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Abstract

:

Sea ice monitoring and classification is one of the main applications of Synthetic Aperture Radar (SAR) remote sensing. C-band SAR imagery is regarded as an optimal choice for sea ice applications; however, other SAR frequencies has not been extensively assessed. In this study, we evaluate the potential of fully polarimetric L-band SAR imagery for monitoring and classifying sea ice during dry winter conditions compared to fully polarimetric C-band SAR. Twelve polarimetric SAR parameters are derived using sets of C- and L-band SAR imagery and the capabilities of the derived parameters for the discrimination between First Year Ice (FYI) and Old Ice (OI), which is considered to be a mixture of Second Year Ice (SYI) and Multiyear Ice (MYI), are investigated. Feature vectors of effective C- and L-band polarimetric parameters are extracted and used for sea ice classification. Results indicate that C-band SAR provides high classification accuracy (98.99%) of FYI and OI in comparison to the obtained accuracy using L-band SAR (82.17% and 81.85%), as expected. However, L-band SAR was found to classify only the MYI floes as OI, while merging both FYI and SYI into one separate class. This comes in contrary to C-band SAR, which classifies as OI both MYI and SYI. This indicates a new potential for discriminating SYI from MYI by combining C- and L-band SAR in dry ice winter conditions.
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1. Introduction


One of the earliest applications of Synthetic Aperture Radar (SAR) imagery was the classification of sea ice [1]. Most of the early sea ice classification studies were conducted using single polarized C-band SAR data from ERS-1 [2,3,4,5], ERS-2 [6,7,8] and RADARSAT-1 [1,8,9,10,11] SAR systems. The first multifrequency fully polarimetric SAR measurements over sea ice were airborne SAR data acquired in 1988 and introduced in [12]. Herein, the polarimetric SAR signatures of different sea ice types were studied for the first time in C-, L-, and P-band. In [12], it was first reported that using various combinations of radar wavelength and polarization was advantageous for enhancing the capability to distinguish between different sea ice types.



C-band SAR imagery has been widely used for sea ice extent and area classification as well as concentration estimation [13,14]. This is because C-band SAR frequency provides a good compromise between X- and L-band SAR frequencies, which makes it better especially during winter for sea ice classification and ice/open water discrimination [15]. However, other SAR frequencies might also be useful for sea ice monitoring [14,16,17,18]. L-band SAR imagery in particular has been found superior for identifying deformation features, such as ice ridges, rubble fields, and brash ice [16,17,19]. In contrary to C-band, L-band SAR imagery proved useful in the separation between wind-roughened open water and sea ice [17,20,21]. Furthermore, it was found to provide significantly improved discrimination capability between First Year Ice (FYI) and Multiyear Ice (MYI) in linear horizontal polarization (HH) imagery during the melt season [22]. The usefulness of L-band SAR imagery as a complementary source of information to identify leads in ice and newly formed sea ice was presented in [14]. Compared to C-band, L-band SAR showed larger intensity contrasts between new and level ice [19]. An attempt to use L-band SAR imagery for sea ice thickness estimation was presented in [23]. Moreover, the effectiveness of L-band polarimetric SAR data for sea ice monitoring by using an airborne Polarimetric and Interferometric SAR (PI-SAR) system was discussed in [24]. The dependencies of a set of polarimetric parameters on radar incidence angles for thin ice, smooth FYI, and rough FYI were studied. The studied parameters suggested that the polarimetric coherence and the phase difference between the circular polarization backscattering coefficients RR (right-right) and LL (left-left) were found useful for the discrimination between the tested ice types [24]. Overall, the improved performance of L-band SAR is largely attributed to its high penetration in sea ice, ~0.5 m [25,26], due to the long wavelength of the radar signal which makes it less sensitive to surface properties [17,27]. Although the aforementioned studies highlight the potential of L-band SAR imagery, the sensitivity of L-band polarimetric SAR parameters to ice type differences has yet to be extensively analyzed.



