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Abstract

:

High-resolution synthetic aperture radar (SAR) wind observations provide fine structural information for tropical cycles and could be assimilated into numerical weather prediction (NWP) models. However, in the conventional method assimilating the u and v components for SAR wind observations (SAR_uv), the wind direction is not a state vector and its observational error is not considered during the assimilation calculation. In this paper, an improved method for wind observation directly assimilates the SAR wind observations in the form of speed and direction (SAR_sd). This method was implemented to assimilate the sea surface wind retrieved from Sentinel-1 synthetic aperture radar (SAR) in the basic three-dimensional variational system for the Weather Research and Forecasting Model (WRF 3DVAR). Furthermore, a new quality control scheme for wind observations is also presented. Typhoon Lionrock in August 2016 is chosen as a case study to investigate and compare both assimilation methods. The experimental results show that the SAR wind observations can increase the number of the effective observations in the area of a typhoon and have a positive impact on the assimilation analysis. The numerical forecast results for this case show better results for the SAR_sd method than for the SAR_uv method. The SAR_sd method looks very promising for winds assimilation under typhoon conditions, but more cases need to be considered to draw final conclusions.
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1. Introduction


Sea surface wind is the primary power source for atmospheric movement over the ocean surface [1] and remarkably affects the air-sea exchange process. Tropical cyclones (TCs), storm surges, and many other severe ocean conditions are driven by the sea surface wind. However, the usual measurements of sea surface wind observations from the buoys and ships are scarce and distributed irregularly. The observations for bad weather are often far away from ships on limited routes, and especially, there are few observations of high precision and resolution in the area of TCs. The lack of observations regarding the initial analysis in the TC model would greatly reduce the accuracy of the TC forecast.



In recent years, microwave remote sensing instruments such as microwave scatterometers and synthetic aperture radar (SAR) have been used to retrieve sea surface wind fields [2,3,4]. Although the scatterometer observes the ocean surface with wide coverage [5], the spatial resolution of scatterometers is 12.5~25 km and the accuracy of scatterometers’ measurements of winds is low in coastal regions [6]. However, the SAR observations are of high spatial resolution [7,8,9], and these data can provide very detailed information on the structure of tropical cyclones [10]. The accuracy of sea surface wind data retrieved from SAR is also comparable with scatterometer data [11,12], and these wind fields can be used with a data assimilation system to provide the initial conditions for the numerical weather prediction (NWP) model [13]. Some researchers have tried to adopt the SAR observations in the assimilation system. Danielson designed a plan to assimilate SAR wind information in Environment Canada’s high-resolution three-dimensional variational (3DVAR) analysis system [14]. Perrie et al. assimilated the SAR derived wind, which captured Hurricane Isanbe’eye, and found that the analysis from the experiment provided new information about Isabel’s central region [15]. Choisnard et al. assessed the quality of a marine wind vector retrieved from the variational data assimilation of SAR backscatter observation and inferred that wind direction information from wind streaks could be of interest to add some wind direction sensitivity [16].



The SAR derived wind products are in the form of the wind speed (spd) and the wind direction (dir). In current data assimilation systems, including the Weather Research and Forecasting Model Data Assimilation system (WRFDA), the input wind products are transformed to a longitudinal component (u wind) and a latitudinal component (v wind). Then, u and v are used in the assimilation calculation as the vectors for wind observations [17]. In this conventional method, dir is not a state vector and can not influence the analysis directly. Furthermore, the impact of the dir observational error on u and v is ignored. This will cause large errors in the u and v assimilation, especially when the wind observations are largely different from the background wind, e.g., during typhoon events [18]. In fact, for SAR wind retrieval, the wind speed is derived from the radar sea surface backscattering signal, while the wind direction is usually extracted from wind-aligned patterns on SAR imagery [10]. Consequently, the spd and dir errors of SAR observations are independent, and the dir observational error should not be ignored in the wind data assimilation.



