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Abstract

:

The study is based on the Weather Research and Forecasting Model (WRF) and the three-dimensional variational (3DVAR) data assimilation system. Based on two different control variables, the effects of radar radial velocity assimilation in forecasting of the tropical cyclone (TC) Kompasu were evaluated. The single observation experiment showed that DA_ψχ produces cyclonic increments, while DA_UV only produces increments in the same direction as the observation. DA_ψχ significantly enhances the wind field at 850 hPa with a large number of unphysical cyclonic increments. On the other hand, DA_UV produces reasonable cyclonic increments to enhance the TC. The assimilation of DA_UV makes the surface wind enhanced and the sea level pressure at the TC center reduced. The circular structure of the DA_ψχ wind field is not clear and neither is the large wind area concentrated. In addition, the DA_ψχ shows spurious convection at the high altitude of the vertical cross section, while the DA_UV presents enhanced large wind area at the bottom. The RMSE of the radial velocity is smaller during the circular assimilation in DA_UV. DA_ψχ does not improve the track forecast of Kompasu, while DA_UV shows a significant improvement by the track forecast.
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1. Introduction


Tropical cyclones (TCs) are mesoscale convective systems with strong wind fields that often bring severe natural disasters to coastal people. Forecasting of near-landfall TCs is an effective means to reduce damage. The TC is commonly investigated by the Weather Research and Forecasting Model (WRF) [1,2,3]. Because of inaccurate atmospheric state, the error will grow with the integration time increasing. Data assimilation is a method to correct the atmospheric state with the available observations. There are few observation stations at sea while remote sensing observations provide a large amount of data. As a kind of remote sensing instrument with high spatial and temporal resolution, Doppler weather radar plays an important role in forecasting TCs.



In recent years, some new progress has been made in the study of radar radial velocity assimilation in the typhoon case. It is quite important for TC’s track and rainfall forecasts to assimilate radial velocity data during the 6 h immediately before TC landfall [4]. With the discovery, Xu et al. [5] focus on the determination of the background error length and variance scale. As a result, setting both background error variance scale and length scale to about 0.4 provides a better track than other combinations. The background error variance scale and length scale are rescaling factors according to the response length and variance of the statistic. An evenly spaced thinning method (ESTM) fitting for landfalling TCs is developed by Feng et al. (2020) [6]. ESTM is able to increase the utilization of information in the vicinity of the TC and reduce the landing position error of the TC by 64%. The extra control variables such as hydrometeor mixing ratios are considered in radar data assimilation. With the control variables as hydrometeor mixing ratios, the track forecast of Typhoon Chanthu is improved significantly to assimilate radar radial velocity and reflectivity [7]. Similar results are reflected in the paper by Shen et al. (2021) [8]. These studies illustrate the importance of radar data assimilation in typhoon forecasting from different perspectives.



In assimilation theory, the background error covariance can balance the relationship among physical quantities. The background error statistics are based on multiple control variables, so using different control variables produces different background error statistics. For TCs, the study focuses on the wind adjustment and momentum control variables play a vital role. There are two momentum control variable schemes in the numerical weather forecast region model. The first scheme uses stream function and velocity potential (ψ-χ), while the other uses zonal and meridional velocity components (U-V). Currently, most data assimilation techniques assume that the observation and model background errors follow Gaussian distribution in order to estimate the observation and background uncertainty. The velocity error correlation was derived from error correlation of heights under the geostrophic balance. ψ-χ can estimate the statistical regression between the stream function and the mass field under the geostrophic balance assumption. [9]. A number of studies have been conducted on the assimilation of radar data based on U-V and ψ-χ momentum control variables. Xu et al. [10] evaluate the effect of radar radial velocity and reflectivity assimilation in two momentum control variables. Reflectivity assimilation adjusts in-cloud temperatures and relative humidity which interferes with other variables in the forecast. If only radial velocity is assimilated, it excludes interference from other control variables and focuses on momentum control variables. Shen et al. [11] conducted a radial velocity assimilation study in two momentum control variables for a strong convective system. It is found that U-V can better forecast precipitation. Due to the mesoscale range and intensity of TCs, it is not known which control variables are more effective. Meanwhile, many assimilation studies are based on land convective systems for assimilation experiments [12,13,14], which disrupt geostrophic balance due to the frictional effect of the subsurface. This is the ψ-χ control variables unfavorable factor. With little friction at sea, the ψ-χ control variables may play to its advantage. Most of the previous work is focused on land-based convective systems, and a few studies with different control variables assimilated to weather systems at sea have been performed. Therefore, this study explores the application of data assimilation based on different momentum control variables in forecasting typhoon Kompasu.



