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Abstract

:

Rain affects the wind measurement accuracy of the Ku-band spaceborne scatterometer. In order to improve the quality of the retrieved wind field, it is necessary to identify and flag rain-contaminated data. In this study, an HY-2A scatterometer is used to study rain identification. In addition to the conventional parameters, such as the retrieved wind speed, the wind direction relative to the along-track direction, and the normalized beam difference, the experiment expands the mean deviation of the backscattering coefficient, the beam difference between fore and aft, and the node number of the wind vector cell (WVC) as the sensitive parameters according to the microwave scattering characteristics of rain and the actual measurement situation of the HY-2A. Furthermore, a rain identification model for HY2 (HY2RRM) with the K-Nearest Neighborhood (KNN) algorithm was built. After several tests, the accuracy of the selected HY2RRM approach is found to about 88%, and about 70% of rain-contaminated data can be accurately identified. The research results are helpful for better understanding the characteristics of microwave backscattering and provide a possible way to further improve the wind field retrieval accuracy of the HY-2A scatterometer and other Ku-band scatterometers.
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1. Introduction


The remote sensing of sea surface wind fields is an important branch of remote sensing applications that has been widely used in civil and military fields. As a result, the acquisition of sea surface wind field data at a high spatial and temporal resolution has very important scientific implications and practical significance. The advent of spaceborne scatterometers has provided a technology for obtaining real-time data of sea surface wind fields with high precision and spatio-temporal resolution [1]. Although scatterometers can work in all weather and at all times, the influence of rain on the scatterometer cannot be ignored; in particular, for a scatterometer in the Ku-band, this will cause the wind field measurement accuracy to decrease by 4–10% [2]. The mechanism of measuring wind with scatterometers is multi-azimuth measurement, and the different responses of surface roughness to radar backscattering coefficients under different wind speeds are used to indirectly obtain the sea surface wind field information. However, drops of rainfall attenuate and scatter the microwave signal, and the splashing of raindrops changes the roughness of the sea surface, which increases the variance of scatterometer measurements [3,4]. If the influence of rain is not considered in wind field retrieval, the contribution of raindrops will be interpreted as the characteristics of wind, reducing the quality of wind field retrieval. As a result, it is necessary to identify and process the rain-contaminated data when inverting a wind field. However, not all satellites are good at recognizing or measuring rain, such as the marine dynamic environment satellites, because of the different observation objects, payload designs, and antenna technologies of satellites. There are few studies on the rain identification abilities of marine dynamic environmental satellites.



The famous marine dynamic environment satellites of the past few decades include ASCAT and SeaWinds. Many domestic and foreign scholars have proposed some methods to eliminate the influence of rain for these two scatterometers, which can be summarized as follows: the first approach is to build a rain identification model by selecting several rain-sensitive parameters, such as brightness temperature, retrieved wind speed, normalized beam difference, etc., and then identify and flag the rain-contaminated data in retrieved wind field products. The most representative model is the multidimensional histogram rain-flagging technique (MUDH), which has been successfully applied to the SeaWinds scatterometer on QuickSat by JPL, creating a precedent for the scatterometer to identify rain [5]. When the algorithm was applied to the ADEOS-2 satellite, JPL improved it and renamed it to Rain-Impact Detection (IMUDH), mainly reducing the over-flagging of high wind speeds and the removal of swath artifacts including over-flagging in the outer swath [6,7]. The second method is to use the quality control flag to filter out rain-contaminated data. It is found that there is a good correlation between the quality control flag and rain flag, which has a certain reference value in judging whether there is rain [8,9,10]. The third strategy obtains information data by matching external data and then extends rain as an independent variable to the geophysical model function (GMF) so that the new GMF can also consider the influence of rain [11,12,13,14,15,16,17]. The fourth approach is to study the transmission process and scattering characteristics of microwaves on rainy days and then construct the microwave radiation transmission model under rainy conditions, which can correct the influence of rain on the wind measurement [18,19,20,21].



In contrast, there are few relevant research works on Chinese Marine dynamical environmental satellites. At present, the HY-2A still cannot identify rain-contaminated data by itself, which limits the scatterometer in terms of further improving the wind measurement accuracy. If the HY-2A data need to be corrected for rain influence, the rain information can only be obtained by matching ECMWF, SSM/I, NECP, and other external data. However, in the process of matching, the huge amount of data requires a great amount of time to process, and some WVCs often fail to match the data, resulting in a failure to obtain complete rainfall information. Besides, the processing has hysteresis, so the wind measured by the scatterometer cannot be corrected for rain influence in real-time. Consequently, the HY-2A must be able to identify rain-contaminated data independently.



This study refers to the MUDH technique and explores the response characteristics of the HY-2A satellite to rain to select some suitable rain-sensitive parameters to build a rainfall identification model (HY2RRM). Then, the performance of the HY2RRM and MUDH techniques transplanted to the HY-2A satellite is compared, and the difficulties encountered in using other satellite rainfall recognition models are discussed. The main contributions of this study include the following:




	(1)

	
According to the actual measurement conditions of HY-2A, the study builds a rain identification model that preliminarily realizes the function of identifying rain-contaminated data;




	(2)

	
The HY2RRM is simple and effective, easy to transplant, and can overcome some limitations of the traditional MUDH technique, such as the ability to calculate high-dimensional data, and is suitable for all WVCs;




	(3)

	
The HY-2A scatterometer was firstly taken as the research object to study rain identification, and its product information is improved—it is our goal to further improve the wind measurement accuracy of HY-2A and improve its application level in oceanography, meteorology, and other fields.









