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Abstract

:

This work discusses the accuracy of C-2PO (C-band cross-polarized ocean backscatter) and CMOD4 (C-band model) geophysical model functions (GMF) for sea surface wind speed retrieval from satellite-born Synthetic Aperture Radar (SAR) images over in the Northwest Pacific off the coast of China. In situ observations are used for comparison of the retrieved wind speed using two established wind retrieval models: C-2PO model and CMOD4 GMF. Using 439 samples from 92 RADARSAT-2 fine quad-polarization SAR images and corresponding reference winds, we created two subset wind speed databases: the training and testing subsets. From the training data subset, we retrieve ocean surface wind speeds (OSWSs) from different models at each polarization and compare with reference wind speeds. The RMSEs of SAR-retrieved wind speeds are: 2.5 m/s: 2.11 m/s (VH-polarized), 2.13 m/s (HV-polarized), 1.86 m/s (VV-polarized) and 2.26 m/s (HH-polarized) and the correlation coefficients are 0.86 (VH-polarized), 0.85(HV-polarized), 0.87(VV-polarized) and 0.83 (HH-polarized), which are statistically significant at the 99.9% significance level. Moreover, we found that OSWSs retrieved using C-2PO model at VH-polarized are most suitable for moderate-to-high winds while CMOD4 GMF at VV-polarized tend to be best for low-to-moderate winds. A hybrid wind retrieval model is put forward composed of the two models, C-2PO and CMOD4 and sets of SAR test data are used in order to establish an appropriate wind speed threshold, to differentiate the wind speed range appropriate for one model from that of the other. The results show that the OSWSs retrieved using our hybrid method has RMSE of 1.66 m/s and the correlation coefficient are 0.9, thereby significantly outperforming both the C-2PO and CMOD4 models.
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1. Introduction


Ocean surface wind speed (OSWS) plays a significant role in the global climate, directly influencing energy transport between ocean basins, ocean water mass formations and circulation. As a result, observations and monitoring of OSWS can improve our understanding of the physical mechanisms of oceanic-atmospheric interactions, hurricane and severe storm predictions and decision making and numerical weather predication (NWP) and marine forecasts [1].



In recent decades, with the development of satellite remote sensing, the reliability of OSWS retrieved from various satellite sensors has matured and improved. Among various satellites, the microwave scatterometers (SCAT) play a vital role in getting coverage over the entire global ocean. However, a major drawback for SCAT-derived wind speeds is the coarse resolution of the data (12.5–50 km), which limits our ability to get a better understanding of the coastal oceans and to study related processes in the lower atmospheric and oceanic boundary layers, such as surface currents, waves, winds and their interactions [2]. Spaceborne synthetic aperture radar (SAR) can mitigate this difficulty, because of its ability to retrieve OSWSs, day or night, in almost all-weather conditions, at high spatial resolution and large areal coverage [3]. At this time, the retrieval of OSWS at high (<1 km) resolution from quad-polarized spaceborne SAR images is a mature geophysical application. Many efforts have been devoted to developing optimal reliable methodologies to elucidate the geophysical relationship between the normalized radar cross section (NRCS) and OSWS and to apply this relationship to accurately compute wind speeds [4,5,6,7,8].



OSWS retrieved from co-polarized (HH-and VV-polarized; horizontal transmit, horizontal receive and vertical transmit, vertical receive, respectively) SAR data are normally computed employing various empirical geophysical model functions (GMFs). For VV polarized SAR data, these GMFs were initial developed from C-band scatterometer measurements. They are routinely called CMOD (C-band model) GMFs and they relate the wind speeds and directions to the local incidence angle and NRCS. Using radar incidence angle and wind direction, along with the NRCS at each pixel in the VV-polarized channel from C-band SAR, the associated OSWS can be retrieved from various CMOD GMFs, such as CMOD4 [9], CMOD-IFR2 [10], CMOD5 [11] and CMOD5.N [12]. Recently, the latest CMOD GMF, called CMOD7, was developed in several steps from CMOD5.N for application to intercalibrate ERS (ESCAT) and ASCAT scatterometers [13]. Although CMOD GMFs for VV-polarized have been widely used, based on a large number of SAR data, however, no similarly well-developed GMF exists for HH-polarized SAR imagery. To remedy this difficulty, hybrid model functions, called the polarization ratios (PRs), were proposed to map the expected NRCS at VV-polarized mode to the HH-polarized value for the same wind direction and speed. When these CMOD GMFs, as mentioned above, are applied to HH-polarized SAR images, various PR models have to be used to convert HH-NRCS to VV-NRCS before application for wind retrieval [14,15,16,17,18].



In conclusion, OSWSs retrieved at co-polarized channel are a mature technical achievement that has been widely validated in different SAR systems. However, the NRCS value for co-polarized SAR imagery exhibits data saturation when wind speeds exceed about 16 m/s for local incidence angle under 35° [19]. Moreover, available experimental and theoretical evidence suggest that dampening or single saturation of co-polarized channel radar backscatter occurs across a wide range of wind speeds and radar frequencies [20,21]. In recent years, C-band cross-polarized (HV-and VV-polarized, horizontal transmit, vertical receive and vertical transmit, horizontal receive, respectively) ocean backscatter has been shown to be almost independent of incidence angle and wind direction and to be quite linear with respect to the OSWS. This unique sensitivity for cross-polarized data is mainly attributed to the contribution of breaking waves [22]. The relationship between the cross-polarized NRCS and OSWS can directly provide wind speeds from SAR images, without the requirement of wind direction or incidence angles. Some cross-polarized OSWS retrieval models have been developed based on this relationship [23,24]. And more critically, the measured NRCS values for cross-polarized SAR seem to be almost not saturated, even at very high speeds (up to 50 m/s), which indicates that they can potentially be used to retrieve hurricane-generated winds [25,26,27,28].



