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C-band synthetic aperture radar (SAR) with all-weather observation capability is gradually being used for the high-resolution observation of hurricane. The extreme wind speed in hurricanes is retrieved by combining the co- and cross-polarized SAR signals. However, the heavy precipitation associated with hurricanes will seriously affect the retrieval of SAR sea surface wind speed. In this study, the effects of precipitation-related parameters and phenomena on wind speed retrieval under strong hurricane conditions were examined by using the data from co-located global precipitation measurement Dual-frequency Precipitation Radar, SAR on Sentinel-1 and Radarsat-2, and stepped frequency microwave radiometer. The results show that precipitation will increase the retrieval error of wind speed, and the effect of convective precipitation is more obvious than that of stratiform precipitation. When the wind speed is less than 30 m/s and the rain rate is less than 20 mm/h, the distribution of the melting layer has no obvious effect on SAR wind speed retrieval. Rain cells are mainly the product of convective precipitation and can also be produced when the storm top height is very low. An increase in the vertical-horizontal (VH) polarized normalized radar cross section (NRCS) in rain cells is usually greater than that of the vertical-vertical (VV) polarized NRCS because the sensitivity of the VH signal in a hurricane area is usually greater than that of the VV signal. When the rain rate is low, the difference between the retrieved wind speed inside and outside the rain cells is within the error range of hurricane wind speed retrieval. When the rain rate is further increased, the difference will exceed 10 m/s.
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1 INTRODUCTION
The synthetic aperture radar (SAR) is capable of all-day, all-weather, and high-spatial-resolution imaging. It is an important means to monitor the sea surface wind field. To accurately retrieve the wind speed in the middle and low range, several geophysical model functions (GMFs), such as CMOD4, CMOD_IFR2, and CMOD5, have been established based on the analysis of co-located European Remote Sensing (ERS) satellites scatterometer data, European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data, and National Data Buoy Center (NDBC) buoy data and t based on the empirical relationship between co-polarized normalized radar cross section (NRCS) and the sea surface wind speed (Stoffelen and Anderson, 1997; Quilfen et al., 1998; Hersbach et al., 2007). However, when the sea surface wind speed exceeds 20 m/s, the vertical-vertical (VV) polarized NRCS tends to be saturated and will no longer increase monotonically with the wind speed, resulting in a rapid increase in the error of retrieving high wind speed from the VV NRCS (Donnelly et al., 1999; Shen et al., 2009). Meanwhile, the ability of vertical-horizontal (VH) polarized NRCS to retrieve high wind velocity was revealed from the superior performance of the four-polarization low-noise data of Radarsat-2 (Vachon and Wolfe, 2011). Studies have shown that compared to VV NRCS, VH NRCS has higher sensitivity at high wind speeds, making it more suitable for high wind speed retrieval (Hwang et al., 2010). VH NRCS increases monotonically with wind speed, does not depend on the external wind direction, and has little or no dependence on the radar incidence angle. Using the matching data of VH NRCS and NDBC buoys, dropsondes, and ECMWF reanalysis data and based on the empirical relationship between VH polarization NRCS and sea surface wind speed, GMFs such as C-2PO, C-2POD, and C-3PO, were established (Zhang and Perrie, 2012; Zhang and Perrie, 2013; Zhang et al., 2017). As these models do not require wind direction, wind speed can be retrieved directly from radar measurement data without extracting wind direction information from VV NRCS or external data.
A hurricane is an extremely destructive weather phenomenon and is often accompanied by heavy precipitation. Compared with X-band and Ku-band with shorter wavelengths, the C-band SAR is less affected by precipitation, and hence, it is more widely used for retrieving hurricane wind speed (Weissman and Bourassa, 2008; Marzano et al., 2010). Full polarimetric SAR data can provide complementary direction information for wind field retrieval. It can help improve the accuracy of wind field retrieval by comprehensively using multiple polarimetric data (Zhang et al., 2012). Based on the Satellite Hurricane Observation Campaign (SHOC) data of ESA, a new geophysical model function (MS1A) was proposed to interpret cross-polarized NRCS for wind speeds greater than 25 m/s. The extreme wind speed retrieved using co- and cross-polarized SAR data together showed that the maximum value of retrieved wind speed can reach 60 m/s (Mouche et al., 2017). GMF quantifies the relationship between VH NRCS and wind speed. However, the sea surface roughness is also affected by other non-wind-induced external factors, which will increase or decrease the VH NRCS signal. Precipitation is one of the important factors affecting sea surface roughness (Carratelli et al., 2006). However, almost none of the current GMF functions based on empirical relationships contain the precipitation paraments. In particular, for strong winds, reaching the hurricane level, the effect of precipitation can even produce 100% wind speed errors (Moore et al., 1983).