Recently, a novel method to assimilate the wind observations has been proposed by Huang et al., which directly assimilates spd and dir based on the transformation of the state vectors u and v to spd and dir by the observation operator [18]. Gao et al. further tested this method in the experiments for the satellite-derived Atmospheric Motion Vectors (AMV) and the surface dataset in the Meteorological Assimilation Data Ingest System (MADIS) [19]. However, the quality control process is ignored for the ideal observations in these studies, and the derived values of u and v were not checked together in the quality control stage, even though they were derived from a single wind vector. In this study, an improved method is proposed based on Huang et al., which can assimilate the SAR wind data under typhoon conditions. A new quality control scheme is also presented. The proposed methods are tested and compared with the traditional methods within the WRF/3DVAR framework for the prediction of Typhoon Lionrock (2016). The impact of assimilation of SAR sea surface winds on the typhoon track and intensity will be examined using different methods.



The rest of the paper is organized as follows. In Section 2, we introduce the sea surface wind retrieval method, the assimilation methods, and the quality control scheme. The numerical model and experiment setup are described in Section 3. The experimental results are compared and discussed in Section 4. The conclusions are presented in Section 5.




2. Data and Methodology


2.1. SAR Wind Retrieval


On 3 April 2014, the European Space Agency (ESA) launched the C-band Sentinel-1A satellite. They acquired the first Sentinel-1 typhoon image in the northwest Pacific on 4 October 2014 [20]. Sentinel-1 provides free and open SAR data for ocean, land changes, and emergency response applications, and the data have been utilized in research for hurricane/typhoon studies [21,22,23]. Sentinel-1 has four operational modes, i.e., Strip Map Mode, Interferometric Wide Swath Mode, Extra-wide Swath Mode, and Wave Mode. Sentinel-1 has selectable single polarization (VV, vertical transmit and vertical receive or HH, horizontal transmit and horizontal receive) for the Wave Mode and selectable dual polatization (VV + VH, vertical transmit and horizontal receive or HH + HV, horizontal transmit and vertical receive) for all other modes. In this study, an Extra-wide Swath Mode dual polarization (VV + VH) SAR image is used to derive the sea surface wind map of Typhoon Lionrock (as shown in Figure 1). Its swath is 400 km, and its spatial resolution is 25 × 100 m.



The raw data of Sentinel-1 observations are first calibrated to give the Normalized Radar Cross-section (NRCS), which expresses the radar return signal per unit area and depends on the instant wind stress over the ocean surface and the radar viewing geometry. The Geophysic model function (GMF) is used for SAR wind retrieval and here a C-band geophysical model function (CMOD-5) [24] is used to convert the calibrated NRCS measurement to sea surface winds. The general form of the GMF is:


    σ 0  = M ( U , φ , θ ; p , f )   



(1)




where     σ 0     is NRCS;   U   is the wind speed at 10 m;   φ   is the wind direction with respect to the radar look direction;   θ   is local incidence angle;   p   is the method of polarization; and   f   is the frequency of the incident radar wave. As shown in Equation (1), the wind speed retrieval from SAR requires a priori information about the wind direction as the SAR is only capable of observing each point on the ocean surface from a single look angle. This wind direction information is usually obtained from in situ measurements, numerical model outputs, or SAR imagery. For the typhoon wind field, there are wind streaks in SAR imagery, and the wind direction can be extracted from this image pattern. In this study, a method called Discrete Wavelet Transform (DWT) is chosen to derive the sea surface wind direction. The details of the DWT methods can be found in Du et al., 2002 [25] and Zhou et al., 2013 [26]. In the SAR wind retrieval, the heavy rain has been filtered out.




2.2. Data Assimilationof SAR Sea Surface Winds


Data assimilation provides initial conditions to atmospheric models by concentrating on searching for a solution that minimizes simultaneously the distance between observations and the background and the distance between the initial guess variables and the analysis variables [27]. In the three dimensional variational data assimilation (3DVAR) framework, the initial conditions are the best estimations obtained through the minimization of a cost function based on Bayes theory [28], defined as:


   J ( x ) =  J b  +  J o  =  1 2    ( x −  x b  )  T   B  − 1   ( x −  x b  ) +  1 2    [ y − H ( x ) ]  T   R  − 1   [ y − H ( x ) ]   



(2)







Here,     J b     is the background term and describes the misfit between the model state variable x and the background state     x b    , which is derived from short-range forecast.     J o     is the observation term, describing the misfit between the observation vector   y   and the vector equivalent to the model state variable, which is projected to the observation space by the observation operator H [29,30]. B and R are the background and observational error covariance matrices, respectively, and both are assumed Gaussian distributions. The superscripts T and −1 denote the inverse and adjoint, respectively.