Based on the above developments, it is apparent that OSWSs can be retrieved from cross- and co-polarized SAR data using these established methods. The differing sensitivity between contemporaneous cross and co-polarized SAR signals can be advantageously exploited to infer local information about the wind fields. However, each model has its own wind speed application range; for example, cross-polarized NRCS does not suffer from saturation effects at high wind speeds, which are evident in the co-polarized NRCS. Moreover, retrieved OSWSs from cross-polarized SAR data have better accuracy than winds retrieved from co-polarized NRCS at high wind speed regimes, especially at wind speeds above 20 m/s [27,28]. La et al. [29] compare different retrieval models for OSWS based on empirical (EP) and theoretical electromagnetic (EM) approaches. They show that OSWS estimates from CMOD5.N GMF and two-scale EM models (small-slope and resonant curvature approximation) are very close, for low and moderate incidence angles, whereas retrieved OSWS from EM models give overestimates for high wind speeds. Our objective in this paper is to validate and elucidate the advantages and disadvantages of retrieval models for the cross- and co-polarized data and their respective wind speed ranges for reliable applications. Based on our results, we attempt to propose a new hybrid OSWS retrieval model, which can more accurately retrieve wind speed data from C-band RS-2 quad-polarized SAR data. Two C-band OSWS retrieval GMFs, namely C-2PO and CMOD4 and the SAR data are introduced at Section 2. Section 3 introduces the OSWS retrieval results for quad-polarized RS-2 images. Discussion is given in Section 4 and conclusions, in Section 5.




2. Materials and Methods


2.1. RADARSAT-2 Quad-Polarized SAR Images


In this study, in order to retrieve OSWS from cross- and co-polarized SAR images, 92 RS-2 fine quad-polarized model single-look complex (SLC) SAR images were used. The area covered by the selected SAR images includes Chinese waters: the Yellow Sea, the East China Sea and the South China Sea, covering the area from 14°N to 38°N and 110°E to 130°E between February 2011 and December 2015. The RS-2 satellite transit times for our research area are about 10:00 (Ascending) and 22:00 (Descending) Coordinate Universal Time (UTC). The range of local radar angles is between 20°and 49° and the nominal incidence angles vary by about 1.5° across a swath of 25 km. RS-2 fine quad-polarized model SLC data have the capability to provide C-band VV, HH, HV and HV polarized images with a low noise floor. In addition, inter-channel cross talk is corrected in the processor to better than −35 dB, which is appropriate for cross-polarized backscatter measurements, without contamination from the co-polarized (HH- and VV-polarized) data.



For each individual SAR image with a specific beam mode, the spatial resolution (pixel spacing) in range and azimuth is about 5 m. Direct calculation of OSWS from the original scene can result in noisy patterns due to the presence of speckle noise in the raw SAR image. Therefore, the raw RS-2 SAR data is preprocessed in order to obtain the orthorectified NRCS images at each polarization. Firstly, the OSWS can only be retrieved from SAR images that are independent of ocean surface features that are not due to the local wind. In order to exclude SAR scenes that contain features not associated with the local wind, a filter is applied in this study. The filter is used to distinguish between inhomogeneous and homogeneous SAR images and, additionally, to retrieve ocean waves and wind speeds [30,31]. In the next step, the calibrated 5-m spatial resolution image is degraded to 100-m resolution image. To achieve this, we perform 20 × 20 pixel boxcar averaging of the NRCS in each polarization, so that the reconstructed pixel spacing is 100 m. Finally, the radiometric correction method is used to transform NRCS values from intensity units to decibel units. The conversion formula is expressed as follows:


   σ 0     (  dB  )  = 10 ·   log   10    σ 0   (  no   units  )     



(1)




where    σ 0      is   the NRCS value in decibels (dB).




2.2. ECMWF ERA-Interim Reanalysis Winds


Carvalho et al. [32] evaluated the performance of different reanalysis wind datasets and found that ERA-Interim reanalysis provides the most realistic initial and boundary data for oceanographic applications, therefore allowing the possibly for development of reliable retrieval models of OSWS from spaceborne SAR data. Therefore, we select ERA-Interim wind field data as the reference wind data for this study.



The ERA-Interim global atmospheric reanalysis daily wind speed of components U (east-west direction) and V (south-north direction) at 10-m height with a high spatial resolution (up to   0.125 °  ) at 6-h intervals are provided by the European Center for Medium Range Weather Forecasts (ECMWF) [33]. These data are available for the period from 1979 to the present. Figure 1 shows the wind speed in the study areas in this paper. In order to validate the wind retrievals from SAR images with collocated in situ measurements, ERA-Interim wind speeds were taken as reference values. However, the swaths of RS-2 SAR scenes are about 25 km, which means that there are about 5–6 ERA-Interim grid cells in each SAR image. In our study, the acquisition time for RS-2 SAR images is 1~2 h earlier than the ERA-Interim data. For a viable comparison, the ERA-Interim wind grid cells at 12:00:00 and 24:00:00 UTC are interpolated to generate the wind vectors at the RS-2 acquisition time [34]. In addition, conventional co-polarized CMOD GMFs have two unknown parameters, that is, wind direction and speed which must be provided by external sources, prior to wind speed retrieval. Therefore, auxiliary data for wind directions are necessary as inputs to these GMFs because wind directions are difficult to directly measure from SAR images.