This paper describes the results of the analysis of polarimetric sea ice SAR data acquired by the Phased-Array L-band SAR-2 (PALSAR-2) aboard the Advanced Land Observing Satellite-2 (ALOS-2) over the Victoria Strait in the Canadian Arctic Archipelago (CAA). The polarimetric signatures of thick FYI and Old Ice (OI) are qualitatively and quantitatively analyzed in sets of polarimetric parameters extracted from ALOS-2 full polarimetric L-band SAR data. Sea ice signatures in the L-band polarimetric parameters are compared with the sea ice signatures in C-band polarimetric parameters extracted from overlapped C-band full polarimetric RADARSAT-2 SAR data. Histograms of FYI and OI in each polarimetric parameter for both C- and L-band SAR are derived and analyzed. Furthermore, the mutual information between the two ice types in each polarimetric parameter and the correlation between parameters are estimated. Finally, the Random Forest (RF) classification algorithm is applied on the most effective of the polarimetric parameters to classify both C- and L-band imagery and the results are compared with regional ice charts of the Canadian Ice Service (CIS) and in situ observation data.




2. SAR Imagery and Ice Conditions


The Victoria Strait region in the CAA (Figure 1) was selected as a primary study area. The CAA is an ideal area for testing classification because there is generally a wide range of ice types in this area and ice dynamics is negligible during winter. Images from RADARSAT-2 and ALOS-2 satellites were collected in April 2015 in dry ice winter conditions. As shown in Figure 1, three full polarimetric SAR images from RADARSAT-2 (one) and ALOS-2 (two) were available over the study area. We also used imagery acquired over Hudson Bay to confirm ice type classification results, as Hudson Bay is known to only contain seasonal FYI. Over Hudson Bay, one ALOS-2 full polarimetric SAR image was acquired (Figure 1). The images have Noise-Equivalent Sigma Zero (NESZ) better than −35 dB in HH and VV co-polarized channels and −45 dB in HV and VH cross-polarized channels for RADARSAT-2 [28] and −36 dB in HH and VV co-polarized channels and −46 dB in HV and VH cross-polarized channels for ALOS-2 [29]. During April 2015, the air temperature was always below zero (Figure 2), with a mean value of −21.3 °C according to archived weather data from the Gjoa Haven weather station in Nunavut, which is ~175 km southeast of the study area on King William Island. Summary of the available SAR data is shown in Table 1.



Regional sea ice charts produced by Environment and Climate Change Canada at the CIS were acquired for this study from the CIS website (https://www.ec.gc.ca/glaces-ice/). The main source of data for the creation of these ice charts are the RADARSAT-2 ScanSAR images. Other sources of remote sensing data used are optical and thermal images (MODIS, VIIRS, Landsat, AVHRR, etc.) and passive microwaves (AMSR2). Auxiliary data, such as weather station and reanalysis data are also used to help determine the ice thickness stage. Knowing the data sources, expert sea ice analysts of the CIS manually identify regions of relatively homogenous ice conditions and identify the different ice types as well as their relative concentrations (in tenths) within these regions to produce the ice charts [30]. The ice charts show visually the dominant ice type and the ice concentrations of each ice polygon are estimated from visual interpretations of the ScanSAR imagery. It is important to clarify that during the winter season (after 1 January), the CIS merges MYI and SYI into one sea ice type called OI. This is due to the fact that during the winter in dry ice conditions, it is very difficult to differentiate between MYI and SYI using RADARSAT-2 ScanSAR imagery (main information source for ice chart creation). This is a limitation of C-band SAR in the discrimination between MYI and SYI in dry ice winter conditions.



The available sea ice charts indicate that Victoria Strait exhibited fast ice conditions from 1 December 2014 to 13 July 2015. This confirms that the ice was consolidated and immobile with no open water regions at the time of the image acquisitions in April 2015 and only the ice thickness changed. Given the fact that the study area exhibited fast ice conditions during the month of April 2015 with the air temperature being below zero during the entire month (Figure 2), the time difference between the acquisitions of the SAR images should not have effect in our study. According to the available ice charts, e.g., on 27 April 2015 (Figure 3a), the study area consisted of two main ice regimes: the first one dominated by OI (brown polygon intersects with the test site square in Figure 3a), and the second one dominated by thick FYI (dark green polygon intersects with the test site square in Figure 3a). Within the OI region the ice chart indicates that it contains 90% OI and 10% thick FYI and within the FYI region the ice chart indicates 100% FYI (see egg-codes in Figure 3a). Since, as mentioned above, the CIS merges MYI and SYI during the winter season (after 1 January) into one sea ice type called OI, we looked at the last 2014 regional ice chart (Figure 3b), which was created 29 December, and found that the OI region in the 27 April ice chart (Figure 3a) was classified as MYI (red polygon intersects with the test site square in Figure 3b). However, this MYI region in the 29 December ice chart (became OI region in the 27 April ice chart) was made up of 50% MYI, 40% SYI and 10% FYI (see egg-code in Figure 3b). Therefore, the 90% of OI reported in the 27 April ice chart is actually a mixture of MYI (50%) and SYI (40%).