Since the state vectors for wind observations in the assimilation system are u and v, the conventional method (referred as SAR_uv) assimilates the u and v wind derived from the initial observation of spd and dir. The impact of dir errors on the uncertainly of u and v is not considered during the assimilation process, and the dir errors have no independent influence on the assimilation results. A new method (referred as SAR_sd) proposed by Huang et al. [18] can directly assimilate spd and dir. In this method, the state vectors u and v need to be converted into spd and dir by the observation operator H, then the observation vector y contains the variables    s  p o     and    d i  r o    , as below:


    y  s d   =   ( ⋯ , s  p o  , d i  r o  , ⋯ )  T    



(3)







Assuming the observation vector only contains the wind observation, the observation term     J o     can be written as:


    J o  =  1 2     (    s  p o  − s  p b     σ  s p  o     )   2  +  1 2     (    d i  r o  − d i  r b     σ  d i r  o     )   2    



(4)







Here,    s  p b     and    d i  r b     are the wind speed and direction from the background, respectively, and     σ  s p  o     and     σ  d i r  o     are the observational errors for wind speed and direction, respectively. By this method, the observational error of wind direction is considered for the wind observations. The details of this method were described in Huang et al. [18].




2.3. Observation Quality Control Scheme


Wind observations may carry many kinds of errors such as the error from the instruments, the error from the retrieval method, and so on. Adequate quality control can filter out spurious observations from the data assimilation system and obtain a more accurate field. The observation quality control process is usually verified by the observation innovation and the observation errors [31]. In the WRFDA system, when the observation innovation is greater than five times the observation error, the observation is rejected [32], as shown in the Equation (5):


   | d | > 5 σ   



(5)







Here, d is the observation innovation and   σ   is the observational error. The observation innovation is derived by subtracting the background by the observation, as shown in the following equation:


   d = y − H (  x b  )   



(6)







For spd, if the observation error is 2 m/s, then when the spd innovation is larger than 10 m/s, the observation is rejected. The same is for u and v. For dir, make a definition that the observation difference is inv, and:


   i n v = | d i  r o  − d i  r b  |   



(7)







Here,    d i  r o     is the dir observation and    d i  r b     is the dir background. Then the dir observation innovation is defined as below:


    {    d = i n v                  i f     i n v ≤  180 ∘      d =  360 ∘  − i n v      i f     i n v >  180 ∘        



(8)







For example, if    d i  r b     = 0°,    d i  r 1 o  =   30  ∘    , and    d i  r 2 o  =   330  ∘    , then the observation innovation is 30° for both    d i  r 1 o     and    d i  r 2 o    . If the dir observation error is 20° and the dir innovation is greater than 100°, then the dir observation is rejected. In this study, a dir observation error of 20° is applied, and a wind speed error of 2 m/s is applied for u, v, and spd.



There are two different quality control methods for the two components in the single wind vector, both for u and v in the SAR_uv assimilation or for spd and dir in the SAR_sd assimilation. As in most assimilation systems, including WRFDA, the assumptions are widely used that the errors for different state variables are independent and that the quality controls for different state variables are independent [33]. Here we refer to the method that indicates that the quality control for the two components in one single wind vector is independent as Quality Controlled alone (QC_al). However, the two components u and v are not observed independently and are calculated from one wind vector. For the spd and dir observations, sometimes they are independent, like the spd measured by the rotating cup anemometer in most operational 10-m synoptic observation stations while the dir is observed by a vane, and sometimes they are dependent, like the Atmospheric Motion Vectors (AMV) derived from satellite imagery. If the two components are not observed independently, they should be quality controlled together. Here we refer the method that indicates that two components in one single wind vector are checked by each other during the quality control as Quality Controlled corporately (QC_co).To discuss the two methods of quality control, one wind vector from the background (BKG) and four observation wind vectors are presented in Figure 2, and the values for all five vectors are detailed in the Table 1. In this figure, BKG is represented by a blue arrow, and the red arrows represent four different examples of observations. For SAR_sd assimilation, if we use the QC_co method for quality control, only observation 1 (OBS1) and observation 2 (OBS2) of the four observations are accepted in dir quality control, as their wind direction innovations are less than 100°, like all the observations distributed in the right hand angle between the green boundary lines Boundary1 and Boundary2, but OBS2 is rejected in spd quality control as the spd innovation is larger than 10m/s. Finally, only OBS1 remains in the quality control. If we use the QC_al method, OBS2 can keep the dir observation, while the spd observation is rejected, and observation 3 (OBS3) and observation 4 (OBS4) can keep the spd observations, but the dir observations are rejected. For SAR_uv assimilation, the direction error is not considered. If the QC_co method is applied, OBS1 and OBS4 are kept, OBS2 is rejected as the v innovation is larger than 10m/s, and the OBS3 is rejected with u innovation larger than 10 m/s. If the QC_al method is applied, OBS2 can keep u wind and OBS3 can keep v wind. The results are concluded in Table 2.