2.3. Creation of Wind Speed Databases


A general flowchart (Figure 2) for the establishment of the wind speed database for the developing wind speed retrieval method is described in this section. Firstly, all available quad-polarized RS-2 SAR images are preprocessed. Subsequently, we identify all existing ERA-Interim grid cells that are located inside the corresponding SAR scenes. In our study, the ERA-Interim wind field data are available at   0.125 °  -resolution grids whereas our RS-2 imagery has a higher spatial resolution: 5.4 m in the range direction and 8.0 m in the azimuth direction. The swath widths of RS-2 SAR scenes are about 25 km, which means that the number of ERA-Interim grid cells inside one SAR scene varies from 5 to 6. Thus, 439 samples are extracted from 92 SAR images. As the resolution of the ERA-Interim wind data is 0.125°, there are about one hundred pixels between the adjacent SAR measurements we selected. These selected measurements can be treated as essentially independent. It is notable that the locations (latitude and longitude) of ERA-Interim grid cells and SAR pixels are misalignment in most cases. To obtain the radar incidence angles, NRCS at each polarization and other parameters, we use the bilinear interpolation method rather than other downscaling approaches such as the nearest grid-points [35].



Finally, we created two subset wind speed databases: the training subset and the testing subset. Each subset contains SAR parameters (including NRCS at each polarization, radar incidence angles and external wind directions) and ERA-Interim wind speeds at the same location. The training subset contains 285 samples that are used for training different OSWS retrieval models at each polarization. Based on the analyzed retrieval results, we build a hybrid wind speed retrieval method and employ the testing subset (154 samples) to validate these algorithms.




2.4. Quad-Polarized SAR Wind Speed Retrieval Algorithm


For the instruments operating at C-band and VV-polarized channel, several empirical GMFs, for example, CMOD4, CMOD-IFR2, CMOD5 and CMOD5.N have been developed and validated through a series of satellite scatterometer missions. Figure 3a shows the variations of SAR-simulated VV-polarized NRCSs from CMOD GMFs with wind speed at a local radar incidence angle of 30°, with relative wind direction of 180°. Clearly, all CMOD functions produce very similar results for wind speeds below 20 m/s. In fact, C-band VV-polarized OSWS retrieval will always become saturated under high wind conditions. Han et al. [36] retrieved OSWS based on CMOD4, CMOD-IFR2 and CMOD5 using RS-2 SAR images of the East China Sea and the results suggested that CMOD4 is the most promising GMF of these formulations.



In this study, we selected CMOD4 GMF as the VV-polarized wind speed retrieve algorithm and the general form is expressed as follows:


     σ  VV  0   (  θ ,  U  10   , ϕ  )  =  A 0   (  θ ,  U  10    )     [  1 +  A 1   (  θ ,  U  10    )  cos ϕ +  A 2   (  θ ,  U  10    )  cos 2 ϕ  ]    1.6      



(2)







Here,    σ  VV  0    is the VV-polarized NRCS,  ϕ  is the external wind direction ψ relative radar look angle. The other parameters      A  0   ,    A 1    and    A 2    are coefficients which are dependent on the local radar incidence angle  θ . and OSWS at 10-m reference height    U  10    . Moreover, the external wind direction, defined as ψ, should be obtained from ERA-Interim data, whereas the local incidence angle  θ  and the NRCS can be directly computed from the corresponding RS-2 SAR image.



To date, although many CMOD GMFs have been presented for VV-polarized data, no similar well-developed, verified OSWS retrieval models exist to extract wind speed from HH-polarized SAR images. To overcome this deficiency, the empirical PR models, which are related to local radar incidence angles, were developed for application in retrieving OSWS using the HH-polarized SAR channel. Following the usual notation, we define PR as


    PR =    σ 0  VV      σ 0  HH        



(3)




where    σ 0  VV     and    σ 0  HH     are the NRCSs of VV and HH polarizations, respectively. Various PR models have been proposed as functions of incidence angles and several PR models are compared in the Figure 3. Recently, using a nonlinear least squares algorithm to fit the collocated 877 RS-2 fine quad-polarization PR and incidence angles, a new C-band PR incidence angle dependent model was proposed by Zhang et al. [20], given as


    PR =  B 1  exp  (   B 2  θ  )  +  B 3     



(4)




where    B 1  = 0.2828  ,    B 2  = 0.0451  ,    B 3  = 0.2891   and R represent the polarization ration value, respectively. In our study, we have selected Zhang’s PR model to retrieve OSWS from HH-polarized data, because this PR model is based on RS-2 fine quad-polarization data which is the same as the data used in this study. Moreover, for convenience, the OSWS retrieved from CMOD4 GMF using VV-polarized data is denoted CMOD4+VV and the alternative, using converted HH-polarized data by the PR model, is denoted CMOD4+HH+PR.



Generally speaking, co-polarized scattering is the result of ocean surface scattering, whereas cross-polarized scattering results from sea surface tilts or by volume scattering; thus, cross-polarized scattering is less correlated than co-polarized scattering data. Studies show that the NRCS in cross-polarized mode is essentially independent of radar incidence angle and wind direction but has a linear relationship with respect to OSWS and thus generates a new potential capability to monitor marine wind speed [24]. Using RS-2 fine quad-polarized mode SAR images and collocated buoy data, via a nonlinear least squares method, two C-band cross-polarized ocean backscatter models (C-2PO) relating to the equivalent neutral OSWS at 10 m height were presented by Vachon et al. [23] and Zhang et al. [24], although only the latter specifically denote their model by the acronym, ‘C-2PO.’ These two C-2PO models are as follows:


   σ 0   (  c r o s s − p o l  )  = 0.580  u  10   − 35.652      ( Zhang _ model )  



(5)






   σ 0   (  c r o s s − p o l  )  = 0.595  u  10   − 35.60     ( Vachon _ model )  



(6)




where    σ 0  , c r o s s − p o l   is the HV- or VH-polarized NRCS and    u  10     is OSWS at the 10-m height. Figure 4b shows the NRCSs simulated by both the Zhang_model and the Vachon_model, with OSWS. It can be noticed that the NRCSs increase with increasing OSWS and there is little difference between these two models. Here, we select Zhang’s C-2PO model as the cross-polarized OSWS retrieval algorithm in this study. In addition, for the sake of consistency and convenience, the C-2PO model at VH-polarization is denoted VH-C2PO and the other, at HV-polarization is denoted HV-C2PO.