Figure 3c shows the ice chart of 20 April 2015 over Hudson Bay which is the chart closest to the ALOS-2 image acquisition date (22 April 2015) used to test the classification results. This chart confirms that the area consisted of 100% FYI. Ice thickness data was also collected over the study area (Figure 1) to validate the ice types. This dataset was obtained during an airborne electromagnetic ice thickness survey on 19 April 2015 in the CAA [31]. It should be noted that the bottom of the study area contains a land portion in the ALOS-2 polarimetric SAR data, which was excluded from the processing using available coastline data.




3. Image Processing


Prior to the calculation of polarimetric parameters, a 7 × 7 refined Lee filter [32] was applied on all the available SAR data for noise despeckle. Next, 12 polarimetric parameters were calculated from the available full polarimetric SAR data over the study area, leading to three sets of parameters. One set was extracted from the RADARSAT-2 image and two sets were extracted from the two ALOS-2 images over the Victoria Strait. Table 2 presents the considered 12 polarimetric parameters along with their description. Sea ice types were manually sampled in the SAR imagery, using the ice chart of the study area (Figure 3a), by selecting representative polygons of FYI and OI over homogeneous areas. Most of the selected polygons were located in the overlap area between the RADARSAT-2 and the two ALOS-2 images. Figure 1 shows the selected samples as green and brown polygons for FYI and OI, respectively.



Histograms of FYI and OI with their statistics were calculated for each parameter within each set and used to facilitate visual interpretation of the discrimination between the two ice classes. We used the Kolmogorov-Smirnov (K-S) distance [33] to estimate the separability between the two ice types in each polarimetric parameter. The K-S distance is a nonparametric separability criterion which measures the maximum absolute difference between two cumulative distribution functions, taking values between 0 and 1 [33]. We assume that a polarimetric parameter with discrimination capability between FYI and OI should provide a K-S distance > 0.5. Furthermore, we group the polarimetric parameters with K-S distance > 0.5 into three categories:




	
Category 1: includes parameters with some separability: 0.5 < K-S distance < 0.7;



	
Category 2: includes parameters with good separability: 0.7 ≤ K-S distance < 0.9;



	
Category 3: includes parameters with very good separability: 0.9 ≤ K-S distance.








The 0.7 and 0.9 are reasonable threshold values to define the three aforementioned categories and were successfully used in different image processing and feature selection studies, e.g., [34,35]. Thus, using the calculated K-S distances, polarimetric parameters with discrimination capability between FYI and OI are identified and groups based on the obtained K-S distance values are created. Since some of the identified polarimetric parameters might be correlated with each other, a correlation analysis was conducted on the polarimetric parameters with discrimination capability between FYI and OI. The correlation between parameters was estimated using the nonparametric Spearman correlation coefficient (R) [36]. The Spearman correlation varies between −1 and 1 and is insensitive to outliers [36]. Two parameters are considered strongly correlated if the absolute value of the correlation R ≥ 0.90. The threshold value of 0.90 was selected since it was adopted and successfully used in [37,38]. Based on the obtained correlation values, the identified polarimetric parameters of each dataset can be divided into one or more groups of strongly correlated parameters and a group of independent (less correlated with R < 0.90) parameters. From each group of strongly correlated parameters, only one representative polarimetric parameter was selected and the rest are assumed redundant and excluded. For optimal selection, polarimetric parameter with the highest K-S distance between FYI and OI were selected. Finally, the selected polarimetric parameters together with the independent parameters (less correlated with R < 0.90) form a feature vector which can be used for sea ice classification. The classification was performed using the RF classification algorithm, which is an ensemble deep-learning classification technique [39]. The RF classification creates rule-based classification trees by generating multiple bootstrapped samples of the original training data and creating a series of nonparametric decision trees. Each tree is grown to the largest extent possible and the classification of each object is made by simple voting of all trees [39]. Half of the selected FYI and OI samples (Figure 1) were used to train the RF classifier and the other half to validate the results and estimate the classification accuracy.