Precipitation generally affects the NRCS of microwave sensors in three ways, namely, the attenuation of the microwave signal in the atmosphere by precipitation, the backscattering caused by the falling precipitation, and the backscattering changes caused by the interaction of the precipitation with the sea surface (Nie and Long, 2008). The interaction between the precipitation and sea surface is a complex process, and it includes the splashing products (ring waves, stalks, and crowns) produced by raindrops striking the water surface, the changes in sea surface roughness caused by the downdraft associated with precipitation, and the turbulence in the upper water layer caused by raindrops, which attenuates the short gravity wave spectrum (Xu et al., 2014). A scatterometer usually has multiple antennas, which can be combined to obtain wind vectors from measurements from different angles. In order to remove the influence of precipitation, a rainfall algorithm is developed, which is used to infer the rainfall rate in the rainfall area and provide a rainfall marker for the wind vector. (Mears et al., 2000). However, the SAR has only one antenna, which cannot measure wind and rain simultaneously. Alpers et al. (Alpers et al., 2016) established the imaging mechanism of the SAR by analyzing the images and signals of SAR rain cells in different frequency bands and polarization modes when the rain rate is less than 50 mm/h. By matching Tropical Precipitation Measuring Mission (TRMM) PR, ERS-1/2, and ECMWF reanalysis data, Nie et al. (Nie and Long, 2008) established a wind–rain backscattering model of the scatterometer and re-evaluated the effect of precipitation on the C-band scatterometer. By analyzing co-located typhoon data observed by SAR and TRMM PR precipitation data, Shi et al. (Shi et al., 2019) found that when the incidence angle is in the range of 15°–30°, precipitation will suppress NRCS, and when the incidence angle is less than 10° and the incidence angle is in the range of 30°–45°, precipitation will enhance NRCS. Based on the difference between the co–and cross-polarization retrieval of the wind speed affected by precipitation, Hui et al. (Hui et al., 2018) proposed the quality index of the retrieval SAR vector wind speed polluted by rain and also proposed a method to rectify the effect of precipitation in the hurricane core area; this method effectively improved the wind speed retrieval in precipitation-contaminated areas.
The rain rate is clearly an intuitive and important parameter to study the effect of precipitation on microwave signals, but few studies explored the effect of other precipitation-related parameters on microwave signals. In this regard, we used the co-located global precipitation measurement (GPM) Dual-frequency Precipitation Radar (DPR) precipitation data, the SAR hurricane data of Sentinel-1 and Radarsat-2, and the stepped frequency microwave radiometer (SFMR) data to analyze the effects of precipitation, melting layer (ML) distribution, and precipitation type on SAR wind speed retrieval. The rest of this paper is organized as follows. Section 2 presents the data we used and the data-matching method. Section 3 provides an analysis of the effect of wind speed retrieval under different precipitation environments. Section 4 presents an analysis of the effect of rain cells on NRCS and wind speed retrieval. Section 5 provides a discussion and perspectives.
2 DATA SETS AND METHODS
2.1 Sentinel-1 and Radarsat-2
Sentinel-1 is part of ESA’s Copernicus satellite launch program. It consists of polar-orbiting satellites A and B that form a dual constellation system. Satellites A and B were launched in 2014 and 2016, respectively. The SAR sensor on Sentinel-1 has four imaging modes: Stripmap (SM), Interferometric Wide swath (IW), Extra Wide swath, and Wave (WV). The IW mode we used is to image three sub-bands with a swath of 250 km in a progressive scanning mode, and it covers an incidence angle range of 30°–42°. The level-1 ground range detected product has a range resolution of about 20 m and an azimuth resolution of about 22 m (Geudtner et al., 2014). Radarsat-2 is a high-resolution commercial SAR satellite jointly developed by the Canadian Space Agency and MacDonald Dettwiler and Associates Ltd. (MDA). Radarsat-2 was launched in 2007. We used its Scansar Wide mode (SCW), with an incidence angle of 20°–49° and a resolution of about 100 m in both the range and azimuth directions (Makynen et al., 2002).