The primary goal of this study is to control the quality of HY2A data better and provide people with high-quality sea surface wind field data. The rest of this paper is organized as follows: in Section 2, the data used in the experiment and the rain-sensitive parameters and KNN algorithm needed to build the rain identification model are introduced. Section 3 explores the response of the rain-sensitive parameters to rain and the performance of rain identification models under different standards; finally, the discussion and conclusions are presented in Section 4 and Section 5.




2. Data and Methods


In this study, the L2A and L2B data of the HY-2A scatterometer and ECMWF reanalysis wind field data were used to explore the response of the HY-2A scatterometer to rain to select the appropriate rain-sensitive parameters to build a rain identification model. The process can be divided into the following four steps:




	
Step 1: The data were preprocessed before building the rain identification model, including spatiotemporal matching, outlier elimination, data classification, etc.



	
Step 2: The influence of rainfall on each parameter was analyzed and compared, and then the more sensitive parameters were selected to establish the rain identification model.



	
Step 3: The KNN method was used to build some rainfall identification models under different rainfall identification criteria. In addition, we also attempted to use the MUDH technology as a comparative experiment.



	
Step 4: The performance of each model and the influence on the quality of the retrieved wind field were evaluated by using the confusion matrix, and then the most suitable HY2RRM was selected.








2.1. Data Sets


The data used in this study mainly included the measured backscattering coefficient data, sea surface wind field retrieval data, and sea surface precipitation data; these data were from 1 January 2013 to 30 June 2013.



Regarding the measured backscattering coefficient data, Level-2A data of HY-2A were used in the study, which was stored along the track in the HDF5 format. The L2A data contain 1702 × 76 WVCs, and each WVC contains measured backscattering coefficients from different azimuths and polarizations, as well as the corresponding observation time, longitude, latitude, incident angle, azimuth, etc.



Regarding the sea surface wind field retrieval data, level-2B data of HY-2A were used in this study, and the storage mode was consistent with that of L2A. Level-2B data use NSCAT2 and the maximum likelihood estimate (MLE) to invert the wind field from level-2A data and then filter the ambiguity using the circle median filter approach. Each WVC of the L2B data contains parameters such as the inversion wind speed and direction, observation time, longitude and latitude, etc.



Regarding sea-surface precipitation data, we adopted ECMWF reanalysis data, which use a relatively complete data assimilation system to reintegrate and optimize the observation data of various types and from various sources, and the products have been widely used in previous atmospheric research [22]. In addition, HY2A and ECMWF can match more data than other data, such as SSM-I. In this paper, 0.125° × 0.125° high-resolution ECMWF reanalysis data were used, with a time interval of 3 h.




2.2. Data Preprocessing


The most important part of data preprocessing is data spatio-temporal matching. When matching the ECMWF data with the L2A and L2B, adopting the L2A WVCs as the reference cells, the nearest point spatially and temporally to the ECMWF data was selected as the matching point with a spatial window of 0.125° and a temporal window of 0.5 h. After data matching, in order to reduce the impact of data error on the experiment, it was necessary to carry out quality control on the matched data. Firstly, data lacking L2B wind speed and direction or with a precipitation less than 0 mm/h were eliminated. Then, the wind direction of ECMWF was compared with the reference wind speed and wind direction of L2B, and the data with a large deviation were eliminated. The wind speed accuracy was ±2 m/s, and the wind direction accuracy was ±20° [23,24]. In addition, because of the large amount of the matched data, one-sixth of the data from each month were randomly selected to form a new raw data set.



After constructing the original dataset, the rain threshold was set to classify the data. Because the ECMWF provides precipitation data but does not explicitly mark the presence or absence of rain, it is common to set a threshold based on experience to determine the presence of rain. Data with a precipitation less than the threshold are classified as rain-free, while data with a precipitation greater than the threshold are classified as rain-contaminated. It is very important to set an appropriate rain threshold. If the threshold is set too high, very little data will be classified as rain, resulting in the missing of much rain-contaminated data, and the effectiveness of data quality control will be reduced. However, if the threshold is set too low, this will increase the difficulty of identifying rain, and the rejection rate of the model will increase, affecting the integrity of the wind field data. In essence, the setting of the rain threshold is a process of weighing the rejection rate of data and the quality control effect. As a result, in this study, we conducted several experiments to observe the performance of the HY2RRM model with different rain thresholds. Specifically, the original data sets were classified by rain thresholds of 1, 2, 3, and 4 mm/h, and four data sets with different rain thresholds were generated. The four datasets were then operated as follows, respectively: firstly, the data with a wind speed of ECMWF of 3 m/s to 15 m/s were selected, and 30% of these were selected as the validation dataset; secondly, the rain-contaminated data were screened out from the remaining 70%, and the same amount of rain-free data was randomly selected from the remaining data to form the experimental dataset.