3. Results


3.1. OSWS Retrieval Case


In the following discussion, we apply the above-mentioned quad-polarized SAR OSWS retrieval algorithm to one case and we describe the calculation process in detail. This case is a RS-2 fine quad-polarized SLC SAR image acquired on 27 August 2012, at 10:25:24 UTC. First, we reconstruct the spatial resolution at 100 m and extract the corresponding NRCS and incidence angle from each pixel at each polarization. Next, we compute how many ERA-Interim grid cells fall within the SAR scene and then we interpolate the NRCSs and incidence angles at the coordinates for each grid cell. With this calculation, the example shown in Figure 5 has 5 grid cells, indicated by numbers S1 to S5, which fall within this SAR scene. For the cross-polarized channel, the procedure to retrieve OSWSs from the C-2PO models is relatively simple because they are only related to VH- and HV-polarized NRCS values. Figure 5 shows the SAR-retrieved wind speeds from VH- and HV-polarized image, and the corresponding NRCS distribution, on a 100-m resolution scale, without need for radar incidence angle or any external wind-direction inputs. Wind speed retrieval results can be seen in Table 1.



For co-polarized data, we first extract the external wind directions from ERA-Interim reanalysis data on 27 August 2012, at 10:00:00 UTC. Specifically, the NRCS values of the HH-polarized data need to be converted by the PR model before being input to the CMOD4 GMF. In this case, the radar incidence angles are in the range from 41.04° to 42.42° and thus, the PR value can be directly computed from Equation (4) at coordinates S1 to S5. Figure 6 shows the SAR-retrieved wind speeds from VV- and HH-polarized image, and the corresponding NRCS distribution. Based on the above parameters, wind speeds in the VV- and HH-polarized data can be calculated from CMOD4 and the results can be seen in Table 1.




3.2. OSWS Retrieval Using Training Database


The comparison results for OSWS are computed for each ERA-Interim grid cell at each polarization using the training database. The overall training data are included in Figure 7, which compares the results between SAR-retrieved winds and in situ ERA-Interim winds. As can be seen, winds from all of the OSWS retrieval models exhibit a good agreement with ERA-Interim reanalysis winds at both validations sites. The RMSEs of SAR-retrieved wind speeds are all below 2.5 m/s: 2.11 m/s (VH-polarized), 2.13 m/s (HV-polarized), 1.86 m/s (VV-polarized) and 2.26 m/s (HH-polarized) and the correlation coefficients are 0.86 (VH-polarized), 0.85 (HV-polarized), 0.87 (VV-polarized) and 0.83 (HH-polarized) which are statistically significant at the 99.9% significance level, respectively. For VH- and HV-C2PO retrieval results (Figure 7a,b), the scatter plot and RMSE results are quite similar because the NRCS values in these two polarizations are quite similar. In fact, because of the monostatic property of the RADARSAT-2 SAR and the reciprocity theorem, the VH-polarized component is equal to the HV-polarized component of the Polarimetric Scattering Matrix (PSM), specifically   SVH = SHV  . Moreover, the NRCSs in the C-2PO model are calculated from the dual-channel intensity information of the cross-polarized SAR images and thus,     NRCS   VH   =   NRCS   HV    . This also means that the wind speed retrieval results from the C-2PO model for VH- and HV-polarized modes are consistent. Therefore, in the next section, we only focus on VH-polarized OSWS retrieval in cross-polarized SAR data.



In terms of OSWS retrieval from co-polarized SAR data, the VV-polarized retrieved wind speed significantly outperforms the HH-retrieved winds, as the former produces a smaller RMSE value of 1.86 m/s and correlation coefficient of 0.87 m/s, which is statistically significant at the 99.9% significance level. In addition, the RMSE value of the HH-retrieved wind speed is much larger than that reported in previous studies [20]. This fact indicates that the SAR OSWSs retrieved at these locations in the Northwest Pacific are slightly inaccurate. The most important factor in this process is the PR model. Theoretically, the most accurate PR model is that which can convert   N R C  S  H H     values to exact   N R C  S  V V     values. The empirical PR model that we selected in this study is empirically fit to 877 RS-2 observed PR values and incidence angles off the East and West Coasts of USA and the Gulf of Mexico, while the study area in this work is the Northwest Pacific near China. Another factor to consider is that the reference wind speed data in previous studies [20] are from National Data Buoy Center (NDBC) buoys whereas our reference wind speeds are from ERA-Interim reanalysis wind data. To sum up, for co-polarized channel, whether VV-polarized or HH-polarized, both can use CMOD4 GMF to calculate OSWS from the SAR images. Therefore, in order to obtain better accuracy for OSWS retrieval results, for co-polarized SAR data, we recommend retrieving OSWS using VV-polarized data. Additional discussion is given in the next section.