As found, the sensitivity of the VH NRCS computed at 3-km resolution is reported to be more than 3.5 times larger than in VV(Mouche et al., 2017). Among the parameters used in wind field retrieval, VH NRCS signal is more sensitive than that of VV NRCS, so it has high requirements for the accuracy of NRCS. Before wind field retrieval, it is necessary to minimize the noise contained in the signal. In 2017, from an evaluation of the error of the Sentinel-1 data cross section, it was confirmed that the Sentinel-1 data met the radiation accuracy requirements. Subsequently, ESA improved the noise equivalent sigma zero (NESZ) estimation method. The first-level data processing algorithm of Sentinel-1 was further optimized, and a more accurate NESZ was obtained in the product (Hajduch et al., 2017). The Radarsat-2 dual-polarization measurement signal can reduce or minimize instrument noise through the noise reduction procedure, which is beneficial for the wind field data retrieval (Hui et al., 2014).
2.2 GPM
The GPM satellite was launched on 27 February 2014, and it is the successor of the world’s first spaceborne precipitation radar Tropical Precipitation Measuring Mission (TRMM). The payloads carried by the GPM core satellite are a multi-channel GPM Microwave Imager (GMI) and the first spaceborne Ku/Ka-band Dual-frequency Precipitation Radar (DPR). The DPR radar data used in this study includes a Ku-band precipitation radar (KuPR) operating at 13.6 GHz and a Ka-band precipitation radar (KaPR) operating at 35.5 GHz. The KuPR and TRMM PR operate at almost the same frequency, but the KuPR has twice the power of the TRMM PR. Hence, KuPR further improves the accuracy of precipitation measurement. With KaPR with the high-sensitivity scanning mode, the minimum detected precipitation intensity of DPR can reach 0.2 mm/h. GPM has four levels of products, and levels 1–3 are publicly available (Tang et al., 2015).
The GPM data are distributed by the NASA Space Flight Center Data Distribution Center. In this study, the dual-frequency retrieval product DPR_NS in the 2A-DPR orbital data product, which is the secondary product in the sixth edition data, was used. The product scans 49 points under the satellite in each measurement, with a resolution of 5 km, a scanning swath width of 245 km, and a vertical resolution of 250 m (Igarashi and Endo, 2014). These data were used in the research on the horizontal and vertical structures of precipitation, the distribution characteristics of the precipitation types, and the three-dimensional structural characteristics of precipitation under hurricane conditions; these researches laid the foundation for studying the effect of precipitation on SAR signals (Hu et al., 2019; Qiao et al., 2021; Hu et al., 2022).
2.3 SFMR wind speed
Since 2007, the National Oceanic and Atmospheric Administration Hurricane Research Division has conducted the Hurricane Field Program, which performs planned observations of hurricanes in the Atlantic and eastern Pacific every year. The data collection methods of the program include the use of airborne SFMR, GPS dropsondes, doppler radar, etc., providing a large amount of effective data for studying hurricane evolution and path prediction. The SFMRs mounted on all hurricane hunter and hurricane research aircraft take measurements during flyovers over the hurricane by relying on six C-band radiometers spanning 4.6–7.2 GHz to estimate wind speed and precipitation during the hurricane. Uhlhorn et al. (Uhlhorn et al., 2007) revised the SFMR algorithm by using drop-sonde data collected in 2003, and they further revised the SFMR processing algorithm in 2007, extending the range of the maximum measurable wind speed to 70 m/s and removing the remaining bias of the medium wind speed to a certain extent. SFMR data enable near-real-time intensity forecasts of hurricanes and are an important source of hurricane climatology data. In addition, these data are widely used to develop GMFs under medium and high wind speed conditions and even under extreme wind speed conditions (Sapp et al., 2019).
2.4 Data matching
The resolution of the satellite footprint of the GPM data is 5 km. To realize data co-location, we adjusted the spatial resolution of the SAR and SFMR data to 5 km by spatial resampling. As shown in Figure 1, the grayscale image is the SAR VV NRCS, and the red track is the route of the SFMR flying over the hurricane during the measurement. When GPM works, the satellite scans the passing sub-satellite points in the flight direction. The left half of the coverage area shown in Figure 1 is the precipitation rate for the near-surface data measured by the GPM.