2.3. Selection and Calculation of Rain-Sensitive Parameters


The selection of rain-sensitive parameters was based on the MUDH rain-flagging technique. The parameters selected by this algorithm include retrieved wind speed, swath-relative direction, normalized beam difference, MLE, and brightness temperature [5], in which the brightness temperature is measured by a radiometer. However, the brightness temperature parameter was abandoned in this study since the radiometer carried by HY-2A satellite covers a smaller area than its scatterometer, and a WVC outside orbit cannot obtain brightness temperature. In addition, because HY-2A and SeaWinds use different wind field retrieval methods, normalized radar scattering cross-section calibration, quality control, and other methods, there are differences between their wind field products, resulting in different responses of the calculated parameters to rain. For example, the MLE calculated by HY-2A is less sensitive to rainfall than that calculated by SeaWinds. In summary, the retrieved wind speed, the swath-relative direction, and the normalized beam difference were finally selected as the influence parameters to build the HY2RRM. In order to compensate for the contribution of missing parameters, this study further analyzed the scattering characteristics of raindrops to microwaves and the measurement characteristics of the HY-2A scatterometer, and we found that the node number of WVC, the mean deviation of the backscattering coefficient, and the backscatter difference between the fore and after beam were also helpful to identify rain-contaminated data.



2.3.1. Retrieved Wind Speed


The retrieved wind speed is the wind speed of the first ranked wind vector. Rain increases the echo energy received by the scatterometer, which makes the retrieved wind speed larger. Generally, the larger the retrieved wind speed, the greater the probability of the WVC being affected by rain.




2.3.2. Normalized Beam Difference


The normalized beam difference (NBD) is the difference of the mean deviation of the backscattering coefficient between the inner beam and the outer beam in a wind vector cell. The influence of rain on beam polarization differs. Huddleston’s experiment showed that the influence of rain on HH polarization is more significant than that of VV polarization [5]. With the increase of rain, the difference of the measured backscattering coefficient of the two polarizations is further amplified. As a result, the greater the NBD value, the greater the probability of rain in the WVC. The formula of NBD is as follows:


  N B D =    1 N    ∑  i = 1  N      σ  0 , i , m e a s   −  σ  0 , i , mod e l     S T  D i    −  1 M    ∑  j = 1  M      σ  0 , j , m e a s   −  σ  0 , j , mod e l     S T  D j             1 N  +  1 M       



(1)




where N is the number of measured values of the inner beam,    σ  0 , i , m e a s     is the i-th measured backscattering coefficient of the inner beam,    σ  0 , i , mod e l     is the i-th backscattering coefficient predicted by the GMF, M is the number of measured values of the outer beam,    σ  0 , j , m e a s     is the j-th measured backscattering coefficient of the outer beam, and    σ  0 , j , mod e l     is the j-th backscattering coefficient predicted by the GMF. STDi and STDj are the standard deviations of the i-th and j-th measured values, which are estimated based on the measurement noise model.




2.3.3. Beam Difference between Fore and Aft and Retrieved Wind Direction Relative to Along-Track Direction


The retrieved wind direction relative to the along-track direction is the angle between the wind direction of the first ranked wind vector and the orbit direction of the satellite. When the wind is aligned or crossed with the spacecraft ground track, the values of this parameter are 0° and 90°, respectively. The beam difference between fore and aft (ABD) is the beam difference of the forward and aft measurements in a WVC. For the reason that rain is expected to be an isotropic scatterer, the measured values of the beam at different azimuth tend to be consistent. Generally, the ABD is smaller under rainy conditions, and energy measurements of the fore and aft are consistent with the wind blowing cross swath. The formula of the swath-relative direction is as follows:


  𝒳 = θ − Φ  



(2)






        𝒳 = 360 − 𝒳 ,       𝒳 > 180       𝒳 = 360 + 𝒳 ,         𝒳 < − 180       𝒳 =  𝒳  , − 180 < 𝒳 < 180        



(3)




The formula of ABD is as follows:


  A B D =    1 N    ∑  i = 1  N      σ  f o r e , i , m e a s   −  σ  f o r e , i , mod e l     S T  D i    −  1 M    ∑  j = 1  M      σ  a f t , j , m e a s   −  σ  a f t , j , mod e l     S T  D j             1 N  +  1 M       



(4)




where N is the amount of forward azimuth data,    σ  f o r e , i , m e a s     is the i-th measured backscattering coefficient,    σ  f o r e , i , mod e l     is the i-th backscattering coefficient predicted by the GMF, M is the amount of backward azimuth data,    σ  a f t , j , m e a s     is the j-th measured backscattering coefficient, and    σ  a f t , j , mod e l     is the j-th backscattering coefficient predicted by the GMF. STDi and STDj are the standard deviations of the i-th and j-th measured values, which are estimated based on the measurement noise model.




2.3.4. Node Number of WVC


Rain is not directly related to the node number of WVC, but the reliability of the wind measurement accuracy of a scatterometer is related to the node number of WVC. In general, the wind measurement accuracy of WVCs in the nadir region and the outer orbital region will have a large error. According to the relationship between the normalized radar cross section (NRCS) and incident angle, polarization, wind speed, and wind direction, it can be seen that if there is a large amount of measured data and the polarization, incident angle, and azimuth are diversified, then the first wind vector ambiguity obtained by the maximum likelihood estimator is usually the true solution. In practice, In the Nadir region, there are few measured data, with only two measured data points with a difference of 180° in azimuth angle, which makes it difficult for the scatterometer to invert the wind field well. In contrast, in the outer orbital region, where only the outer beam can reach, there are fewer measured data and a small incidence azimuth variation range, making the measured error larger [25]. Accordingly, the node number can reflect the reliability of the wind measured by the scatterometer.