4. Results Analysis


4.1. Histogram Interpretation


A total of 36 histograms of FYI and OI were calculated: 12 from the RADARSAT-2 and 24 from the two ALOS-2 SAR images over the Victoria Strait. As illustrated in Figure 4, the separability between FYI and OI is achievable for the case of C-band in four out of the twelve parameters;     σ  HH  0    ,     σ  VV  0    , and     σ  HV  0     backscattering coefficients and the SPAN. The highest absolute difference between the means of FYI and OI is given by the     σ  VV  0     parameter (7.75 dB), while the minimum absolute difference is given by the     σ  HV  0     parameter (6.31 dB). As shown in Figure 4, the mean values of the     σ  HH  0    ,     σ  VV  0    , and     σ  HV  0     backscattering coefficients are higher than the NESZ for RADARSAT-2. The remaining eight parameters provide poor discrimination between the two ice types.



Similar plots to those in Figure 4 were presented in [40] for smooth FYI (similar to the FYI in our case study) obtained using two RADARSAT-2 images acquired over a test site located in the CAA. We note that the mean values of the     σ  HH  0     and     σ  VV  0     backscattering coefficients and the SPAN in [40] are higher than the values shown in Figure 4. Also, the     ρ  HHVV      and A parameters are higher in [40] compared to Figure 4. In contrary, the H and α parameters indicate lower values in [40] compared to the values shown in Figure 4. These observed differences should be related to the large difference in the radar incidence angles in the two case studies (40.9° in our case study and 27° and 23° in [40]). Also, the difference in the geophysical properties of the ice in the two case studies contributes in the observed differences, especially for the second RADARSAT-2 image in [40] since the air temperature was above zero few hours before the image acquisition.



Histograms of FYI and OI in each polarimetric parameter of the two ALOS-2 images are shown in Figure 5, with the mean values of the     σ  HH  0    ,     σ  VV  0    , and     σ  HV  0     backscattering coefficients being higher than the NESZ for ALOS-2. As illustrated in Figure 5, the discrimination between FYI and OI in L-band is poor in almost all the polarimetric parameters with the slight exception of the SPAN and H parameters. The absolute difference between the means of FYI and OI in the SPAN parameter is small at 2.02 dB and 2.17 dB for the 5 April and 28 April images, respectively. For the H parameter, the absolute difference between means is also small at 0.19 and 0.15 for 5 April and 28 April images, respectively. It should be noted in Figure 5 that the H parameter for L-band SAR data covers a wide range of values, indicating the presence of one main scattering mechanism and secondary scattering mechanisms [20].



In [22], similar plots to those in Figure 5 were presented over four test sites, but for the     σ  HH  0     backscattering coefficient only. Thus, a comparison of the plots in the two studies would show that the histograms of FYI and OI for the     σ  HH  0     backscattering coefficient shown in Figure 5 agree with those presented for the test sites 3 and 4 in [22]. Different plots with increased discrimination capability between FYI and OI were shown in [22] for the test sites 1 and 2. This should be related to the fact that the test sites 1 and 2 were located in the radar far range with large radar incidence angles >38°, while the test sites 3 and 4 were located in the radar near range with radar incidence angles close to those in our case study.



As we see in Figure 4 and Figure 5, most of the histograms of FYI and OI in the investigated polarimetric parameters do not conform to normal distributions. This suggests that the use of parametric criteria which assume the normal distribution of the sea ice types within these parameters could be inaccurate. Thus, as seen in the subsequent sections, the analysis of FYI and OI in the different polarimetric parameters is performed using nonparametric criteria to avoid assumptions about the statistical distributions of the two ice types.




4.2. Separability Estimation


The discrimination between FYI and OI in the derived polarimetric parameters was quantitatively evaluated using the K-S distance [33] and the results are summarized in Table 3. As shown in Table 3, four out of the twelve polarimetric parameters can discriminate between FYI and OI (K-S distance > 0.5) in C-band. These parameters are the     σ  HH  0    ,     σ  VV  0    , and     σ  HV  0     backscattering coefficients and the SPAN. The only parameter that falls in the third category of very good separability is the SPAN with K-S distance = 0.97. The     σ  HH  0    ,     σ  VV  0    , and     σ  HV  0     backscattering coefficients belong to the second category of good separability. Overall, these results confirm the previously performed visual interpretation of the sea ice histograms (Figure 4).



For L-band SAR data (ALOS-2), Table 3 shows that the SPAN, H and α can provide discrimination capability between FYI and OI, but α is applicable only to the 5 April image. We note that only the SPAN is a consistent discrimination parameter between the two sea ice types for both C- and L-band. The exclusion of the α parameter due to the decrease in the K-S distance below 0.5 in the 28 April ALOS-2 image might be related to the smaller radar incidence angle of the 28 April image (31.1°) in comparison to 5 April image (36.6°). The radar incidence angle could also be responsible for the decrease in the K-S distance in the H parameter (from 0.6 to 0.53). As seen in Table 3, all the detected L-band polarimetric parameters with discrimination capability between FYI and OI belong to the category of some separability. Overall, the results for the SPAN and H parameters confirm the previously performed visual interpretation of the sea ice histograms (Figure 5).