From the discussion above, we conclude that, in SAR_uv assimilation, no matter which quality control method is adopted, observations like OBS4 filling in the left angle of the two green boundary lines could be assimilated, which may result bad analysis. If using the QC_al method, SAR_uv assimilation will reject all the observations with high speed such as v of OBS2 and u of OBS3, only keeping the u or v speed close to the background.





3. Case Study—Typhoon Lionrock of 2016


3.1. Description of Typhoon Lionrock


Typhoon Lionrock was the tenth named storm in 2016. It was a powerful, long-lived, severe tropical cyclone and caused remarkable flooding and casualties in North Korea and Japan [34]. After forming as a hybrid disturbance located about 585 km to the west of Wake Island on 15 August, it moved southwestward and intensified into a typhoon, then moved northeastward and became a super typhoon. On 29 August, Lionrock weakened and moved on an unprecedented path towards the northeastern region of Japan. Right before weakening into a severe tropical storm at 0900 UTC on 30 August, Lionrock made landfall near Ōfunato, a city in Iwate Prefecture. After landing, the center of the Lionrock cluster intensified, moving further to the northwest as a Pacific storm at the rare 70 to 80 km per hour. After just a few hours, Lionrock swept northeast of Japan and moved again into the Sea of Japan at noon on the day. This makes Lionrock the first tropical cyclone to make landfall over the Pacific coast of the Tōhoku region of Japan since the Japan Meteorological Agency began record-keeping in 1951. Lionrock transformed to be a tropical storm at the night of 31 August and landed again in the vicinity of Vladivostok, Russia. It continued moving westward, turned into a temperate cyclone on 1 September, and was last noted on 2 September in the Jilin Province, China.




3.2. Experimental Design


Three groups of experiments are designed to investigate the impact of SAR wind data in three-dimensional variational system for the Weather Research and Forecasting Model (WRF 3DVAR). These runs are referred to as the basic control experiment (CNTL) without observations, the SAR_uv experiment assimilating u and v, and the SAR_sd experiment assimilating the SAR wind speed and direct retrievals. The background fields were derived from a WRF simulation, which was integrated from 0000 UTC 28 August 2016 for 24 h, and the National Centers for Environmental Prediction (NCEP) final (FNL) analysis data was adopted in the WRF model. All the groups of experiments used the same background field. The analysis time for data assimilation was 0900 UTC 29 August 2016. In the SAR_uv and SAR_sd experiments, the assimilation window was 6 h, and the SAR observations were sounded at about 0830 UTC 29 August. After the assimilation, the analysis field was inputted to the WRF forecast model and run from the analysis time for 33 h. The input wind speed of the observations was checked to be less than 25 m/s and thinned to be 15 km. In both cases, 23,207 wind vectors were inputted. After quality control, only 327 wind vectors were accepted; 22,880 wind vectors were rejected in the SAR_sd case, and, in the SAR_uv case, 2896 wind components (u and v wind) were accepted and 20,311 wind vectors were rejected. The accepted observations for the two cases are plotted in Figure 3. The details of the three experiments are provided in Table 3.




3.3. Model Description


The WRF model developed by the United States National Centers for Environmental Prediction was used in this study, and the 3DVAR version 3.5 was used as the basic assimilation system for the SAR observations [29]. The UV operator and the SD operator were implemented in the 3DVAR system for the assimilation of the SAR UV wind and SD wind retrievals, respectively. The WRF 3.8 version was run as the forecast model.