3.3. Different between C-2PO and CMOD4 GMF OSWS Retrievals


In previous studies, Vachon et al. [23] used ‘their C-2PO model’ to compute OSWSs using the VH- and HV-polarized channels to achieve a good agreement with wind data from NDBC buoys. However, these good results benefit from relatively high wind speed observations, to a certain degree. Similarly, Zhang et al. [24] retrieved OSWS from their C-2PO function and then compared their results with NDBC buoy measurements. The retrieved wind speeds have essentially no bias (0.04 m/s) with an RMSE of 1.39 m/s. Nevertheless, the OSWS values less than about 6 m/s are excluded in this retrieval experiment. Thus, the C-2PO model using cross-polarized data seems to be not suitable for low wind speeds but performs relatively well at moderate-to-high wind speeds. Thus far in this study, we have assumed that 8 m/s is the wind speeds threshold according to the training dataset. Based on this assumption, we retrieved OSWSs from C-2PO model for OSWSs greater than 8 m/s; and from CMOD4 GMF for OSWSs less than or equal to 8 m/s. Results show that the RMSEs of the SAR-retrieved OSWSs are 2.53 m/s in the former case using VH-C2PO and 1.61 m/s in the latter case using CMOD4-VV, when winds are less than or equal to 8 m/s. Similarly, the RMSEs of the SAR-retrieved OSWSs are 1.86 m/s (VH-C2PO) in the former case and 2.31 m/s (CMOD4+VV) in the latter case, when winds are less than or equal 8 m/s.





4. Discussion


4.1. A Hybrid OSWS Retrieval Algorithm Using Quad-Polarized RS-2 SAR Data


4.1.1. Methodology for Precise OSWS Threshold Based on the Training Dataset


The preliminary, estimated OSWS threshold (8 m/s) in the above discussion was selected as an empirical or test value. However, to better understand the appropriate scope of applications for C-2PO and CMOD4 GMF, an accurate OSWS threshold value is essential. In the next section, we put forward a method to find the best threshold, from the perspective of a quantitative analysis of the training dataset. The procedure is as follows:




	(1)

	
Create three one-dimensional arrays of wind speeds (OSWS): ERA-Interim, retrieved from C-2PO and retrieved from CMOD4. These three arrays have the same number of elements and one-to-one correspondence to the ERA-Interim OSWS.




	(2)

	
Calculate the maximum, minimum and length of the ERA-Interim array and denote as max_ERA, min_ERA and n, respectively;




	(3)

	
Set up OSWS threshold array from min_ERA to max_ERA in steps of 0.05 and with m as the length of these arrays.




	(4)

	
Design a double loop program. The outer loop variable is j from 1 to m and the inner loop variable is i from 1 to n;




	(5)

	
In the outer loop, the OSWS threshold value ranges from min_ERA to max_ERA in steps of 0.05 m/s. In the inner loop, we compute a new one-dimensional array when the threshold is a constant, called the hybrid OSWS array, depending on the follow rule: we select CMOD4 retrieved OSWS when ERA-Interim OSWS less than or equal to the reference OSWS; otherwise, we select the C-2PO retrieved OSWS, when ERA-Interim OSWS greater than the reference array; then, compute RMSEs between ERA-Interim OSWS and the hybrid OSWS array.




	(6)

	
Find the position of the minimum RMSE value. The reference array element corresponding to this position is the best threshold value. Figure 8 shows a sketch of this method.









Next, we calculate the most appropriate OSWS threshold value using the above method, based on our training dataset. Figure 9 shows the variation in RMSE between the ERA-Interim OSWS array and the hybrid OSWS array. In addition, when the loop variable is equal to 1, the hybrid OSWS array is the C2PO-retrieved OSWS array with RMSE of 2.07 m/s. Similarly, when the loop variable is equal to 285, the hybrid array is the CMOD4-retrieved OSWS array with RMSE of 1.86 m/s. These results are in complete conformity to Figure 7a,c. Finally, from Figure 9, we can estimate that the RMSE reaches a minimum of 1.59 m/s when the loop variable equals 156. The corresponding wind speed element is 9.4 m/s. Therefore, the most appropriate OSWS threshold value is 9.4 m/s based on our training dataset.




4.1.2. Establishment and Validation of the Hybrid OSWS Retrieval Model


According to the analysis presented previously, we computed the most appropriate OSWS threshold (9.4 m/s) based on our training dataset. It is important to note that the C-2PO model provides a relationship between the VH-polarized NRCS and OSWS which can be simplified as an empirical linear equation. Thus, we can use the     NRCS   vh     values as a discriminant, meaning that when the OSWS is less than or equal to 9.4 m/s (corresponding     NRCS   vh     is −30.2 dB), we select CMOD4+VV as our OSWSs retrieval model. By contrast, when the wind speeds are higher than 9.4 m/s, we use VH-C2PO as our OSWSs retrieval algorithm. Figure 10 shows the flowchart for the new hybrid wind speed retrieval method.



In the next test, we first use VH-C2PO and CMOD4+VV models to retrieve OSWSs based on our empirical test database. The results are shown in Figure 11. Subsequently, the wind speeds retrieved from our hybrid model using the same data are shown in Figure 12. The RMSEs of the SAR-retrieved wind speeds are 1.92 m/s (VH-C2PO), 1.80 m/s (CMOD4+VV) and 1.66 m/s (Hybrid model), respectively. Clearly, our hybrid OSWS model has the smallest RMSE and thus it can be considered to be most suitable for wind speed retrievals at winds within the range from 1 to 16 m/s.





4.2. Error Analysis of OSWS Retrieved Using C-2PO Model at Low-to-Moderate Winds


For low-to-moderate winds, OSWSs retrieved from the C-2PO model for VH- and HV-polarized data have a relatively large RMSE which indicates that this model has a relatively poor retrieval performance. However, SAR systems are quite complicated and thus the OSWS retrievals from SAR images can depend on a number of factors. In this section, on the basis of the underlying mechanisms for the SAR imagery, we propose three possible reasons to explain why the C-2PO model based on cross-polarized data might have a poor performance for the retrieval of low-to-moderate winds.