4.3. Correlation Analysis


Based on the calculated Spearman correlation values, the polarimetric parameters are placed into groups of strongly correlated (R ≥ 0.9) and independent (less correlated with R < 0.9) parameters (Table 4).



As shown in Table 4, for the RADARSAT-2 data, the SPAN and     σ  VV  0     backscattering coefficient are strongly correlated (R = 0.9). Thus, one of the two polarimetric parameters can be selected to form a feature vector with the     σ  HH  0     and     σ  HV  0     backscattering coefficients (independent parameters). Herein, the SPAN is selected since it provides higher K-S distance (0.97) between FYI and OI (Table 3). For the ALOS-2 data, only the 5 April image contained strongly correlated parameters (Table 4), which are the H and α polarimetric parameters with R = 0.92. The H polarimetric parameter provides higher K-S distance (0.6) between FYI and OI and is selected to form a feature vector with the SPAN (independent parameter). Consequently, 5 April and 28 April images have identical feature vectors (Table 4).



It is important to mention that for the RADARSAT-2 data the Spearman correlation R between the SPAN and the     σ  HH  0     backscattering coefficient was found to be equal to 0.89. This correlation value is just below the selected threshold value (0.90) which was set to define whether two polarimetric parameters are strongly correlated. Thus, the feature vector for the case of C-band SAR data could be reduced to include only the SPAN and the     σ  HV  0     backscattering coefficient. Also, it should be noted that the feature vector for L-band data combines two types of information; the total backscattering power of the signal and the randomness of the backscattering process.




4.4. Classification and Validation


The extracted feature vectors of the three sets of polarimetric parameters are used for the classification of FYI and OI using the RF classification algorithm. Half of the collected FYI and OI samples were used to train the classification algorithm and the other half to validate the results. Figure 6a–c show the classification results with FYI in green and OI in brown overlaid on the 27 April ice chart with the predominant ice type color code. The validation of the classification results was performed using both the selected validation samples and the 27 April ice chart. The validation samples were used to estimate the accuracies of the classification results, shown in Table 5. As expected, high classification accuracy of FYI and OI is obtained by the C-band data, in comparison to the L-band (Table 5). This is because the C-band polarimetric parameters of the feature vector used in the RF classification showed higher discrimination capability between FYI and OI, compared to L-band (Table 3). An overall classification accuracy of 98.99% is achieved with Kappa coefficient equal to 0.977 for the RADARSAT-2 image. The overall accuracy drops down to 82.17% (Kappa = 0.636) and 81.85% (Kappa = 0.595) for the two L-band ALOS-2 images, respectively (Table 5).



For further validation of the results using the 27 April ice chart, we compared the classification results with the available chart (Figure 6a–c). It is shown in Figure 6a–c that where the ice chart indicates the predominance of FYI (green), the classifications on all three images show a higher detected concentration of FYI with very little OI. Furthermore, it is shown in Figure 6a that where the ice chart indicates a predominance of OI (brown), the classification of the RADARSAT-2 image shows a higher detected concentration of OI. Less OI was detected by the ALOS-2 classifications (Figure 6b,c).



Furthermore, the classifications in Figure 6a–c were separated into two sections (FYI and OI sections) corresponding to the FYI and OI polygons in the ice chart. Table 6 gives the concentrations, in tenths, of FYI and OI in the two sections and in the ice chart. The concentrations in each section were calculated with the ratio of pixels classified as FYI or OI over the total number of pixels within the section. In the FYI section (Figure 6a), the RADARSAT-2 classification results show similar results to the CIS ice chart (Table 6). As seen in Figure 6a, some linear features are detected as OI which are likely misclassified ridges between floes of FYI creating a strong backscatter signal. This result indicates that in areas of FYI predominance, the RADARSAT-2 classification have an error of less than 10%. The ALOS-2 images on the other hand (Figure 6b,c) show a lot more OI in the FYI section compared to the sea ice chart. With its higher penetration depth, the L-band signal detects more internal structures within the more malleable FYI [10]. In order to assess the potential error of OI detection in FYI areas, the previously trained RF classifiers which were used to classify the 5 April and 28 April ALOS-2 images were reapplied on the SPAN and H parameters of the ALOS-2 image over Hudson Bay (Figure 1) and results are shown in Figure 6d. As was shown in Figure 3c, the sea ice chart of this image valid on 20 April 2015 shows a predominance of thick FYI (green color), where no OI has ever been observed in this area. The classification accuracy of the Hudson Bay image calculated using selected validation samples (Figure 1) shows 2/10 of OI. This indicates a 20% error on the detection of FYI by the ALOS-2 classification. The results of Table 6 for the 5 April and 28 April ALOS-2 images are within that 20% margin of error when comparing to the RADARSAT-2 classification for the FYI section. This indicates a limitation of the L-band SAR that can misclassify regions of FYI as OI.