Various physical parameterization schemes are developed in the non-hydrostatic WRF model for the researchers to choose properly in order to simulate the atmospheric structures. The major physical options in our experiments include the WRF Single-Moment 3-class (WSM3) microphysics scheme [35], the Kain-Fritsch (KF) convective parameterization [36], and the Yonsei University (YSU) boundary layer scheme [37]. The domain of the WRF 3DVAR analysis and the WRF model simulation has 260 × 250 grid points, and the center of the domain is located at 30.0°N, 135°E (as shown in Figure 4). The horizontal resolution is 15km, and the vertical levels are 51 in the WRF model framework; the no-nesting method is utilized, and the Terrian-following coordinate (σ-coordinate) [38] at the top of the model atmosphere was located at 10 hPa. The SAR observed the area covering the center of the typhoon, and the structure of the wind field around the typhoon center can be seen clearly in Figure 1. Like the wind retrieval from the scatterometer observations, the SAR wind retrieval with speeds over 25 m/s also exhibits larger errors and is considered to be less reliable; the SAR wind retrieval with speeds less than 25 m/s is used in the assimilation.





4. Experimental Results


4.1. Wind Analysis at 10 m


To investigate the impact of the assimilation of SAR sea surface wind observations on the wind analysis at 10 m by the two different assimilation methods, the NCEP FNL data at 0900 UTC 29 August is used as the true wind field as the FNL data at the time of analysis time is of high accuracy [39].



Figure 5 shows the wind fields at 10 m at 0900 UTC 29 August 2016. The Figure 5a,b, show the wind fields at 10 m from the NCEP FNL data and from the background field, respectively. The center of the typhoon in the FNL data is at 142°E, 32°N, while the typhoon center in the background is further north than the location in the FNL data. It can be seen from Figure 5a that the typhoon center of the real wind field is basically symmetrical and the wind field in the typhoon revolves around the typhoon center in the reverse clock direction. Compared with the real wind field, the center of the typhoon in the background field from Figure 5b is not obviously symmetrical. The direction of the wind field around the typhoon center is also counter-clockwise, but the strength simulation was significantly weaker than the real wind field. Moreover, the vortex structures and the pressure are very different in the two panels.



The Figure 5c,d, are the wind analysis at 10 m from the SAR_sd and SAR_uv, respectively. The tropical centers in both analysis fields are very close to the location in the FNL data. The wind fields from two analysis experiments are close to the real wind field. The wind field structure and the intensity of the typhoon in both assimilation analysis fields are basically consistent with those of the typhoon wind field. The observation data of the assimilated SAR can effectively adjust the background field and provide an accurate wind field at 10 m for the forecasting model. However, the pressure intensity in the typhoon center from the SAR_uv is slightly lower than that for the true field. The typhoon structure in the SAR_sd analysis is more symmetrical than the SAR_uv analysis. The spatial pressure distribution in SAR_sd is similar to the true wind field (Figure 5a), and the wind field in SAR_sd is also close to the true wind field. These results indicate that the analysis field from the SAR_sd experiment is closer to the FNL truth.



The Figure 5e,f are the analytical deviation at 10 m in the center of typhoon from the SAR_sd and the SAR_uv experiments, respectively. The red diamond region represents the area covered by the SAR observations. The analysis deviation is derived from the true field subtracted by the analysis. The smaller the analysis deviation, the more accurate the analysis field is. In the red frames, most of the arrows in Figure 5e are shorter than the arrows in Figure 5f; this indicates that the magnitude of the wind speed deviation of SAR_sd is smaller than that of SAR_uv. We can infer that the wind speed of the SAR_sd analysis is closer to the real wind speed; even the direction deviation is sometimes the same as the real wind field and sometimes contrary to the real wind field. A clockwise wind field orientation in Figure 5e,f indicates that the wind speed is underestimated, whereas a counter-clockwise wind field orientation indicates that the wind speed is overestimated. Almost all the wind direction of the deviation of SAR_uv is opposite to the real wind field, indicating that the wind speed is underestimated. However, comparing this with the observation bias outside the observation coverage area, it can be found that the impact of the analysis bias of SAR_sd is spread beyond the observation range and the deviation in both the left and right sides of the observation area is relatively large. The assimilation of SAR observations by the method to assimilate spd and dir can have a good influence in the observation area, and it may have some negative effects out of the periphery of the scanning area. This also can be seen in the northeastern side of the typhoon center on the right side of the SAR observation area in Figure 5c, where the wind speed and wind direction are significantly different from the real wind field. The impact of the analysis of SAR_uv is small both inside and outside of the periphery of the observation area, but it is not negative out of the periphery of the observed coverage area.