2.3.5. Mean Deviation of Backscattering Coefficient


The mean deviation of backscattering coefficient (MDB) is the mean deviation between the measured values of the backscattering coefficients and the predicted value in a WVC. Rain will make the measured backscattering value deviate from the GMF predicted value, leading to the possibility of MDB becoming larger.


  M B D =     ∑  i = 1  N      σ  0 , i , m e a s   −  σ  0 , i , mod e l     S T  D i         1 N     



(5)




where N is the amount of measured data,    σ  0 , i , m e a s     is the i-th measured backscattering coefficient, and    σ  0 , i , mod e l     is the i-th backscattering coefficient predicted by the GMF. STDi is the standard deviations of the i-th measured values, which are estimated based on the measurement noise model.





2.4. Construction of Rain Identification Model


The KNN and MUDH algorithms were used to build the rain identification model in this experiment. There were four reasons to choose the KNN algorithm. First, not all WVCs can calculate the normalized beam difference and beam difference between fore and aft, while KNN can use the samples with missing partial attributes for training and prediction. Second, there was a correlation among the rain-sensitive parameters selected in the experiment, but due to the limitations of experimental conditions and basic theories, it is difficult to clarify the relationship among the parameters at present, while KNN does not require that the sensitive factors be independent of each other. Third, if a classification method based on probability theory is adopted, such as a Bayesian network, the data are generally required to be independent and identically distributed. However, the sample data of HY-2A matched with ECMWF may not satisfy this premise. Finally, KNN can use both continuous and discrete variables as inputs. Thus, KNN is simple, effective, and has low requirements for data. In addition, the attempt to transplant the MUDH technique to the HY-2A scatterometer not only provides a classical method as a comparison experiment but also allows us to discuss the problems encountered in the transplantation of other scatterometer identification algorithms. However, since Huddleston and Stiles, who built the MUDH algorithms, did not describe the technique and data processing in detail [5], it is not possible to replicate the technique completely in this study.



2.4.1. Construction of Rain Identification Model Based on MUDH


The principle of the MUDH technique is relatively simple, and the method estimates the probability of rain by accumulating two multidimensional histograms. As shown in Figure 1, the essence of this method is to calculate the full probability of rain events, which needs to be based on the premise that the samples obey an independently identical distribution. Specifically, the first histogram is used to accumulate the total number of WVCs in each bin of parameter space. The second histogram is used to accumulate the number of rain-contaminated WVCs (precipitation > 2.0 mm/h) in each bin of parameter space. Dividing the second histogram by the first gives an estimate of the probability of rain as a function of the rain-sensitive parameters. The parameters used in this experiment were the retrieved wind speed, normalized beam difference, the swath-relative direction, and MLE, while the brightness temperature was also used in Huddleston’s experiment. Since the radiometer coverage width of HY-2A is smaller than that of the scatterometer, the WVCs in the outer swath measured by the scatterometer has no brightness temperature parameter, so the brightness temperature factor was abandoned for modeling in this study. In addition, with MUDH, it was not feasible to use all the rain-sensitive parameters as histogram dimensions. One reason for this is that the NBD parameter requires measurements from both beams to be calculated. Thus, it is not available in the outer swath where only measurements from the outer beam exist. The other reason is that as the dimensionality of the histograms increases, substantially more data are required to estimate the probability of rain over the entire histogram space. As a result, Huddleston restricted the histograms to four dimensions and built two MUDHs for the different cases of the inner and outer swath. For the inner-swath case, he used the speed, MLE, NBD, and H polarization brightness temperature. For the outer-swath case, he used the speed, swath-relative direction, MLE, and the V polarization brightness temperature [5]. In contrast, because there was no brightness temperature and NBD parameters needed to be calculated by two beam measurements, the MUDH constructed in this study was only suitable for the inner-swath case.




2.4.2. Construction of Rain Identification Model Based on KNN


In this paper, the K-Nearest Neighborhood (KNN) algorithm was used to build the rain identification model for the HY-2A scatterometer. The algorithm plays an important role in the classification algorithm for the reason that it is simple, effective, and has a mature theoretical basis [26,27]. The idea of this algorithm is that if most of the K samples around a target point in the feature space belong to a certain category, then the sample also belongs to this category, where K samples are instances of the correct classification. As shown in Figure 2, the green dot is a target point to be classified. When k is equal to 3, the algorithm selects the 3 nearest samples, of which 2 belong to Class A and 1 belongs to Class B, so the target point will be classified as Class A. However, when k is equal to 5, the algorithm selects the 5 nearest samples, of which 2 belong to Class A and 3 belong to Class B. As such, the target point will be classified as Class B at this time.



However, the KNN algorithm has the problem of low efficiency in the face of high-dimensional data. In order to improve the search efficiency of KNN, the K-Dimension tree was adopted in this study to index the data in the six-dimensional parameter space, and the searching method of greedy backtracking was used to search for k-nearest neighbors around the target point [28,29,30,31,32,33]. The KD tree can be used to avoid searching the most data points, thus reducing the computation of searching, and the average computational complexity of the search with this method is O (logN). The technical route is shown in Figure 3. In the process of constructing the KD tree, although the NBD and ABD of some WVCs cannot be calculated, they can be continued to be used after the missing value is marked as −999. As a result, the rain identification model constructed in this way is applicable to all WVCs. Furthermore, there is no need to build different rain identification models for the outer and inner swath.