The classification of all three images within the OI section shows less OI than the ice chart. The RADARSAT-2 classification shows more OI than the two ALOS-2 classifications (Table 6). As mentioned previously, after 1 January of each year, the CIS ice charts do not differentiate MYI from SYI and group them into one ice type called OI. This is because it is very difficult to distinguish both ice types in RADARSAT-2 ScanSAR imagery (main source of data for charts creation). Looking at the ice chart of 29 December 2014 (last ice chart in 2014 shown in Figure 3b), it indicates that the OI region in our study area consisted of 5/10 of MYI, 4/10 of SYI and 1/10 of FYI. The fact that our RADARSAT-2 classification detects less than 9/10 of OI could indicate that some of the SYI present in the OI section is not classified as OI. Figure 6b,c show 4/10 of well-defined floes of ice detected as OI. The detected 4/10 of OI is very close to the 5/10 of MYI in the 29 December 2014 ice chart. Given the shape and the percentage of the detected ice floes within the OI section, these results suggest that, with its higher penetration depth, L-band SAR can help discriminate MYI from SYI within the OI detected by C-band SAR. This finding was further validated by expert analysis from CIS, where it was confirmed that the rounded ice floes visible in the ALOS-2 classifications are related to MYI floes. The classification of the MYI floes by the L-band as OI means that the ice classified as FYI within the OI section includes also the SYI. We further validate the findings of our study using the available ice thickness data over close-up samples of the 28 April ALOS-2 SPAN image, the RADARSAT-2 SPAN image, and the 28 April ALOS-2 classification, selected within the OI section (Figure 7). As we can see in Figure 7, the ALOS-2 sample images show well-defined rounded shape MYI ice floes of different sizes. Between these ice floes, we can easily recognize deformed ice regions. These regions should be SYI (might also include FYI) which were formed due to pressure from the MYI floes in the vicinity. These regions appear as bright regions because of the strong returned radar signal (due to the random backscattering). Also, small dark regions of smooth thick FYI are also visible in Figure 7. In the corresponding RADARSAT-2 image samples, the discrimination between the deformed SYI ice and the MYI floes is quite difficult. However, the smooth thick FYI regions can be easily seen (dark regions). Looking at the ice thickness data, we can see that the blue points (thickness H ≤ 2.0 m) are associated with the small thick FYI regions, while the well-defined rounded shape MYI foes get yellow thickness points, with thickness values between 2 m and 3 m. Few red points of thickness >3 m are also existed over these floes. The thickness range of 2 m to 3 m is not uncommon in this area of the CAA for MYI floes, given that the ice floes drifted from the north to warmer waters in the far south [31]. Also, these specific ice floes have survived two melt seasons, as reported in [31]. As shown in Figure 7, the deformed SYI regions between the MYI floes (bright regions in ALOS-2 samples) get a mixture of yellow and red ice thickness points, indicating a wide variety of thickness values. In Figure 7, we also show the ice thickness data over the obtained classification results of the two 28 April ALOS-2 image samples. Herein, we see the detected MYI floes with thickness values between 2 m to 3 m (yellow points). Also, these classification samples show that the green ice class corresponds to the SYI and FYI, which is confirmed from the existence of blue ice thickness points (smooth thick FYI) and yellow and red ice thickness points (deformed SYI) over the green class. All the aforementioned analysis of the thickness data was also confirmed by a CIS expert sea ice analyst.



From the aforementioned results, we note that the large difference in radar incidence angle between the 28 April ALOS-2 image and the RADARSAT-2 image (~10°) had no major effect on the results. This is because the results we obtained with the 5 April ALOS-2 image are similar to those which we obtained using the 28 April ALOS-2 image (only minor differences in e.g., classification accuracies in Table 5) and the difference in radar incidence angle between the 5 April ALOS-2 image and the RADARSAT-2 image is fairly small (~4°).