The paper is structured as follows. Section 2 introduces the materials and methods, including cost function in three-dimensional variational data assimilation (3DVAR) and data processing. In Section 3, a case overview and experimental setup are presented. In Section 4, unfolded Doppler velocity, the result of single observation experiment, the impact on the analysis and the forecast results are introduced. In Section 5, the conclusions and discussion are provided.




2. Materials and Methods


2.1. The Cost Function in 3DVAR


The 3DVAR takes the dynamical constraints into account to find an optimal analysis field that minimizes the cost function. The cost function in 3DVAR is:


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



(1)







  J  ( x )    in the Equation (1) is the cost function to be calculated. The right side of the Equation (1) is divided into two parts that evaluate the difference to the background field    x b    and observation field    y o   , respectively. They are both equally important, so they are given the same weight as    1 2   . In the first term,  x  stands the atmospheric state variable while    x b    stands the atmospheric state on the background field.  B  stands the background error covariance matrix. In another term,    y o    is the observation while   H  ( x )    stands the observation operator and  R  stands the covariance matrix of the observation error. Since  B  requires a huge amount of running memory, control variables which are several completely uncorrelated analysis variables are used to simplify  B . Set    x ′  = x −  x b  = U ν  ,   H  (  U v +  x b   )  ~  H   (  U v  )  + H  (   x b   )    and    y ′  =  y o  − H  (   x b   )   , Equation (1) changed to:


  J  ( ν )  =  1 2   ν T  ν +  1 2    (  y ′  −  H   (  U ν  )  )  T   R  − 1    (   y ′  −  H   (  U ν  )   )  ,  



(2)







Equation (2) is the cost function for the control variable  ν . The right side also divided into two parts.    y ′    is the innovation vector.   H   stands the linear observation operator.  U  stands the transformation operator of the control variable. In Equation (2),  B  is implied in   H   by   B = U  U T    after transforming the control variable.  U  can be split into three, horizontal transformation ( U h), vertical transformation ( U v), and physical transformation ( U p). Thus,  B  will be expressed as   B =  U p   U v   U h   U h T   U v T   U p T    [15]. We set the cross-variable error covariances zero. For computing the state of wind, there are two different control variable schemes which are named CV_ ψχ and CV_UV in this paper. To be specific, CV_ ψχ based on geostrophic adaptation theory includes unbalanced velocity potential (χ) and stream function (ψ). The transform    U p    is:


   ∇ 2  ψ =   ∂ v   ∂ x   −   ∂ u   ∂ y     a n d    ∇ 2  χ =   ∂ u   ∂ x   +   ∂ v   ∂ y    



(3)







On the other hand, CV_UV replaces with eastward and northward velocity components. To obtain the  B , the “NMC method” [16] is used to generate forecast difference ensembles by the Weather Research and Forecasting Model (WRF) during October 2021.




2.2. Data Processing and Observation Operator


In the study, Haikou Radar (110.246° E, 19.996° N, altitude 118.0 m, type CINRAD/SA) and Sanya Radar (109.592° E, 18.228° N, altitude 443.0 m, type CINRAD/SC) were used. Before assimilation, non-meteorological radar returns were removed based on the MetSignal algorithm [17]. Isolated points were removed, and echo-filling was done. When a TC was detected by radar, the radial velocity of the radar tends to appear velocity ambiguity. Based on the python library Pyart [18] with the region-based algorithm, the Doppler velocity was unfolded. It is now a common practice to perform a second quality control prior to thinning data: any radial velocity with values larger than 70 m s−1 or smaller than 2 m s−1 were discounted. Other radial velocity data were discounted with distances to the radar smaller than 4 km height [19]. The main purpose of this approach was to minimize the effect of ground clutter. The Chinese Next Generation Weather Surveillance Radar 1998 Doppler removed the zero-frequency ground signal interference in the signal processing stage. The interference of bio-echoes were also removed in the phase of identifying meteorological echoes. Therefore, we removed only the data with radial wind speed larger than 70 m/s in the second quality control. Finally, a bilinear interpolation algorithm was used to reduce the radar data to match the WRF grid (5 km). It reduced the data correlation. The observation error of radar radial velocity was set at 2 m/s [20].