[image: Figure 1]FIGURE 1 | Radarsat-2 measured the VV NRCS of Hurricane Arthur during the period 3 July 2014, 11:13:56–3 July 2014, 11:14:50 (UTC). The red line is the SFMR flight route. The area on the left is the GPM scanning area. The scanning time 3 July 2014, 11:08:00–3 July 2014, 11:09:00 (UTC).
Because of the vector motion of the hurricane, the SAR coordinates should be corrected before matching. Previous studies validated the ability of the position offset method to improve the correlation between the SAR NRCS and the SFMR wind speed (Mouche et al., 2019; Guan, 2021). The National Hurricane Center can provide the coordinates, maximum wind force, and central pressure data of hurricanes at 6-hourly intervals. By combining the SAR coordinate information and the SFMR observation time difference, the SAR coordinates were translated according to the following formula:
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where [image: image] (or [image: image]) represents the moving speed of the hurricane; [image: image] (or [image: image]) and [image: image] (or [image: image]) represent two successive positions of the hurricane; [image: image] represents the time between the two positions (usually 6 h). Some time periods also provide position information less than 6 h. [image: image] (or [image: image]) represents the longitude and latitude of the original SAR, and [image: image] (or [image: image]) represents the longitude and latitude after translation transformation.
Considering the effects of the violent horizontal movement of the hurricane, each co-located region contains overlapping swaths in which the time difference between the SAR time tags and the GPR DPR time tags is less than ±15 min and that between SAR time tags and SFMR time tags is less than ±1 h. As the co-located regions of SAR, DPR, and SFMR are relatively rare, we processed data from 1 July 2014, to 31 December 2021. Only two co-located hurricanes are found in this period. Information on the data is provided in Table 1. Generally, the duration of SAR acquisition is several seconds, while the SFMR observation time over a hurricane lasts up to several hours or even more. Therefore, it can be considered that the acquisition time of SAR is constant with respect to the observation time of SFMR (Mouche et al., 2019). The SAR observation duration as listed in the table is more than 1 min because the SAR may be continuously observed in the hurricane area, and multiple observation data can be spliced. For example, the collected data of Hurricane Nana are composed of three adjacent SAR data.
TABLE 1 | Hurricane Information Collected by the synthetic aperture radar.
[image: Table 1]2.5 Wind field retrieval method
Since the discovery of the monotonically increasing relationship between the VH NRCS and wind speed, several GMFs were developed for different loadings and imaging modes. Alexis et al. (Mouche et al., 2017) developed a combined co- and cross-polarization SAR measurement method suitable for extreme wind conditions by using the hurricane data obtained from the SHOC active SAR in 2016, and they preliminarily realized the retrieval of wind speeds below 60 m/s. The method was further optimized in 2019 to retrieve maximum wind speeds of up to 75 m/s, and the deviation and root-mean-square error (RMSE) of the wind speed retrieved by this method compared with SFMR were about 1.5 and 5 m/s, respectively (Mouche et al., 2019). When the wind speed was less than 25 m/s, the VV NRCS, ECMWF wind direction, and CMOD5N GMF were used to retrieve the wind speed. When the wind speed was greater than 25 m/s, the VH NRCS and MS1A GMF were used to retrieve the wind speed. Co-polarization has a stable accuracy in retrieving wind speeds in the middle and low wind speed range, and the sensitivity of cross-polarization in retrieving high wind speeds also compensates for the problem of co-polarization saturation in the high wind speed range. Atlantic and Eastern Pacific hurricane data based on Sentinel-1 and Ra-darsat-2 satellite observations processed by the above methods (spatial resolution of the data: 0.01°) can be obtained from the Cyclobs Archive Center.
3 EFFECT OF PRECIPITATION PARAMETERS ON HURRICANE WIND SPEED RETRIEVAL
3.1 Effects of precipitation
Precipitation is an important factor that affects the transmission of microwave signals. Traditionally, precipitation is considered transparent in the C-band, and its role is more obvious in the Ku band. However, studies revealed that effects of precipitation in the C-band may drastically change the total backscattering cross section and affect the retrieval of sea surface wind speeds (Draper and Long, 2004). The traditional ground-based radar can only observe land and offshore areas but cannot observe the precipitation over the sea. Although GPM satellite is not a polar-orbiting satellite, its observation area covers 90% of the global land and ocean. In addition, DPR data are transmitted to the ground station every 3 h, and hence, the DPR can provide more timely data for forecasting extreme weather events such as floods and hurricanes.