4.2.1. Effect of Modeling the Data from C-2PO


Based on 546 RS-2 fine quad-polarized mode SAR images and in situ weather buoys maintained by Environment Climate Change Canada (ECCC) and Fisheries and Oceans Canada (DFO) off the east and west coasts of Canada, Vachon and Wolf [23] first proposed a new C-band cross-polarized empirical model. This model, as yet unnamed, suggested that the relationship between NRCS and OSWS is independent of wind direction and incidence angle and that there is no saturation effect at high wind speeds and that it can directly retrieve OSWS. Note that the data source for the establishment of this model is from higher wind speed observations which simplifies wind speed retrieval from SAR imagery for sufficiently high wind speeds.



Within the following year, independent of Vachon’s work, Zhang and Perrie [24] developed a C-band cross-polarization ocean model, which they denoted as C-2PO, using the RS-2 fine quad-polarized mode SAR measurements for high (>20 m/s) wind retrievals. Zhang and Perrie selected 534 RS-2 SAR images collocated with NDBC buoy measurements under different sea states and retrieved wind speeds from C-2PO model. The retrieved wind speeds have essentially no bias (0.04 m/s) with an RMS error of 1.39 m/s. However, these good results exclude the wind speeds less than about 6 m/s. Thus, from the point of the modeling, the C-2PO model may not be suitable for low wind speed retrievals from SAR images.




4.2.2. Effect of the Noise Level


For the low wind speed retrieved from SAR data, VV-polarized CMOD4 GMF performs better than the VH-polarized C-2PO model. The reasons are related to noise level are as follows: (1) the noise level (floor) is the same value at VV- and VH-polarized mode in the same pixels, (2) VV-polarized NRCS values are much stronger than the VH-polarized NRCS values under the same wind conditions and (3) VH-polarized NRCS values are close to the noise level whereas VV-polarized NRCS values are much larger that the noise level and thus the VH-polarized NRCS values are sometimes annihilated by the noise level.



In terms of cross-polarized SAR wind speed retrieval, the C-2PO model is applied to the NRCSs without removing the noise level because of the complicated relationship of the Signal-to Noise Ratio (SNR) [24,26]. In fact, the NRCS values induced by local winds are close to the noise level values, especially under low wind speed conditions (Figure 13). One reason is that the actual noise level for RADARSAT-2 fine quad-polarized SAR data in an individual pixel is unknown and only the estimated noise level is provided. The other reason is that the cross-polarized NRCSs induced by the low wind might be above the actual noise level. However, sometimes, these NRCSs may be beneath the noise level. If we remove the estimated noise level for all pixels, we cannot apply C-2PO model to retrieve the wind speed.




4.2.3. Effect of the Wind-Roughness Relationship


In previous studies focusing on linear polarizations [37], several EM mechanisms are relevant to the radar backscatter denoted as the NRCS from the ocean surface: (1) Bragg resonance scattering, (2) quasi-specular reflection and (3) diffraction of radio waves on sharp wedges. Generally speaking, Bragg resonance scattering mechanisms, as related to ocean surface roughness and quasi-specular reflection and diffraction of radio waves, are considered in relation to wave breaking.



Bragg resonance plays a main role in the VV-polarized NRCS but is negligible for the VH-polarization NRCS [38]. In addition, non-Bragg scattering dominates the VH-polarized NRCS but is negligible for the VV-polarized NRCS. A summary is shown in Table 2 for the roles of Bragg and non-Bragg resonance scattering mechanisms with respect to the VH and VV polarizations. For SAR imaging under the low wind speed conditions, VV-polarized NRCS values mainly depend on the ocean surface roughness, which can be described by the Bragg resonance. The relationship among winds, roughness and NRCS values is ‘stable’ and thus the VV-polarized NRCSs (CMOD4) apply to low wind speed retrieval. The VH-polarized imaging depends on the wave breaking mechanism. However, waves induced by winds are not easily broken at low wind speeds. The relationship among winds, roughness and NRCS values is ‘instable’ and thus the VH-polarized NRCSs model (C-2PO) is not suitable for low wind speed retrieval.




4.2.4. Effect of the Reconstructed Spatial Resolution


Direct calculation of OSWSs from the original SAR scene can result in noisy patterns due to the presence of speckle noise in the raw SAR images. Therefore, the raw RS-2 SAR data needs to be preprocessed to reconstruct an appropriate spatial resolution. For this reason, we make a 20 × 20 pixel boxcar averaging of the NRCS, in each polarization, so that the reconstructed pixel spacing is 100 m. Previous research has suggested that the reconstructed spatial resolution has an effect on the accuracy of OSWS retrieval with the C-2PO model for the cross-polarized channels from RS-2 fine quad-polarized images [39]. To investigate this phenomenon thoroughly, we selected one SAR image under very low wind speed conditions. This case is a RS-2 quad-polarized SLC SAR image acquired on 29 April 2012, at 05:33:24 UTC and collocated with a NDBC buoy (#46035;   57 °  1 ′    33   ″   N ,   177 °  44 ′   16 ″  W  ) in the Bering Sea. In addition, most of the NDBC buoy anemometers are installed at a height of 5 m. Therefore, the OSWS from the 5-m anemometers is converted to OSWS at 10-m height using the power-law wind profile method under near-neutral stability conditions [40]. Finally, the NDBC buoy-measured 10-m OSWS is 2.93 m/s on 29 April 2012, at 05:30:00 UTC.



In the next step, we first reconstruct the spatial resolution at VH- and VV-polarized mode at 100, 600, 1100, 1600, 2100 and 3100 m, respectively. Various SAR data including NRCSs, incidence angles and external wind directions are interpolated to the buoy location. VH-polarized wind speeds retrieved from the C-2PO model can be directly computed from Equation (5). The results of the SAR-retrieved wind speeds are 7.72 m/s (100 m), 6.18 m/s (600 m), 5.14 m/s (1100 m), 4.67 m/s (1600 m), 6.46 m/s (2100 m) and 6.69 (3100 m) and the differences are 4.79 m/s (100 m), 3.25 m/s (600 m), 2.21 m/s (1100 m), 1.64 m/s (1600 m), 2.33 m/s (2100 m) and 3.19 m/s (3100 m), respectively. A more intuitive and straightforward assessment of the influence of influence of different spatial scales is given in Figure 14., which shows the reconstructed SAR images and corresponding retrieved OSWS at spatial resolutions of 100, 600, 1100, 1600, 2100 and 3100 m for the VH-polarized channel.