3. Results


3.1. Analysis of Rain-Sensitive Parameters


A one-way ANOVA was used to analyze the difference of each parameter between the rain-contaminated data (precipitation > 0.1 mm/h) and rain-free data (precipitation < 0.1 mm/h) to determine the significance of the influence of rain on each parameter. As shown in Figure 4, for the five rain-sensitive parameters, the significant p values between rain-contaminated data and rain-free data were all less than 0.05, indicating that rain had a significant impact on the five rain-sensitive parameters. Then, the response of these five parameters to the change of precipitation was further analyzed by using the method of multiple comparisons.



The experiment divides the precipitation into five levels according to the standard of the China Meteorological Administration: no rain, light rain (0.01–0.41 mm/h), moderate rain (0.41–1.25 mm/h), heavy rain (1.25–2.5 mm/h), and rainstorm (>2.5 mm/h). Because the five parameters did not satisfy the F-test, the Tamhanes’ T2 method was used for multiple comparisons [34]. The experimental results are shown in Figure 5. The box plot shows the distribution of data under different precipitation levels. The line segment graph represents the difference in the mean values of the data at adjacent levels. The closer the difference to zero, the smaller the difference between the two groups of data, indicating that the parameter has no significant change within this precipitation range. In addition to the retrieved wind speed and the retrieved wind direction relative to the along-track direction being very sensitive to rain, other parameters only change significantly under moderate precipitation or above. As a consequence, the rain identification model constructed by these parameters may easily misjudge the rain-contaminated data with a precipitation between 0.01 mm/h and 0.41 mm/h as rain-free data.




3.2. Result and Accuracy Verification of the Model


3.2.1. Comparison and Analysis of Experimental Results


In this study, we conducted several tests to evaluate the performance of the rain identification model under different rainfall thresholds. In addition, since KNN can predict the probability of rain for each sample (if the probability is higher than the threshold, the data can be judged as rain-contaminated; otherwise, the data are judged as rain-free), the probability threshold was set to 0.5 and 0.6 to establish HY2RRM0.5 and HY2RRM0.6. Then, the confusion matrix was used to evaluate the performance of each model. The selected evaluation indexes were as follows: (1) accuracy: the proportion of correctly classified data in the total data; (2) rain identification accuracy: the proportion of the data correctly predicted as rain-contaminated data to the actual rain-contaminated data; (3) false alarm percentage: the proportion of data that were predicted to be rain-contaminated but were actually rain-free; (4) missed rain percentage: the proportion of data that were predicted to be rain-free but were actually rain-contaminated; (5) rejection rate: the proportion of rain-contaminated data flagged by the model to the total data. The results are shown in Table 1.



By comparing HY2RRM models with different rain thresholds, the variation trend of the performance of HY2RRM models was found to be consistent with our expectations. With the increasing rain threshold, the accuracy, rain identification accuracy, and false alarm percentage of HY2RRM tended to increase, while the missed rain percentage and rejection rate tend to decrease. However, the effect of rain threshold was less than expected, especially for the accuracy and rejection rate. The average change rates of the accuracy and rejection rate of HY2RRM0.5 were only 0.91% and −8.47%, while the average change rates of HY2RRM0.6 were only 1.22% and −9.59%. Compared with the rain identification models with different probability thresholds, HY2RRM0.5 had a higher rain identification accuracy and a lower missed rain percentage, indicating that HY2RRM0.5 was more sensitive to rain and could identify as much rain-contaminated data as possible. The accuracy of HY2RRM0.6 was higher, and the rejection rate was only half that of HY2RRM0.5. The higher the probability threshold, the stricter the criteria for rain identification will be, and the fewer data will be screened out. As a result, HY2RRM0.6 was found to be conducive to maintaining the integrity of data. It can be seen that the setting of the rain threshold and probability threshold is a process used to judge and weigh the accuracy and the rain identification accuracy.



Compared with the comparative experiment, the HY2RRM with a 2 mm/h rain threshold exhibited significant advantages. When the probability threshold was set at 0.5, the accuracy and false alarm percentage of the model were not significantly different, but the rain identification accuracy was 24.36% higher and the missed rain percentage was 1.16% lower. When the probability threshold was set at 0.6, the rain identification accuracy and missed rain percentage of the model were not significantly different, but the accuracy was 14.04% higher and the false alarm percentage was 13.88% lower. Thus, HY2RRM was shown to be able to completely replace MUDH_HY2 in this experiment, indicating that the effect of MUDH being transplanted to HY-2A satellite is not good.



In the case that the amount of rain-contaminated data is far less than the rain-free data, the receiver operating characteristic (ROC) can better show the performance of the HY2RRM with different rain thresholds. The ROC represents the distribution of the rain identification accuracy and the missed rain percentage of HY2RRM under different probability thresholds. When one ROC completely includes another ROC in the lower right corner, it indicates that the classifier has a better effect than the latter. As shown in Figure 6, among all the curves, the curve of the model with the rain threshold set at 4 mm/h was the closest to the coordinate point (0.0, 1.0). It can be considered that this model exhibited the best explanatory power of identifying rain. However, whether it can be used as the final choice still needs to be further tested to observe the inversion accuracy of the filtered rain-contaminated data.




