
10.93




	
37 GHz (March to April)

	
4.20

	
7.49

	
2.83

	
5.57

	
3.08

	
5.17




	
89 GHz (January to February)

	
2.55

	
11.33

	
2.40

	
9.09

	
2.16

	
7.68




	
89 GHz (March to April)

	
3.97

	
11.01

	
3.24

	
9.20

	
3.27

	
4.85
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Table 9. REs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 14-day interval relative to buoy data.






Table 9. REs of ice drift speed (S) and direction (D) retrieved from 37 and 89 GHz FY-3, SSMIS, and AMSR2 data at a 14-day interval relative to buoy data.





	
Data

	
FY-3

	
SSMIS

	
AMSR2




	
RE (%)

	
S

	
D

	
S

	
D

	
S

	
D






	
37 GHz (January to February)

	
2.13

	
12.88

	
1.47

	
16.40

	
1.40

	
7.91




	
37 GHz (March to April)

	
4.12

	
3.76

	
3.29

	
3.33

	
3.24

	
3.83




	
89 GHz (January to February)

	
1.82

	
17.18

	
1.62

	
9.65

	
1.52

	
10.90




	
89 GHz (March to April)

	
3.39

	
12.37

	
3.59

	
12.12

	
3.04

	
9.99
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