Figure 2 shows the scatter plot of the SAR-retrieved wind speed and the SFMR estimated wind speed. The data in Figure 2 1) shows no effect of precipitation. The RMSE of the two wind speeds is 4.82 m/s, which is almost the same as the RMSE of the combined co- and cross-polarization retrieval of extreme wind speed in the previous study [35]. Figure 2 2) shows the distribution of the SAR-retrieved wind speed and SFMR wind speed during precipitation, and the color map shows the near-surface rain rate measured by the DPR. The RMSE of the two wind speeds is 7.41 m/s. Similar to the conclusions of the previous research, this study showed that the existence of precipitation will lead to an increase in wind speed retrieval error. However, from the distribution of wind speed scatter plot, it is seen that the wind speed error is not clear only in the areas with strong wind or heavy precipitation intensity, indicating that the wind speed retrieval error does not simply increase monotonically with the rain rate but is also related to other factors.
[image: Figure 2]FIGURE 2 | Effect of precipitation on SAR wind speed retrieval: (A) no precipitation, (B) precipitation accompanying the DPR measurement, and the colors represents the DPR near-surface rain rate.
3.2 Effects of different precipitation types
DPR classifies rain into three major categories, namely, stratiform, convective, and other. In single-frequency modules, rain-type classification is made by a vertical profiling method (V-method). First, the bright band (BB) in the zero layer is one of the characteristics of continuous precipitation. A BB is detected by examining the profile of the radar reflective factor (Z). When a BB is detected, the rain type is classified as stratiform. When no BB is detected and the Z exceeds 40 dBZ, the rain type is convective (Awaka, 1998). In the dual-frequency module, a new method called the dual-frequency ratio method was developed by using the difference between the measured Ku-band Z in dB and the measured Ka-band Z in dB. This method was used for detecting the ML and for rain-type classification. The concept of ML has a wider meaning than BB. In other words, BB, which appears in stratiform rain, is a subset of ML (Le and Chandrasekar, 2013).
To analyze the effect of precipitation types on wind speed retrieval, we compared the SAR-retrieved wind speed with SFMR wind speeds for two precipitation types, as shown in Figure 3. Figure 3A shows the scatter plot of wind speed during stratiform precipitation (RMSE is 5.93 m/s). Compared with the wind speed error when there is no precipitation, as shown in Figure 2 (a), the wind speed retrieval error increases in the case of stratiform precipitation, but the impact is small. Figure 3B shows the scatter plot of wind speed during convective precipitation (RMSE: 9.12 m/s); compared with the case of no precipitation, the error is higher by 4.3 m/s, and the effect of precipitation is more obvious. Other precipitation types are areas where only cloud or noise is found in DPR measurement, so no analysis was conducted. A comparison of the distribution of wind speed scatter plots for the two precipitation types shows that convective precipitation has a greater effect on wind speed retrieval. This is so because the convective rain rate is always greater than the stratiform rain rate. The color change of the scatterplot in Figure 3 also reflects this fact.
[image: Figure 3]FIGURE 3 | Comparison of the SAR-retrieved wind speed and SFMR wind speed for different precipitation types. The color represents the rain rate. (A) Stratiform precipitation and (B) is convective precipitation.
Figure 4 1) shows the distribution of different precipitation types (indicated by different colors) on Hurricane Arthur. In Figure 4A, convective precipitation is indicated by the red dots, which are mainly distributed around the hurricane eye and in the spiral rainband at the southwest of the hurricane eye. Stratiform precipitation is indicated by blue dots, which is the main precipitation pattern of hurricane. The coverage area is usually larger than that of convective precipitation. Figure 4 2) shows the VV NRCS during Hurricane Arthur. In the rain belt on the southwest side of the hurricane eye, a series of connected rain cells are observed. However, there are almost no rain cells in the convective rain region in the hurricane eye. This is because of the very intense updraft of the hurricane near the eye wall, offsetting the downdraft caused by the precipitation decline. However, there are almost no rain cells or rainbands in the stratiform precipitation area, indicating that the rain cell phenomenon is mainly a product of convective precipitation.