5. Conclusions


The potential of L-band SAR for sea ice type classification in dry ice winter conditions was investigated in this study. A set of polarimetric parameters were derived and evaluated to discriminate between FYI and OI, where the latter was a mixture of MYI and SYI. The discrimination capability of L-band SAR in each polarimetric parameter was compared with C-band SAR using collocated C-band SAR data. Between C- and L-band SAR, only the SPAN parameter was found consistent in the discrimination between FYI and OI. However, the SPAN showed some separability between FYI and OI for L-band SAR, though it was of very good separability for C-band data. In addition to the SPAN, the H parameter showed also some separability between FYI and OI but failed to provide any discrimination capability between the two sea ice types in the case of C-band. The α parameter was able to provide some separability between FYI and OI in the 5 April ALOS-2 image. However, the steeper incidence angle for the 28 April ALOS-2 image has likely reduced the discrimination capability leading to a K-S distance below the threshold value of 0.5. Information redundancy analysis through the estimation of correlation between identified polarimetric parameters with discrimination capability between FYI and OI was conducted for both C- and L-band SAR. The information redundancy analysis leaded to the extraction of feature vectors. The extracted feature vectors of the two ALOS-2 images were identical, containing the SPAN and the H parameters. The SPAN parameter was also one of the parameters of the extracted feature vector for C-band, in addition to the     σ  HH  0     and     σ  HV  0     backscattering coefficients. The extracted feature vectors were then used for the classification of sea ice and the accuracy of L-band SAR was found lower than that of C-band. However, results indicated that for L-band, well defined ice floes with rounded shape associated with the MYI within the OI region were detected. Identifying MYI from SYI has traditionally been extremely difficult from C-band SAR late in the consolidation season. Therefore, this could indicate a new potential application of L-band SAR to detect MYI floes within a mixture of MYI and SYI in dry ice winter conditions. It is important to mention that in the case of L-band, our study suggests that SYI was misclassified as FYI. Thus, improved ice classification results are likely possible with combined C- and L-band SAR imagery. The results of this study will be further validated using additional collocated C- and L-band SAR data at various radar incidence angles and under different weather and ice conditions. This will be the subject of our future work, though the acquisition of coincident RADARSAT-2 and ALOS-2 data over the Canadian Arctic is a challenge.
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Figure 1. Location of the study area (red square) in the Canadian Arctic Archipelago (CAA). Also shown are the total backscattering power (SPAN) of the RADARSAT-2 image and the two Advanced Land Observing Satellite-2 (ALOS-2) images with the ice thickness survey flight track and the selected First Year Ice (FYI) (green) and Old Ice (OI) (brown) samples. SPAN of ALOS-2 image over Hudson Bay is shown with the location (magenta square) and the selected FYI samples. 
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Figure 2. Daily mean temperature for April 2015 recorded at the Gjoa Haven weather station. 
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Figure 3. Ice charts of the CAA with egg-codes on (a) 27 April 2015 and (b) 29 December 2014. (c) Ice chart of Hudson Bay on 20 April 2015. Charts are according to the World Meteorology Organization (WMO) colors for sea ice stage of development. 
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Figure 4. Histograms of polarimetric SAR parameters for the case of RADARSAT-2 data. Solid line refers to FYI and dashed line refers to OI. 
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Figure 5. Histograms of polarimetric SAR parameters for the case of ALOS-2 data. Solid line refers to FYI and dashed line refers to OI. Black lines refer to the image acquired on 5 April 2015, while gray lines refer to the image acquired on 28 April 2015. 
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Figure 6. Overlay of the classification results of (a) RADARSAT-2 image, (b) 5 April ALOS-2 image and (c) 28 April ALOS-2 image over the sea ice chart valid for 27 April 2015. (d) Overlay of the classification results of Hudson Bay ALOS-2 image over the sea ice chart valid for 20 April 2015. Charts are according to the predominant ice type WMO color code. 
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Figure 7. Ice thickness data overlaid on close-up samples of the 28 April ALOS-2 SPAN image, the RADARSAT-2 SPAN image, and the 28 April ALOS-2 image classification results. 
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Table 1. Summary of Synthetic Aperture Radar (SAR) image acquisitions.
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	Image
	Acquisition Date and Time
	Location
	Orbit Direction
	Incidence Angle
	Pixel Spacing (rng × az)
	Swath