4.2. Analysis Bias at Different Height


To assess the impact of the SAR sea surface wind observations on the analysis in of the vertical height of a typhoon, the analysis biases of wind speed for SAR_sd and SAR_uv at 10 m at 850 hPa, 700 hPa, 500 hPa, and 300 hPa are investigated. The analysis bias is derived from the true field subtracted by the analysis, and the NCEP FNL analysis at the analysis time is used as the true field.



The top two panels are the analysis bias of the wind speed at 10 m. There is an area of bias of −6 to −2 m/s in SAR_sd, and the area of bias is significant smaller than the area of SAR_uv out of the periphery of the TC. Generally the minimum bias of −2 to 2 m/sis the dominance area of the two panels, and this kind of area in SAR_sd is larger than in SAR_uv. These results indicate that the analysis by SAR_sd at 10 m is more accurate than that of SAR_uv. The middle two panels show the analysis bias of wind speed at 850 hPa. Figure 6c shows that, although there is an area of analysis bias of SAR_sd lower than −10 m/s in the northeast of the TC center, the bias is small in the southwest of the TC center, where many SAR sea surface wind observations exist. There is a large area of bias of −6 to −2 m/s in the west of the periphery of the TC from SAR_sd; this indicates that, in this area, the wind speed of SAR_sd is slower than the true wind field. Figure 6d shows there is a large area of analysis bias of −10 to −6 m/s just around the TC center from SAR_uv. There is a large area of analysis bias of 2 to 6 m/s in the periphery of the TC from SAR_uv, indicating that the wind speed is larger than the true wind field in this area for SAR_uv. Figure 6e,f show the analysis bias of wind speed at the 700 hPa for SAR_sd and SAR_uv, respectively. The two panels are similar, the main bias is −2 to 2 m/s, the lower bias is more from SAR_sd, and the higher bias is more from SAR_uv. The results at 500 hPa and 300 hPa are almost the same; the figures are not shown.




4.3. Analysis Increment for Different Analysis Parameters


The results described above show that the analysis of SAR_sd is closer to the NCEP FNL data; it is more accurate than the analysis of SAR_uv. We can investigate the analysis increment to derive some verification for the two types of SAR wind observations. The larger the analysis increment is, the more improvement brought by the observations, as both assimilation experiments were based on the same background and literal boundary conditions.



Figure 7 presents the average root mean square error (RMSE) of the analysis increment for both the SAR_sd and SAR_uv experiments. The analysis of u wind, v wind, temperature, and relative humidity is described in Figure 7a–d, respectively. The results from Figure 7a,b are almost the same. It can be seen that the SAR wind observations improved u and v analysis mainly from the surface to 450 hPa. Above 450 hPa, the analysis increment is nearly 0 and the information on u and v comes from the background. For the analysis of both u and v, the RMSE increment of the two experiments reached the maximum at 950 hPa. For the Figure 7c,d, it can be seen that the analysis increment exists in the whole vertical layer for both temperature and relative humidity. The maximum RMSE exists between 850 hPa and 800 hPa, and the RMSE of temperature is smaller than that of relative humidity. Generally, from the four panels, the results show that the RMSE from SAR_sd is larger than the RMSE from SAR_uv; this indicates the assimilation of spd and dir has larger improvement than the assimilation of u and v for the same SAR sea surface wind.




4.4. Forecast Results


To verify how the assimilation of SAR sea surface wind affects the TC forecasts, the forecast skills of the track, the track error, the minimum sea level pressure (MSLP) error, and the absolute maximum wind speed error were assessed by comparing the forecasts from the SAR_sd and SAR_uv experiments with the CNTL experiment in Figure 8. The ‘best track’, minimum sea level pressure, and absolute maximum wind speed data for Typhoon Lionrock are obtained from the China Meteorological Administration (CMA).