[image: Figure 4]FIGURE 4 | (A) Precipitation type classified by DPR during Hurricane Arthur. There is no precipitation in the area covered by white dots; convective precipitation occurs in the area covered by blue dots; layered precipitation occurs in the area covered by red dots; other precipitation types occur in the area covered by yellow dots. (B) VV polarization NRCS during Hurricane Arthur.
3.3 Effects of different melting layer distributions
The ML is an area where precipitation morphology changes. Above the ML, precipitation mainly exists in the form of solid ice crystals and snow particles. When passing through the ML, the ice crystals and snow particles melt into liquid water and form large water droplets through collision and polymerization. At this stage, the ML is an area where solid and liquid precipitation coexist. Below the ML, precipitation is mainly in the form of liquid water. For a given precipitation intensity, the attenuation and backscattering of ice crystals and snow particles on the C-band SAR signal are far less than that of liquid water, and the effect of precipitation particles above the ML on SAR signal is usually ignored (Long and Nie, 2017). The volume scattering and attenuation of precipitation are closely related to the distribution of the ML. By analyzing the characteristics and microphysical processes of the ML, Qiao et al. (Qiao et al., 2022a; Qiao et al., 2022b) found that the height of the ML is affected by the combined effect of latitude and hurricane category. Most precipitation types have the ML located at around 5 km (Petty, 2001). Considering the effect of raindrop density, the height of the ML in a real scenario was simulated by the uniform distribution height of 4 km for the precipitation density (Xu and Li, 2017).
DPR can provide the data of the top and bottom height of the ML, and the thickness of ML can be obtained by calculating the difference between them. As shown in Figure 5 (a), the red dot indicates the top height of the ML, and the blue dot indicates the bottom height of the ML. The top height of the ML is about 5 km, and the bottom height of the ML is about 4 km, and thus, most of the MLs are about 1 km thick. Figure 5 2) shows the scatter plot of wind speed bias and ML thickness.
[image: Figure 5]FIGURE 5 | Relationship between SAR wind speed and SFMR wind speed difference and ML thickness. (A) Height distribution of top and bottom of ML, (B) Distribution of wind speed bias with different thickness of ML.
The ML thickness is about 2 km at most. The maximum bias between the SAR-retrieved wind speed and SFMR radiometer estimated wind speed is not more than 5 m/s, and is mostly up to 2 m/s. From data analysis, it is seen that when the rain rate does not exceed 20 mm/h, the maximum wind speed does not exceed 30 m/s, and the resolution is 5 km. The effect of changes in the distribution of the ML on the wind speed retrieval can be basically ignored. However, note that the current data are insufficient for analyzing the effects of larger rain rates and wind speeds above 30 m/s on the distribution of the ML, and further research is needed for this purpose.
4 SAR RAIN CELLS PHENOMENON
4.1 Effect of rain cells on NRCS
Rain cells are an important indicator of the effect of precipitation on SAR images. This phenomenon has been observed since the first marine satellite was launched in 1978. The footprints of rain cells on SAR images are caused by the interaction between precipitation and signals in the atmosphere and sea surface. When the downdraft reaches the sea surface, it spreads radially outward as a strong local surface wind that increases the sea surface roughness. If the surrounding wind field is too weak to interfere with this downdraft, a nearly circular bright pattern with a sharp edge will appear on the C-band SAR image. This phenomenon is closely related to the frequency band and polarization mode. Alpers et al. (Shi et al., 2019) compared the rain cells in the L-band, X-band, and C-band SAR images and different polarizations and found that there are obvious differences in the manifestations of the rain cell phenomenon.
The gray scale diagram in Figure 6 1) shows Sentinel-1 VV polarimetric SAR NRCS acquired in IW mode over the Gulf of Honduras from 23:58:12 (UTC) on 2 September 2020, to 23:59:27 on 2 September 2020. The area covered by the scatter plot in the southwest to northeast direction is the near-surface rain rate measured by DPR. The time of the DPR covering the hurricane area is from 00:00:23 on 3 September 2020, to 00:01:35 on 3 September 2020 (UTC), which is only 2–3 min away from the SAR observation time. It can almost be considered that the observation time of the two is synchronized. Figure 6B–Figure 6D show the variations in the VV polarization NRCS, VH polarization NRCS, and SAR retrieval wind speed, respectively, along the cross section in the A, B, and C regions during Hurricane Nana. In Figure 6 (b), the SAR incidence angle is about 41°; the DPR near-surface rain rate in the central area is about 3 mm/h, and that in the peripheral area is 0 mm/h. Figure 6 2) shows the VV-polarized NRCS in the center of rain cell about 5–6 dB, and the VH-polarized NRCS increases by about 8 dB and at wind speed, which is an increase of 10 m/s relative to the edge area of rain cell. In Figure 6 (d), the SAR incidence angle is about 37°, the precipitation in the central region is about 91 mm/h, the rain rate in the upper part of the peripheral region is about 17 mm/h, and the rain rate in the lower part of the peripheral region is about 4 mm/h. Figure 6 4) shows that in the region along the C transect, the VV-polarized NRCS in the center of rain cell increases by about 3–4 dB, and the VH-polarized NRCS increases by about 6–7 dB, and the wind speed increases by 10 m/s relative to the edge area of the rain cell.