In order to relate the observations to the model variables, an observation operator was required. Doppler radar radial velocity had the observation operator as:


   V r  = u    x i  − x    r i    + v    y i  − y    r i    +  (  w −  v e   )     z i  − z    r i    ,  



(4)







In Equation (4), ( u , v,  w ) are the three-dimensional velocity components and ( x ,  y ,  z ) are the radar location while (   x i   ,    y i   ,    z i   ) are the location of the radial velocity observation. The    r i    is the distance from the radar to the observation and    v e    is the terminal velocity. Vertical velocity  w  is not a control variable. It adjusts to temperature, humidity, and horizontal wind field.





3. Case Survey and Experimental Setup


3.1. Typhoon Kompasu Overview


On 8 October 2021, a tropical depression over the ocean east of the Philippines was recognized as a tropical storm, and categorized as Typhoon Kompasu No. 18 in 2021. At 0300UTC 10 October the National Weather Service of the Philippines determined that Typhoon Kompasu had merged with a tropical depression located in the eastern part of the Philippines. The combined winds of Kompasu would gradually intensify and could be upgraded to the level of a strong tropical storm within the next 24 h. The Kompasu strengthened from strong tropical storm level to typhoon level. At 2100 UTC, its center was located in the northwestern sea surface of the South China Sea about 350 km east of Wanning City, Hainan Province, i.e., 19.1° N and 113.7° E. The maximum wind speed near the center was up to 33 m/s and the minimum pressure at the center was 970 hPa. It was expected to move in a westerly direction at a speed of 25–30 km per hour with the intensity strengthening. It landed on the 13th between Wenchang Cityand Lingshui City in Hainan Province around the coast. It landed with the intensity level of typhoon and the wind speed is 33~40 m/s. After landfall, the typhoon gradually weakened to severe tropical storm. It crossed Hainan Island and then moved into the Gulf of Tonkin, tending to the north of Vietnam.



Typhoon Kompasu became the strongest typhoon to land in Hainan, China in the past five years. With a huge circulation and wide impact, there were two deaths in Hainan and direct economic losses of 750 million yuan in Southwest China. It also caused serious disasters in the Philippines, resulting in 42 deaths, 5 injuries, 16 missing persons, and total economic losses of about 8.3 billion pesos.



To sum up, Typhoon Kompasu had the following characteristics: (1) huge size, stable westbound, wide impact; (2) precipitation impact with overlap; (3) the strongest typhoon to land in Hainan in the past five years. The study focuses on 12 h before Kompasu landfall and after landfall time. This is the period of time when Kompasu have the greatest impact on humans.




3.2. Experimental Setup


The experiments were conducted with advanced research WRF (ARW) modeling system of version 4.3 (National Center for Atmospheric Research (NCAR), https://www2.mmm.ucar.edu/wrf, accessed on 10 November 2022). Figure 1 is the simulated domain in model centered on TC processes. Its horizontal grid spacing is 5 km with 500 × 500 horizontal grids and 50 vertical layers. The physical schemes are following: WRF single–moment 6–class micro physical scheme [21]; the rapid radiative transfer model longwave and shortwave radiation scheme [22]; the Yonsei University scheme boundary layer scheme [23]; unified Noah land surface model for land surface processes scheme [24]; and MM5 similarity scheme for land surface processes [25]. The initial fields and boundary conditions were from NCAR/NCEP 15′ × 15′ GDAS/FNL data.