	RADARSAT-2 Fine Quad-Pol
	23 April 2015 13:08:56 UTC
	Victoria Strait
	Descending
	40.9°
	4.7 m × 5.1 m
	27.3 km



	ALOS-2 PALSAR-2
	5 April 2015 05:51:34 UTC
	Victoria Strait
	Ascending
	36.6°
	2.9 m × 2.8 m
	41.5 km



	ALOS-2 PALSAR-2
	28 April 2015 05:44:36 UTC
	Victoria Strait
	Ascending
	31.1°
	2.9 m × 3.1 m
	41.5 km



	ALOS-2 PALSAR-2
	22 April 2015 05:14:04 UTC
	Hudson Bay
	Ascending
	33.9°
	2.9 m × 3.2 m
	41.5 km
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Table 2. Polarimetric parameters used in this study.
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	Short Form
	Description





	    σ  HH  0    ,     σ  VV  0    ,     σ  HV  0    
	Sigma naught backscattering coefficients—linear horizontal or vertical transmit and horizontal or vertical receive polarization



	SPAN
	Total backscattering power, which is equal to the sum of the diagonal elements of the polarimetric coherency matrix (T11 + T22 + T33)



	    σ  VV  0  /  σ  HH  0    ,     σ  HV  0  /  σ  HH  0    ,     σ  VH  0  /  σ  VV  0    
	Co- and cross-polarized ratios



	    ρ  HHVV     
	HH VV correlation coefficient [32]



	H
	Entropy [32]



	A
	Anisotropy [32]



	α
	Mean alpha angle [32]



	    δ  HHVV     
	HH VV phase difference [32]
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Table 3. K-S distance between FYI and OI. Green cells refer to parameters with very good separability, yellow cells refer to parameters with good separability, and cyan cells refer to parameters with some separability.
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	Polarimetric Parameters
	RADARSAT-2 θ = 40.9°
	ALOS-2 (5 April Image) θ = 36.6°
	ALOS-2 (28 April Image) θ = 31.1°





	    σ  HH  0    
	0.80
	0.33
	0.36



	    σ  HV  0    
	0.79
	0.04
	0.11



	    σ  VV  0    
	0.83
	0.40
	0.37



	SPAN
	0.97
	0.55
	0.55



	    σ  VV  0  /  σ  HH  0    
	0.11
	0.15
	0.06



	    σ  HV  0  /  σ  HH  0    
	0.11
	0.24
	0.25



	    σ  VH  0  /  σ  VV  0    
	0.18
	0.33
	0.24



	    ρ  HHVV     
	0.09
	0.03
	0.05



	H
	0.02
	0.60
	0.53



	A
	0.11
	0.04
	0.07



	α
	0.02
	0.54
	0.43



	    δ  HHVV     
	0.01
	0.11
	0.09
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Table 4. Grouping of strongly correlated and independent polarimetric parameters.
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RADARSAT-2

	
ALOS-2 (5 April Image)

	
ALOS-2 (28 April Image)






	
Strongly correlated Parameters

	
Independent Parameters

	
Strongly correlated Parameters

	
Independent Parameters

	
Independent Parameters




	
SPAN     σ  VV  0    

	
    σ  HH  0        σ  HV  0    

	
H α

	
SPAN

	
SPAN H
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Table 5. Validation of the FYI and OI classification results for different SAR bands.
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RADARSAT-2 (%)

	
ALOS-2 (5 April Image) (%)

	
ALOS-2 (28 April Image) (%)




	
OI

	
FYI

	
OI

	
FYI

	
OI

	
FYI






	
OI

	
99.30

	
1.64

	
93.29

	
23.41

	
90.80

	
33.47




	
FYI

	
0.70

	
98.36

	
6.71

	
76.59

	
9.20

	
66.53




	
Overall accuracy

	
98.99

	
82.17

	
81.85




	
Kappa coefficient

	
0.977

	
0.636

	
0.595
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Table 6. Sea ice concentrations in the FYI and OI sections and ice chart shown in Figure 6a–c.
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FYI Section

	
OI Section




	
OI (in Tenths)

	
FYI (in Tenths)

	
OI (in Tenths)

	
FYI (in Tenths)






	
Sea Ice Chart

	
<1

	
9–10

	
9

	
1




	
RADARSAT-2 (Figure 6a)

	
1

	
9

	
7

	
3




	
ALOS-2 (Figure 6b)

	
3

	
7

	
4

	
6




	
ALOS-2 (Figure 6c)

	
3

	
7

	
4

	
6
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