[image: Figure 6]FIGURE 6 | (A) VV-polarized NRCS acquired by Sentinel-1 during Hurricane Nana, overlaid with DPR-measured near-surface rain rate, with a color map representing the rain rate. The DPR time tags are in range of 00:00:23–00:01:35 on 3 October 2020 (UTC). Figures (B)–(D) show the NRCS and SAR-retrieved wind speed changes in regions (A), (B), and (C) during Hurricane Nana in Figure (A).
The changes in NRCS as shown in Figure 6 (b)–(d) show that under different rainfall rates, the increase in VH-polarized NRCS in the rain cell area is greater than that of VV-polarize NRCS, indicating that the sensitivity of VH NRCS is greater than that of VV NRCS. This difference in sensitivity is more pronounced as we approach the eye of the hurricane. Figure 6 2) shows that when the rain rate is small, the increase in NRCS will cause an increase in the retrieved wind speed, though the wind speed is still within the error range of hurricane wind speed retrieval. However, the rain rate of the rain cell further increases, and the increase in NRCS will lead to a wind speed retrieval error even exceeding 10 m/s. The comparison of the rain rate and NRCS changes in the peripheral areas in Figure 6 3) and Figure 6 4) shows that the NRCS in the areas with higher rain rates are smaller than those in the areas with lower rain rates. This, it is confirmed that the magnitude of rain rate does not have a simple positive correlation with the change in NRCS.
In Figure 6 (a), we do not observe any obvious dark spots in the center of the rain cell. Meanwhile, dark spots are usually located in a very small range at the center of the rain cell. The data resolution used in this study is too coarse to observe these spots clearly. In Figure 6B and Figure 6D, the NRCS in the central region shows obvious fluctuations, which are most likely caused by the dark spots at the center of the rain cell. On the other hand, because the rain cells in this study are located in the spiral rainbands of hurricanes, the wind speed at the center of the rain cell is usually in the medium–high wind speed range, and even if dark patches appear at the center of the rain cell, they are not as obvious as in the normal area.
4.2 Relationship between storm top height and rain cell
The storm top height is the highest position where precipitation occurs. This height is usually slightly lower than the cloud top height. The analysis of storm top height can indirectly reflect the strength and stability of the updraft in clouds, and the effect of different cloud thickness on SAR NRCS is also different. Figure 7 1) shows the near-surface corrected reflectivity factor of Hurricane Arthur. In the figure, two continuous strong radar echo rainbands are observed at the lower left of the hurricane eye. Figure 7B shows the distribution of storm top heights during Hurricane Arthur. The storm top heights are concentrated in the range of 5–11 km, with a minimum height of less than 2 km and a maximum height of over 15 km. From a comparison of the rain rates during hurricanes, as shown in Figure 1, we can see that the storm top height is not positively correlated with rain rate. For example, the rain rate on the north side of the hurricane eye is as high as 55 mm/h, and the storm top height is about 5.5 km, while the rain rate on the west side of the hurricane eye is about 50 mm/h, and the corresponding storm top height is about 13 km. The precipitation intensity is not entirely determined by the storm top height; instead, it is also closely related to other physical processes occurring in the cloud.
[image: Figure 7]FIGURE 7 | (A) Scatter plot of near-surface reflectance factor. (B) Storm top height for Hurricane Arthur.