The simulation time was from 1212 UTC 12 to 1318 UTC 13 October 2021. The best track data were from the China Meteorological Administration (CMA). Figure 1 shows the best track positions and intensity for Kompasu. Before landfall, Kompasu intensified to a typhoon (TY) from a severe tropical storm (STS). After landfall, Kompasu rapidly weakened to an STS, an even tropical storm (TS). HaiKou Radar and Sanya Radar detected the process. Figure 2 shows flow chart for the control experiment (CTRL) and data assimilation experiments (DA). There were 7 occurrences of assimilation cycle from 1300 UTC to 1306 UTC 13 in DA experiments while no data assimilation in CTRL.



In order to compare the effects of different momentum control variables data assimilation on TC simulations, three sets of experiments were designed in this study (Table 1). A control experiment (CTRL) with no data assimilation, a data assimilation experiment with ψ-χ control variable experiment (DA_ψχ) and a data assimilation experiment with U-V control variable experiment (DA_UV) are set. To avoid the effects of reflectivity, only radar radial velocity is assimilated in DA experiments.





4. Data Analysis and Experimental Results


4.1. Quality Control of Radar Data


The Nyquist velocity of HKRD was 27.8325 m/s and that of SYRD was 24.4698 m/s. Figure 3 shows the Doppler radar radial velocity before and after unfolding. Due to the TC, there were strong northerly winds at the two radar locations. Prior to processing, severe velocity aliased occurred to the south and east of the HKRD, and to the north of the SYRD. These areas of folding radial velocity provided the wrong information. After data processing, the Doppler velocity was corrected and more continuous.




4.2. Background Error Statistics


The background error statistics were different based on different momentum control variables. The background error statistics for the eigenvalue and the length scale of the two different momentum control variables were uniform and isotropic, which changed only with vertical layers. Figure 4 shows how the eigenvalue and the length scale varied over the vertical mode. Since the difference of the eigenvalues of U (V) and ψ (χ) was too large, orders of magnitude of which were 1012 and 101, respectively, the eigenvalue was normalized by that of the first vertical mode of empirical orthogonal function (EOF). Every eigenvalue of ψ/χ/U/V corresponded the variance contribution at the specific vertical mode, so the larger eigenvalue represented more variance contribution at the vertical mode. In Figure 4a,b, the eigenvalue decreases with increasing vertical mode, indicating that lower modes have more significant statistics. For ψ/χ, the eigenvalues of the lower modes were so large that the middle and high modes’ variance contribution was small, which suggested that high-mode statistics did not reflect the true results well. Compared to ψ/χ, U/V improved statistical eigenvalue at the middle mode, which improved the effect of statistics at these modes. The length scale of the background error decreased with the increasing vertical mode, indicating that the assimilation would have a larger effect at the low and middle modes. The length scale under the ψ-χ control variables was larger than that of U-V. It can reach more than 200 km at lower modes. Xie and MacDonald (2012) [26] performed mathematical analysis and showed that ψ-χ control variables tend to produce analyses that possess large-scale motions of the background field. The larger length scale of ψ-χ in Figure 4 supports the view. From the ratio of the two, the ratio increases and the difference between them decreases with increasing vertical mode. This indicates that the response of ψ-χ control variables is wider.




4.3. Single Observation Experiment


With the reliable observation data, a set of single observation experiment was designed. It can examine the effect on the dynamical structure in the model by assimilating different momentum control variables. The location of the observation was south of the radar (19.125° N, 110.09° E), at an altitude of 3321.8 m, with a positive radial velocity of 26.297 m/s. It can be inferred that the point was roughly located at 700 hPa with northerly winds. Figure 5 shows the y-component wind increment and wind vector increment at 700 hPa for different momentum control variable assimilation. The length scale factors are the ratio to the length scale. For both experiments having similar effect range, the length scale factor was set to 0.2 for DA_ψχ and 0.6 for DA_UV. Both produced a negative y-component wind increment at the observation point, with extreme values less than −3.5 m/s and decreasing in absolute value outward. DA_ψχ excited positive y-component wind increments on both sides of the negative region, forming two adjacent vorticity increments with the negative region, which are excited by geostrophic adaptation. In contrast, DA_UV has a consistent wind increment near the observation point. From the single-point experiment, it can be found that the longitudinal and latitudinal winds of DA_ψχ are not independent. They are constrained by the geostrophic equilibrium. Moreover, DA_ψχ has a more profound effect, changing the flow field with an increment of vorticity. DA_UV, on the other hand, relies on the observed wind and does not excite new vorticity increments beyond the observation.