3.2.2. Comparison of Inversion Accuracy before and after Rain Identification


To observe the effect of the HY2RRM on the quality of the retrieved wind field, the wind measurement accuracies (WindL2B–WindECMWF) of rain-contaminated and rain-free data flagged by HY2RRM and ECMWF were calculated, respectively. Statistical indicators included the mean absolute deviation (MAD) and mean deviation (MD) of wind speed and direction, as well as the accuracy growth compared to the validation dataset. The specific situation is shown in Table 2. The quality of the retrieved wind field filtered by HY2RRM0.5 or HY2RRM0.6 was significantly improved, and the accuracy increase of retrieved wind speed was more than 11%, which was much higher than the actual situation. Under the same rain threshold, the inversion accuracy of wind speed and direction after HY2RRM0.5 and HY2RRM0.6 filtering showed little difference, with difference rates of only about 4.9% and 2.65%, but the data rejection rate showed a great difference, with difference rates if 40.6% and 51.88%, respectively. With the increase of the rain threshold, the accuracy growth of the retrieved wind speed of data flagged as rain-contaminated by HY2RRM0.5 and HY2RRM0.6 decreased significantly, but the accuracy growth of rain-free data did not change significantly, as shown in Figure 7 and Figure 8. As a result, choosing HY2RRM with a high rain threshold can result in a lower rejection rate, but the improvement effect of the retrieved wind field quality after rain identification will not be very different.



In short, the quality of the retrieved wind field was significantly improved after filtering out rain-contaminated data by HY2RRM, but there was no significant difference between HY2RRM0.5 and HY2RRM0.6; the main difference was in the rejection rate. In addition, both the quality improvement effect and the rejection rate exceeded expectations, which indicated that HY2RRM not only flagged most of the data polluted by rainwater, but also many data might have been misjudged due to poor quality.




3.2.3. Validation Case


In this study, an orbit of HY-2A data was selected to verify the accuracy of R4_HY2RRM0.6, the identifier of which is H2A_SM2B20130404_07609. These data were chosen because they contained more rain-contaminated data. In addition, because the geophysical model function of the HY-2A scatterometer has poor inversion accuracy at high wind speed, and the wind speed range of HY2RRM is limited to 3–15 m/s, data with a wind speed greater than 15 m/s were filtered out in the experiment. As shown in Figure 9, the red area is the area where HY-2A data were able to match with ECMWF, the blue point is the rain-contaminated data judged by ECMWF or HY2RRM, and the green point is the rain-free data. The results of this experiment showed that the accuracy was 86.31%, the accuracy of rain identification was 74.33%, the false alarm percentage was 10.52%, and the missed rain percentage was 3.16%, exhibiting no obvious difference from the above statistical results.






4. Discussion


The ideal rain identification model usually has a high classification accuracy, high rain identification accuracy, low data rejection rate, and significant wind field product quality improvement effect. However, in practical applications, these indicators are often difficult to simultaneously obtain, and it is necessary to make a choice. Thus, the criteria of loose and tight rain identification are extended. Loose criteria refer to recognizing as much rain-contaminated data as possible, which is mainly reflected by a low rain threshold and low probability threshold in the study, whereas tightened criteria refer to rigorously identifying rain-contaminated data, which is reflected by a high rain threshold and high probability threshold in the study. The accuracy rate of the loosest HY2RRM in the experiment was 72.95%, the accuracy of rain recognition was 79.27%, the data rejection rate was 33.4%, and the accuracy of the retrieved wind speed and direction increased by 15.94% and 9.7%, respectively. The accuracy of the most tightened HY2RRM was 88.16%, the accuracy of rain identification was 69.61%, the rejection rate for data was 12.1%, and the retrieval accuracy increases for the wind speed and direction were 11.22% and 4.04%, respectively. Thus, it can be seen that, unlike the selection of rain-sensitive parameters, the setting of the probability threshold and rain threshold has no absolute good or bad effect on model performance. It is a process of measuring accuracy and rain identification accuracy, and standards need to be selected according to actual application scenarios. In application scenarios aimed at improving the quality of the retrieved wind field, the integrity of the data needs to be maintained, and incomplete data will seriously affect the usefulness of the model. As a result, it is not acceptable for HY2RRM0.5 to reject about a quarter of the data. In addition, the effect of each HY2RRM on the wind field quality improvement is similar, so the R4_HYRRM0.6 is an ideal choice, but its data rejection rate is still much higher than the actual situation, which needs to be improved in subsequent studies.



MUDH_HY2, in comparison, presents no significant advantages over R2_HY2RRM0.5 and R2_HY2RRM0.6 for the following reasons. On the one hand, the identification effect of MUDH_HY2 is greatly reduced due to the lack of a brightness temperature parameter, which contributes a great deal to the rain identification and is one of the indispensable parameters in rain detection radar. On the other hand, Huddleston did not introduce the processing details in his paper. For example, when using histogram statistics, the distribution of data is diverse, but each bin of the parameter space is not given, so the regularity of some factors is not obvious. In addition, the MUDH essentially calculates the total probability of rain events. Due to the high feature dimensions and the large number of feature grades, data sparsity is inevitably caused. However, no relevant solution was proposed in the technical report, so this study had to use similar methods to deal with this factor, and many details were not handled properly, making the effect of MUDH_HY2 inferior to MUDH. From a technical point of view, it is very difficult to directly transplant the rain identification algorithms of other scatterometers, so the HY-2A scatterometer needs an independently developed rain identification technology.