A comparison of the precipitation types during Hurricane Arthur in Figure 4 1) show that the storm top height of convective precipitation is not always greater than that of stratiform precipitation. The storm top height of most stratiform precipitation is concentrated in the range of 5–11 km, while the distribution of convective precipitation is not concentrated but spread across all heights. In the two spiral rain belts in the southwest of the hurricane eye, the storm top height of convective precipitation was distributed between 2 and 9 km. From a comparison of the rain rate during Hurricane Arthur (Figure 1), it is seen that the rain rate in the rain cell area is concentrated at 10–30 mm/h, indicating that the generation of rain cells does not necessarily require very deep convective activities, and it may also occur when the storm top height is very low, but a certain intensity of rain rate is necessary.
5 DISCUSSION AND PERSPECTIVE
The development and movement of hurricanes include complex interaction processes between the atmosphere and ocean. To accurately predict the hurricane intensity and track, it is necessary to accurately grasp the physical processes involved in TC production and development. Although a large number of studies explored hurricane, it is difficult to obtain accurate measurement data because of the wide coverage area involved and the intense movement of hurricane. Thus, the prediction of hurricane trajectory and wind intensity still remain a great challenge. The combined C-band SAR co-polarized and cross-polarized NRCS were found to enable the retrieval of hurricane winds. However, since TCs are usually accompanied by large-scale heavy precipitation activities, which will affect the measurement of SAR backscattering cross section, further analysis of the effect of precipitation is required.
In this study, by using co-located C-band SAR data, DPR precipitation data, and SFMR wind field data, we analyzed the effects of precipitation, different precipitation types, and ML distribution on wind speed retrieval. By comparing the RMSEs of the SAR-retrieved wind speeds and SFMR estimated wind speeds under different precipitation parameters, we found that the precipitation causes an increase in the wind speed retrieval error. This increasing trend is not simply positively related to rain rate but is related to other factors. The effect of convective precipitation on the retrieval error of wind speed is obviously greater than that of stratiform precipitation, which is inseparable from the fact that the rain rate of convective precipitation is usually greater than that of stratiform precipitation (M et al., 2019). Rain cells are mainly the product of convective precipitation. In the stratiform precipitation area, there are no rain cells even when the precipitation reaches a certain intensity. The ML height is used to calculate the attenuation and volume scattering parameters of the C-band SAR in the atmosphere. However, when the wind speed is less than 30 m/s and the rain rate is less than 20 mm/h, the distribution of the ML does not have a significant effect on the wind speed retrieval.
Both VV NRCS and VH NRCS increase in the rain cell area. However, because of the different sensitivities of SAR signals with VH polarization and VV polarization, the increase in the VH NRCS in the rain cell area is usually greater than that in the VV NRCS. This sensitivity is closely related to the distance between the rain cell and the hurricane center. When the rain rate is small, the difference between the SAR-retrieved wind speeds inside and outside the rain cell is about 5 m/s. After the rain rate increases, the difference between the two can reach more than 10 m/s, but this change does not follow a simple positive correlation with the rain rate. The storm top height is a parameter that characterizes the intensity of vertical motion in the cloud and the stability of the cloud; in this study, the storm top height of the convective precipitation during the hurricane was not completely higher than that of the stratiform precipitation. Rain cells can also occur at low storm top heights, but a certain rate of precipitation is necessary. More data are needed to determine this threshold.
When the rain cells are associated with the downdraft pattern, this geophysical phenomenon can be observed in the SAR of all frequency bands. However, the rain cells are not always associated with the downdraft, and precipitation may also occur in other forms, such as stratified rain, rain belt, and squall line. These different forms make it difficult to observe precipitation in SAR images. As the next step, we plan to use the co-located GPM data to mark the rainfall phenomenon in the SAR image and build a data set to train the depth learning model to identify the region containing precipitation from the SAR image. By restoring the NRCS of the precipitation area, the accuracy of the sea surface wind field retrieval can be further improved.
Although the platforms and payloads of hurricane research have increased in recent years, achieving high-resolution hurricane wind speed retrieval still remains a challenge. Precipitation is a continuous process, but the observation time of SAR for a given area is usually less than 1 min. So, it is impossible to fully describe the effect of precipitation. It is necessary to perform continuous observation and analysis of the precipitation process. The SHOC in Europe and the Hurricane Field Program in the United States provide valuable data for studying hurricanes. At present, the data of multiple load matching is not very rich, so it is necessary to carry out multi-platform joint observation. With accumulation of data, it is expected that SAR will become useful for accurately retrieving extreme weather events such as hurricanes.
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