4.4. The Analysis of Kompasu


The single experiment showed how individual radar radial velocity affects the wind field, while the changes in the dynamical field in the model after seven cycles of assimilation could be even more profound. Figure 6 shows background and analysis wind speed and wind vector at 850 hPa at 0600 UTC 13 October. The “true” center location of Kompasu was from China Meteorological Administration (CMA). The circulation center of CTRL matched the real conditions with weaker TC intensity. It was manifested in the large TC’s eye which was weak wind zone with speed less than 20 m/s, insignificant closed wind circle, and the maximum wind speed not exceeding 40 m/s. In DA_ψχ, the wind in the northwestern part of Kompasu increased significantly. A large number of areas with wind speed over 40 m/s appeared, and the TC’s eye area was tightened. However, its TC’s eye changed from its original circular shape to an irregular shape similar to a two abreast circle. In DA_UV, the wind speed strengthened to over 40 m/s in the northwest of the TC center, while the wind field was also enhanced in the southeast. These winds formed a clear closed circle around the TC’s eye, with a complete and smaller eye area structure.



Figure 7 shows the increments of wind vector at 850 hPa after the assimilation with different momentum control variables. The effect of DA_ψχ on the wind field was obviously larger and more distant than that of DA_UV. The wind field increment in DA_ψχ appeared vortically, not only around Kompasu, but generated disorderly winds at a distance from Kompasu. To the east of the TC center, there were southerly wind increments, which strengthened the TC, whereas the wind increments in other directions of the TC appeared haphazard. The wind increments in DA_UV portrayed the original structure of the TC and appeared more organized. There were strong southeasterly wind increments in the northeastern part of the TC, and the winds around the TC’s eye area combined to reveal its cyclonic character. In the peripheral wind field of the TC, i.e., the southern side of Hainan Island, Kompasu was enhanced. To summarize, both assimilation schemes enhanced the main body of the TC, and DA_ψχ had a greater effect on the TC, even changing the structure of the TC’s eye area. DA_ψχ generated unrealistic winds, and DA_UV generated a more reasonable wind augmentation around the main body of the TC.



The effect of assimilation on the TC dynamical structure can be inferred from the 850 hPa wind field. The surface wind and sea level pressure were important indicators of TC intensity and an indicator to assess the impact of TCs on human life. Figure 8 shows 10 m wind rotated to earth coordinates as surface wind and sea level pressure. These variables were extracted from ARW WRF model output. Because Kompasu would soon make landfall, the wind speed on the west side of the TC was small in the three experiments. CTRL had a large TC’s eye, loose isobars, and low surface wind speed. DA_ψχ and DA_UV contracted TC’s eyes, compact isobars, and surface wind speeds larger than 30 m/s. After the assimilation, the TC enhanced the wind field and lower pressure relative to CTRL. Surface wind speed was stronger in DA_ψχ than DA_UV, but not concentrated in DA_ψχ. In DA_UV, winds were around the TC’s eye and coincided with the isobars.



The cyclonic nature of the DA_UV wind field is more pronounced in terms of single-level surface elements, while the sea-level pressure field is similar in two DA experiments. To investigate the variation of the vertical structure of the TC, Figure 9 shows vertical cross sections of analyzed horizontal wind speed that are along the red lines in Figure 8. The extreme center of the wind in CTRL is around 2 km height, and the wind speed is less than 40 m/s. The wind speed decreases from 2 km height upwards, and the top of the TC is about 13 km height. The TC’s eye area boundary was obvious and wind speed was less than 10 m/s in the TC’s eye while it increased outwardly. DA_ψχ compared to CTRL, the wind field was significantly enhanced, with the maximum wind speed exceeding 40 m/s. However, the extreme center of DA_ψχ was not concentrated and the range was larger. A severe convection occurred at about a 10 km height and the wind speed in the area exceeded 40m/s. Because the severe convection was isolating and such a strong wind speed is not expected to occur at such a high altitude, it was judged as a false convection. At the same time, the TC center became blurred and there were no areas of wind speeds less than 10 m/s at the lower levels. The wind field in DA_UV was also enhanced relative to CTRL, with the area of strong winds changing from flat to upward rumbling. The structure of the TC’s eye area was obvious, with the vertical column’s wind speed less than 20 m/s extending to the top of the TC. DA_UV simulated the vertical structure of the TC close to the theory, with the enhanced TC intensity at the same time. The original vertical structure of the TC was disrupted in DA_ψχ and false convection appears, which had a negative impact.