Obviously, the retrieved OSWS values from C-2PO model at 1600 m spatial resolution have the smallest difference and thus the optimal resolution from VH-polarized data is 1600 m, in this case. This phenomenon can be explained by the fact that the speckles in the SAR images have been suppressed by averaging the pixel spacing to coarser resolution and the wind field is smoothed by the increase in the wind cell spacing.



For VV-polarized data, the ERA-Interim reanalysis wind field are used as external wind directions acquired on 29 April 2012, at 00:00:00 UTC. SAR retrieved wind speeds from CMOD4 GMF can be taken from Equation (2). The results of the SAR-retrieved wind speeds are 6.6 m/s (100 m), 4.69 m/s (600 m), 4.91 m/s (1100 m), 5.25 m/s (1600 m), 5.6 m/s (2100 m) and 5.95 m/s (3100 m) and the differences are 3.67 m/s (100 m), 1.76 m/s (600 m), 1.98 m/s (1100 m), 2.32 m/s (1600 m), 2.67 m/s (2100 m) and 3.02 m/s (3100 m), respectively. Similarly, Figure 15 shows the reconstructed SAR images and corresponding retrieved OSWS values at spatial resolutions of 100, 600, 1100, 1600, 2100 and 3100 m for the VV-polarized channel. The CMOD4 GMF retrieves OSWS at 600 m spatial resolution has the smallest difference and thus, the optimal resolution in VV-polarized mode is 600 m, in this case.



Compared with OSWS retrieval from VV-polarized SAR mode data, OSWS can be retrieved with better accuracy (at 1600 m) for the VH-polarized channel for low winds. However, the results appear to exhibit ‘instability’ for cross-polarized OSWS retrieval with the C-2PO model for the RS-2 fine quad-polarization data. The simple explanation is as follows: OSWSs retrieved from the SAR image are based on the Bragg scattering theory and thus the accuracy of retrieved wind speeds are closely related to the radar backscatter signal. In terms of the backscatter signal, the intensity at VH-polarized channel is far less than the intensity at the VV-polarized channel. With increased pixel averaging, the speckle is reduced. Although the SNR for the VH-polarized channel becomes stronger when the noise is reduced, the changes are small because the backscatter signal intensity is itself quite weak. As a result, OSWSs retrieved from C-2PO model for VH-polarized mode have ‘instability’, with the change of spatial resolution (due to averaging) in low winds. For the VV-polarized channel, the signal intensity is strong and thus the speckle noise has little effect, with the decrease in spatial resolution. Therefore, OSWSs retrieved from the CMOD4 GMF for VV-polarized mode data are more accurate with the change of spatial resolution due to appropriate averaging, in relatively low winds.






5. Conclusions


In this paper, ocean surface wind speed measurements made by RADARSAT-2 in cross-polarized and co-polarized modes were analyzed, using 439 samples from 92 fine quad-polarization SAR images and corresponding ERA-Interim winds in the Northwest Pacific in waters off the coast of China. We first created two subset wind speed databases: the training and testing subsets. From the training data subset, we retrieve OSWSs from different GMF models for different polarizations, as appropriate and we compared the results with corresponding ERA-Interim winds. The RMSEs of SAR-retrieved wind speeds are all below 2.5 m/s: specifically, 2.11 m/s (VH-polarized), 2.13 m/s (HV-polarized), 1.86 m/s (VV-polarized) and 2.26 m/s (HH-polarized) and the correlation coefficients are 0.86 (VH-polarized), 0.85 (HV-polarized), 0.87 (VV-polarized) and 0.83 (HH-polarized), which are statistically significant at the 99.9% significance level, respectively.



Through analysis of the SAR data considered in this study, we have presented the advantages and disadvantages for SAR wind retrieval models for cross- and co-polarized data and the respective wind speed ranges for reliable application. We found that OSWS retrieved using the C-2PO model for VH-polarized data are most suitable for moderate-to-high winds while the CMOD4 GMF at VV-polarized tends to be best for low-to-moderate winds. In addition, under higher wind conditions, such as generated by hurricanes, many studies have suggested that the NRCS in cross-polarization mode essentially does not saturate [19,23,25,26,28]. Thus, the cross-polarized channel is more appropriate for retrieval of high winds, as may be generated by hurricanes. To better understand the appropriate scope of applications for C-2PO and CMOD4 GMF, an accurate OSWS threshold value algorithm is proposed based on our training dataset, from the perspective of a quantitative analysis. According to the analysis results, a hybrid methodology is put forward and applied to the test data subset. The results show that the accuracy of the retrieved OSWSs from our hybrid method can significantly outperform C-2PO or the CMOD4 models, producing an RMSE of 1.66 m/s and correlation coefficient of 0.9. Finally, we proposed four possible reasons to explain why the C-2PO model based on the cross-polarized retrieved wind speeds has a rather poor performance at low wind speeds. They are modeling, noise level, wind-roughness relationship and reconstructed spatial resolution.