In contrast, the HY2RRM method built with the KNN algorithm in this study has the following three advantages. First of all, the rain-sensitive parameters used in the construction of the HY2RRM are from the HY-2A scatterometer, which makes the HY-2A scatterometer able to flag rain-contaminated data at any time during measurement without waiting for matching to other external data before processing. Secondly, the KNN algorithm is not sensitive to abnormal data, and the problem of missing parameters in part of the data does not affect the calculation. Moreover, the method does not need to make assumptions on the data and engage in excessive processing to achieve the ideal effect of recognizing rain, and it has strong portability. In contrast, the traditional MUDH rain-flagging technique requires the data attributes to be complete; otherwise, the calculation will be affected. As a result, HY2RRM is applicable to all WVCs, and there is no need to build two rain identification models for inner and outer swath cases as in the method by Huddleston. Finally, different rain thresholds and predictive probability thresholds were used for the test. The false alarm percentage of the HY2RRM was very low, ranging from 0.1% to 4.73%, which indicated that the HY2RRM has a good effect on filtering rain-contaminated data.




5. Conclusions


In this study, observation data based on the HY-2A scatterometer were used for rain identification for the first time. In the experiment, the scattering characteristics of the response of rain to microwaves and the response of the scatterometer to rain were explored, and four conclusions were drawn as follows:



(1) When selecting rain-sensitive parameters, in addition to the conventional parameters, such as the retrieved wind speed, the swath-relative direction, and the normalized beam difference, new parameters can be expanded through many tests, such as the beam difference between fore and aft, the node number of WVC, and the mean deviation of backscattering coefficient. The experiment found that these parameters were significantly affected by rain. The retrieved wind speed and the swath-relative direction are the most sensitive parameters to rain, and the other parameters only have significant changes when the intensity of rain is moderate or above. In addition, because the parameters required for the calculation of these parameters are all from the HY-2A scatterometer itself, there is no need to match external data.



(2) Besides the selection of rain-sensitive parameters, the criteria of rain identification are also the parameters that affect the performance of the rain identification model. In this study, the parameters affecting the criteria were the rain threshold and prediction probability threshold, and the setting of the threshold is a process of weighing the model accuracy and rain identification accuracy. Through many experiments and comparisons, it is considered that R4_HYRRM0.6 is an ideal choice in application scenarios aimed at improving the quality of the inversion wind field. Its accuracy is 88.16%, the accuracy of rain identification is 69.61%, the data rejection rate is 12.1%, and the precision increase of retrieved wind speed and direction is 11.22% and 4.04%, respectively.



(3) The experiment attempted to transplant the traditional MUDH rain-flagging technique to the HY-2A satellite, but due to the hardware facilities and processing technology of the HY-2A scatterometer, the effect of MUDH-HY2 was greatly reduced, which shows that it is not advisable to directly transplant the rain identification technology of other satellites from a technical point of view. The HY-2A satellite needs to have its own rain identification technology.



(4) HY2RRM can overcome some of the limitations of MUDH. The algorithm is insensitive to abnormal data and can achieve an ideal rain identification effect without making assumptions and engaging in excessive data processing. It has strong portability and is suitable for all WVCs.



The HY2RRM provides a possible way to improve the inversion accuracy of the Ku-band scatterometer wind field further, but there are some limitations to the experiment; for example, the data rejection rate is much higher than the actual situation, and because the geophysical model function of the HY-2A scatterometer has poor inversion accuracy at high wind speed, the wind speed range is limited to 3–15 m/s. These problems warrant further research. In addition, the method is dependent on a user-defined threshold. Future studies on the automatic selection of a threshold will be able to improve the applicability of the method to different scenarios and datasets.
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Figure 1. Principle diagram of MUDH technique, taking a two-dimensional histogram as an example. (a) The histogram used to accumulate the total number of WVCs; (b) the histogram used to accumulate the number of rain-contaminated WVCs. 
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Figure 2. Principle diagram of KNN algorithm. (a) Target point and samples; (b) the result of k equal to 3; (c) the result of k equal to 5. 
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Figure 3. Technology flow of the KNN algorithm. 
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Figure 4. Comparison of the influence of rain on sensitive parameters. The rain-sensitive parameters are as follows: (a) retrieved wind speed; (b) relative wind direction; (c) normalized beam difference; (d) mean deviation of NRCS; (e) beam difference between fore and aft. 
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Figure 5. Response of sensitive parameters to precipitation changes. The rain-sensitive parameters are as follows: (a) retrieved wind speed; (b) relative wind direction; (c) normalized beam difference; (d) mean deviation of NRCS; (e) beam difference between fore and aft. 






Figure 5. Response of sensitive parameters to precipitation changes. The rain-sensitive parameters are as follows: (a) retrieved wind speed; (b) relative wind direction; (c) normalized beam difference; (d) mean deviation of NRCS; (e) beam difference between fore and aft.



[image: Remotesensing 13 03475 g005]







[image: Remotesensing 13 03475 g006 550] 





Figure 6. ROC curve under different rain thresholds. 






Figure 6. ROC curve under different rain thresholds.