Figure 8a shows the 33 h track forecasts of Lionrock initialized at 0900 UTC 29 August 2016. The best track positions from CMA are the blue line. The forecast tracks from the two SAR observation experiments agree better with the best track than that of the CNTL experiment, especially the track forecast from SAR_sd experiment after the 9 h forecast. The SAR sea surface wind prevented the track forecast from moving clearly westward too fast, even though SAR_sd moved westward in the first 9 h. All the predicted tracks moved faster than the best track. Generally, the track forecast from SAR_sd was closer to the best track than the track forecast from SAR_uv, and the landfall position in Japan from SAR_sd was closest to the position from the best track.



Mean absolute track error, MSLP error, and mini and absolute maximum wind speed error as a function of forecast range for Lionrock are shown in Figure 8b–d. We found that the track errors of SAR_uv and CNTL are almost the same, and they consistently increase, excepting the 15 h and 18 h forecast. The track error of SAR_sd is smaller those that of SAR_uv and CNTL, excepting the first 3 h, and is basically within 100km. The time after the 24 h forecast is the landing time for Lionrock; the track error from SAR_sd is about 45 km and is the smallest in the whole forecast time. The positive impact on the track forecast lasted for 27 h in SAR_sd, but the track error increases after 27 h. The MSLP error from SAR_sd is almost less than 5hPa for the whole forecast time, excepting the time after the 21 h forecast, and reached the minimum after the 9 h forecast even though it is the largest in the first 9 h compared with CNTL and SAR_uv. The maximum wind speed bias of SAR_sd is smaller than that of SAR_uv and CNTL during the forecast time 5~15 h and 20~25h. However, the bias from all three experiments is larger than 22 m/s, which may be related to the lack of perfection of the model itself [40].





5. Discussion and Conclusions


This study investigates the impact of SAR sea surface wind observations assimilated in the WRFDA system under typhoon conditions. The method to assimilate the wind speed (spd) and the direction (dir) was implemented in the WRFDA system and was compared with the conventional method, which assimilates the u and v wind components. The sea surface wind observations from the satellite-derived C-band Sentinel-1SAR were assimilated, and observational errors in the quality control were discussed for the two forms of wind state vectors. NCEP FNL analysis and reanalysis data distributed by the CMA were used to test and validate both assimilation methods.



Compared with the CNTL experiment, only the SAR sea surface wind observations in the center of the typhoon were assimilated in this study, but the results show that the SAR wind observations improved the analysis of Typhoon Lionrock in terms of the whole vertical height, and the improvement is significant below the height of 450 hPa, especially near 850 hPa, where the maximum improvement was reached. The assimilation of the SAR sea surface wind not only improved the analysis of wind but also improved the analysis of temperature and relative humidity. The SAR sea surface wind observations with a high resolution improved the depiction of the dynamic and thermodynamic vortex structure, especially by the method of the assimilation of spd and dir, which resulted in a reasonable observational error of dir, rather than the method of the assimilation of u and v wind without the consideration of the impact of dir. In the experiments, SAR_sd brought the TC environment fields closer to the NCEP FNL and observations and produced better analyses and forecasts for Typhoon Lionrock, compared with SAR_uv, using the same background and lateral boundary.



In this study, the SAR sea surface observations increase the number of effective observations in the typhoon area. However, many observations were still excluded after the thinning of the observations. This is because NWP systems run at low spatial resolutions, which is typically at 10 to 50 km resolution, and the high-resolution SAR data should be thinned to be compatible with the data assimilation system. The next generation data assimilation system with high resolution designed for limited area models could benefit from assimilating nearly full-resolution SAR data and could improve the typhoon forecast.