From the perspective of data analysis and physical mechanism, we put forward the hybrid OSWS retrieval model, which provide readers a new idea to retrieve OSWS from C-band quad-polarized SAR images. However, for OSWS retrieved from quad-polarized SAR images, there are still some deficiencies in using reference wind speeds from the ERA-Interim winds data in this paper. For example, the spatial resolution retrieved from SAR images may be not comparable to the resolution of wind grid cells from the reference data. In future work, in order to set up a more accurate OSWS retrieval model, we will take real in-situ (i.e., buoys) as our reference wind data. Besides, from a model perspective, whether C-2PO or CMOD GMFs are used, they are empirical formulations based on relationships between the NRCSs and wind speed. In the future, we plan to make a more thorough comparison of all the model functions and include comparisons using multiple remotely sensed datasets and additional buoy measurements to improve results. There is hope that a new C-band wind speed retrieval model will provide improved retrievals, without having to consider differing wind intensities, such as low, moderate, high and so forth.
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Figure 1. ERA-Interim wind speeds: (a) east-west direction and (b) south-north direction in Chinese waters. The ERA-Interim wind products are acquired on 20 August 2012 at 12:00:00 UTC from ECWMF website. 






Figure 1. ERA-Interim wind speeds: (a) east-west direction and (b) south-north direction in Chinese waters. The ERA-Interim wind products are acquired on 20 August 2012 at 12:00:00 UTC from ECWMF website.



[image: Remotesensing 10 01448 g001]







[image: Remotesensing 10 01448 g002 550] 





Figure 2. Flowchart for building a database for the developing wind speed retrieval method. 
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Figure 3. (a) Dependence of VV-polarized normalized radar cross section (NRCS) from CMOD geophysical model functions (GMFs) versus ocean surface wind speeds (OSWSs) at a local incidence angle of   30 °   and wind direction relative radar look angle of 180°. (b) Dependence of VV-polarized NRCS from CMOD GMFs versus wind direction relative radar look angle at a local incidence angle of 30° and wind speed of 10 m/s. 
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Figure 4. (a) Polarization ratio (PR) as a function of the radar incidence angle from the literature; (b) The relationship between wind speed and cross-polarized NRCS. 
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Figure 5. C-band (a) VH- and (c) HV-polarized SAR images in the South China Sea waters from RADARSAT-2 fine quad-polarization mode SLC SAR data acquired on 27 August 2012, at 10:25:24 UTC (grayscale color bar denoted NRCS). OSWS retrieved from (b) VH- and (d) HV-C2PO model. Symbol ‘+’ denotes winds grid cells from ERA-Interim data. RADARSAT-2 Data and Product MacDonald, Detweiler and Associates Ltd., All Rights Reserved. 
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Figure 6. C-band (a) VV- and (c) HH-polarized SAR images in the South China Sea waters from RADARSAT-2 fine quad-polarization mode SLC SAR data acquired on 27 August 2012, at 10:25:24 UTC (grayscale and color bar denote NRCS). OSWS retrieved from CMOD using (b) VV and (d) HH-polarized imagery. Red arrows denote wind directions from ERA-Interim data. RADARSAT-2 Data and Product MacDonald, Detweiler and Associates Ltd., All Rights Reserved. 
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Figure 7. (a) VH-, (b) HV-, (c) VV- and (d) HH-polarized OSWS values retrieved from SAR images using corresponding GMF models compared to ERA-Interim winds data as the training database. 
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Figure 8. Design of a double loop program to find the best OSWS threshold value based on the training data. 
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Figure 9. Variation of RMSE with different wind speeds using our hybrid OSWS retrieval model. 
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Figure 10. Flowchart for the hybrid wind speed retrieval algorithm. 
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Figure 11. OSWSs retrieved from (a) VH-C2PO and (b) CMOD4+VV models from quad-polarized RADARSAT-2 images. 
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Figure 12. OSWSs retrieved from hybrid model in this study from quad-polarized RADARSAT-2 images. 
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Figure 13. Sigma naught versus in situ ERA-Interim wind speed for (a) cross- and (b) co-polarized data. 
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Figure 14. VH-polarized SAR images at reconstructed spatial resolutions of 100, 600, 1100, 1600, 2100 and 3100 m and corresponding OSWSs retrieved from C2PO model. The in-situ buoy (#46035, 57°1′33″N 177°44′16″W) wind speed is 2.92 m/s. RADARSAT-2 Data and Product MacDonald, Detteiler and Associates Ltd., All Rights Reserved. 
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Figure 15. VV-polarized SAR images at reconstructed spatial resolutions of 100, 600, 1100, 1600, 2100 and 3100 m and corresponding OSWSs retrieved from the C2PO model. The in-situ buoy (#46035, 57°1′33″N 177°44′16″W) wind speed is 2.92 m/s. RADARSAT-2 Data and Product MacDonald, Detteiler and Associates Ltd., All Rights Reserved. 
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Table 1. OSWSs retrieved from the RS-2 fine quad-polarized mode SAR images compared with corresponding wind acquired from ERA-Interim daily (in units of m/s).






Table 1. OSWSs retrieved from the RS-2 fine quad-polarized mode SAR images compared with corresponding wind acquired from ERA-Interim daily (in units of m/s).





	Sample
	Coordinate
	ERA-Interim
	VH
	HV
	VV
	HH





	S1
	116.625°E

21.125°N
	7.3682
	6.28
	6.45
	6.96
	5.47



	S2
	116.50°E

21.000°N
	7.9413
	9.60
	9.87
	10.72
	10.13



	S3
	116.625°E

21.000°N
	7.3628
	8.16
	8.31
	8.82
	7.98



	S4
	116.50°E

20.875°N
	7.2097
	9.39
	9.66
	8.75
	8.11



	S5
	116.625°E

20.875°N
	7.3583
	9.78
	9.89
	8.26
	8.73
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Table 2. The roles of the two mechanisms with respect to the VH and VV polarizations.






Table 2. The roles of the two mechanisms with respect to the VH and VV polarizations.





	Mechanisms
	VH-Polarized
	VV-Polarized





	Bragg Resonance
	Negligible
	Main



	Non-Bragg
	Main
	Negligible
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