[image: Remotesensing 13 03475 g006]







[image: Remotesensing 13 03475 g007 550] 





Figure 7. Influence of HY2RRM0.5 model on accuracy of retrieved wind speed with rain threshold. (a) The result of rain-contaminated data; (b) the result of rain-free data. 
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Figure 8. Influence of HY2RRM0.6 model on accuracy of retrieved wind speed with rain threshold. (a) The result of rain-contaminated data; (b) the result of rain-free data. 
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Figure 9. Situation of rain identification using H2A_SM2B20130404_07609 data. (a) Identification result of ECMWF; (b) identification result of R4_HY2RRM0.6. 
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Table 1. Performance comparison between HY2RRM0.5, HY2RRM0.6, and MUDH_HY2.
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Rain Threshold

	
Model

	
Accuracy

	
Rain Identification Accuracy

	
False Alarm Percentage

	
Missed Rain Percentage

	
Rejection Rate

	
Percentage of Actual Rain






	
1 mm/h

	
R1_HY2RRM0.5

	
72.95%

	
79.27%

	
24.78%

	
2.25%

	
33.4%

	
10.89%




	
R1_HY2RRM0.6

	
85.00%

	
56.46%

	
10.26%

	
4.73%

	
16.4%




	
2 mm/h

	
R2_HY2RRM0.5

	
72.76%

	
81.49%

	
26.35%

	
0.87%

	
30.2%

	
4.78%




	
R2_HY2RRM0.6

	
86.45%

	
60.58%

	
11.66%

	
1.87%

	
14.5%




	
MUDH_HY2

	
72.41%

	
57.13%

	
25.54%

	
2.03%

	
24.8%




	
3 mm/h

	
R3_HY2RRM0.5

	
73.43%

	
83.26%

	
26.22%

	
0.34%

	
27.9%

	
2.02%




	
R3_HY2RRM0.6

	
87.13%

	
64.19%

	
12.13%

	
0.72%

	
13.4%




	
4 mm/h

	
R4_HY2RRM0.5

	
74.97%

	
86.71%

	
24.91%

	
0.10%

	
25.6%

	
0.82%




	
R4_HY2RRM0.6

	
88.16%

	
69.61%

	
11.59%

	
0.24%

	
12.1%
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Table 2. Improvement of wind field quality from HY2RRM0.5 and HY2RRM0.6 under different rain thresholds.
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Rain Threshold

	
Model

	
Wind Speed (m/s)

	
Wind Direction (°)

	
Rejection

Rate




	
MAD

	
Growth

	
MD

	
Growth






	
1

	
Validation dataset

	
1.56

	
- -

	
19.73

	
- -

	
- -




	
ECMWF

	
Rain-free

	
1.45

	
6.98%

	
18.57

	
4.8%

	
10.8%




	
Rain-contaminated

	
2.47

	
−57.7%

	
27.43

	
−40.5%




	
R1_HY2RRM0.5

	
Rain-free

	
1.31

	
15.9%

	
17.81

	
9.7%

	
33.4%




	
Rain-contaminated

	
2.06

	
−31.7%

	
23.54

	
−19.3%




	
R1_HY2RRM0.6

	
Rain-free

	
1.37

	
12.0%

	
18.60

	
5.7%

	
16.4%




	
Rain-contaminated

	
2.52

	
−61.3%

	
25.47

	
−29.0%




	
2

	
Validation dataset

	
1.56

	
- -

	
19.52

	
- -

	
- -




	
ECMWF

	
Rain-free

	
1.50

	
3.7%

	
19.06

	
2.3%

	
4.78%




	
Rain-contaminated

	
2.76

	
−76.0%

	
28.84

	
−47.6%




	
R2_HY2RRM0.5

	
Rain-free

	
1.32

	
15.60%

	
18.55

	
7.5%

	
30.2%




	
Rain-contaminated

	
2.13

	
−36.0%

	
22.92

	
−17.4%




	
R2_HY2RRM0.6

	
Rain-free

	
1.39

	
11.3%

	
18.63

	
4.5%

	
14.5%




	
Rain-contaminated

	
2.61

	
−66.7%

	
24.79

	
−26.9%




	
3

	
Validation dataset

	
1.56

	
- -

	
19.73

	
- -

	
- -




	
ECMWF

	
Rain-free

	
1.53

	
1.87%

	
19.29

	
1.1

	
2.02%




	
Rain-contaminated

	
3.00

	
−91.4%

	
30.82

	
−57.8%




	
R3_HY2RRM0.5

	
Rain-free

	
1.32

	
15.6%

	
18.39

	
6.7%

	
27.9%




	
Rain-contaminated

	
2.19

	
−40.3%

	
23.17

	
−17.4%




	
R3_HY2RRM0.6

	
Rain-free

	
1.38

	
11.3%

	
18.96

	
3.8%

	
13.4%




	
Rain-contaminated

	
2.70

	
−73.0%

	
24.67

	
−25.0%




	
4

	
Validation dataset

	
1.56

	
- -

	
19.70

	
- -

	
- -




	
ECMWF

	
Rain-free

	
1.55

	
0.90

	
19.41

	
0.6%

	
0.82%




	
Rain-contaminated

	
3.31

	
−111.2%

	
34.47

	
−76.5%




	
R4_HY2RRM0.5

	
Rain-free

	
1.31

	
15.9%

	
18.38

	
6.7%

	
25.6%




	
Rain-contaminated

	
2.29

	
−46.2%

	
23.54

	
−19.4%




	
R4_HY2RRM0.6

	
Rain-free

	
1.38

	
11.2%

	
18.90

	
4.0%

	
12.1%




	
Rain-contaminated

	
2.83

	
−81.1%

	
25.46

	
−29.2%
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