The strict QC_co method was applied for both kinds of assimilation methods to assimilate more accurate observations. The QC_co method was applied to the methods of assimilating u and v wind, but many wind vectors like the OBS4 in Figure 2 were still accepted after the quality control, and these observations may reduce the impact of the analysis. In addition, dir was derived independently from spd for satellite-derived SAR sea surface wind observations. It is likely that the QC_co method is too strict for the method of assimilating spd and dir to accept the most useful observations. For example, in the Typhoon Lionrock case, the wind vectors with huge but appropriate spd were rejected because the dir could not pass the quality control. The wind speed and wind direction are separately derived from SAR observations, and their errors are independent. Thus QC_al could be suitable for the method of assimilating spd and dir, and larger thresholds with more than five times the innovation could be applied for the wind dir for this procedure. Further investigation of the quality control schemes for SAR-derived winds should be studied in the future. The numerical forecast results for this case show better results for the SAR_sd method than for the SAR_uv method. The SAR_sd method looks very promising for wind assimilation under typhoon conditions, but more cases need to be considered to draw final conclusions.
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Figure 1. Windfield retrieved from Sentinel-1A synthetic aperture radar (SAR) Extra-wide Swath Mode data on 29 August 2016 at 08:32 UTC. (A) Sea surface radar backscattering map; (B) the SAR derived sea surface wind map. 
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Figure 2. Diagram of background wind vector BKG and the observation wind vectors (OBS1, OBS2, OBS3, and OBS4) used to present the difference between thequality control procedures, QC_co and QC_al, of SAR_uv (standard assimilation method in theWeather Research and Forecasting Model Data Assimilation system (WRFDA), assimilating SAR wind observation in the form of u and v components) and SAR_sd (new assimilated method, assimilating SAR wind observation in the forms of wind speed and direction). 
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Figure 3. The accepted observtion wind vectors in the (a) SAR_sd and in the (b) SAR_uv experiments. The blue points are the wind vectors. 
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Figure 4. The domain area for theWeather Research and Forecasting (WRF) model simulation.The corverage of SAR observations is shownin the red frame. 
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Figure 5. The 10m wind field at 0900 UTC 29 August 2016 from (a) the NCEP FNL data in (b) the background field; the wind analysis field at 10m from (c) SAR_sd and (d) SAR_uv. The bottom two panelsare the analysis bias derived from the analysis subtracting the FNL data for (e) SAR_sd and (f) SAR_uv. The red frames mark the area of the SAR wind observations. Note the different spatial scales of (e,f) as compared to (a–d). 
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Figure 6. The analysis bias the SAR_sd (left panels) and the SAR_uv (right panels) at (a,b) 10 m at (c,d) 850 hPa, and at (e,f) 700 hPa. 
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Figure 7. Root mean square error (RMSE) profiles of the analysis increments from the SAR_sd experiment (round point) and the SAR_uv experiment (triagle piont) for (a) u wind, (b) v wind, (c) temperature, and (d) relatively humidity. 
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Figure 8. For Typhoon Lionrock: (a) 33h track forecast initialized at 0900 UTC August 2016; (b) mean absolute track errors; (c) mean absolute maximum wind speed errors; (d) minimum sea level pressure as a function of forecast lead time. 
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Table 1. The detail value of the background and four kinds of observations.
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	Wind Vectors
	Spd (m/s)
	Dir (°)
	U (m/s)
	V (m/s)





	BKG
	4.61
	30
	4.00
	2.31



	OBS1
	8.00
	60
	4.00
	6.93



	OBS2
	14.62
	110
	−4.99
	13.74



	OBS3
	6.80
	150
	−5.89
	3.40



	OBS4
	5.60
	210
	−4.85
	−2.80
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Table 2. The remaining components after quality control for the two assimilation methods.
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Observation Types

	
SAR_sd

	
SAR_uv




	
QC_co

	
QC_al

	
QC_co

	
QC_al






	
OBS1

	
spd, dir

	
spd, dir

	
u, v

	
u, v




	
OBS2

	
-

	
dir

	
-

	
u




	
OBS3

	
-

	
spd

	
-

	
v




	
OBS4

	
-

	
spd

	
u, v

	
u, v
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Table 3. Details of the three experiments.
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	Experiment
	Data
	Operator
	Quanlity Controll
	Accept Obs.
	Reject Obs.





	CNTL
	-
	-
	-
	-
	-



	SAR_uv
	u and v componets
	UV operator
	QC_co
	2896
	20,311



	SAR_sd
	spd and dir
	SD operator
	QC_co
	327
	22,880











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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