Quantitative comparisons were further conducted to evaluate the improved effect of the model wind in the two sets of assimilation experiments. Figure 10 calculates the root mean square error (RMSE) of the radar radial velocity for the background and the analysis. The RMSEs decreased the most after the first assimilation, while each subsequent assimilation made the RMSEs decrease. This was due to the simulation wind that was much less close to the real situation on the background field of the model at the first assimilation, so the increment of the first assimilation was also the largest. After the first assimilation, the RMSE of the analysis of DA_UV was smaller than that of DA_ψχ. Due to the accumulation effect, from the second time, the RMSEs of the background field of DA_UV were all lower than that of DA_ψχ. The RMSEs of the analysis of DA_UV were also smaller than that of DA_ψχ. This indicates that the wind in DA_UV was closer to the real situation, and its assimilation effect was better than that of DA_ψχ.




4.5. The Forecast of Kompasu


The purpose of the assimilation is to obtain a more accurate initial field. In order to evaluate the effect of the different momentum control variables, we made a 12 h deterministic forecast after the assimilation. We defined the typhoon center at the location of MSLP. Figure 11 shows the simulated track with the best track from CMA and the errors of three experiments during forecast time. At the last assimilation time, the TC center position of CTRL was northward of the best track and DA_ψχ was close to CTRL, while DA_UV obviously shifts CTRL to the south of the best track. From the Figure 11b, DA_UV was closer to the best track, with an error of about 10 km. Due to the effect of landfall, the simulated TC track error increases. The track error of DA_UV was significantly smaller than that of the other experiments. DA_ψχ had a less improved path forecast, even worse than CTRL.



Another difficulty in forecasting typhoons is the intensity. The maximum surface wind (MSW) and minimum sea level pressure (MSLP) are two important physical quantities to characterize the TC intensity. Figure 12 shows the forecast of MSLP and MSW. At the last assimilation time, the MSLP of OBS down to 968 hPa and WSM up to 35 m/s. The MSLP of CTRL was only 980 hPa and MSW was only 26 m/s, which indicates that the TC of CTRL is weak. After assimilation, the MSLP dropped to about 975 hPa and the MSW was more than 30 m/s. The assimilation enhanced the TC, but the effect of the two schemes was similar. Generally, the track forecast and intensity of DA_UV are more accurate. The track forecast of DA_ψχ was not significant, but enhances the intensity forecast. This is due to the fact that DA_ψχ produced unphysical winds during assimilation, which made the wind speed enhanced, but its location was inaccurate, producing a negative effect.





5. Conclusions and Discussion


In this paper, simulated assimilation experiments were conducted for Kompasu using different momentum control variables. Pre-experimentation, the radar data were processed and the velocity was unfolded. The background error statistics were evaluated under both control variable schemes, with larger variance scales at middle levels and smaller length scales under the U-V control variable. The single observation experiment shows that DA_ψχ produced cyclonic increments, while DA_UV only produced increments in the same direction as the observation. DA_ψχ had a significantly enhanced wind field at 850 hPa, but produces a large number of unphysical cyclonic increments. DA_UV, on the other hand, produced reasonable cyclonic increments to enhance the TC. The assimilation makes the surface wind enhanced and the sea level pressure at the TC center reduced. The circular structure of the DA_ψχ wind field was not clear and the large wind area was not concentrated. The DA_ψχ showed spurious convection at the high altitude of the vertical cross section, while the DA_UV presented an enhanced large wind area at the bottom. The RMSE of the radial velocity was smaller during the circular assimilation in DA_UV. In terms of Kompasu forecasts, DA_ψχ did not improve the path forecast of Kompasu, while DA_UV showed a significant improvement. Both DA_ψχ and DA_UV improved the intensity forecast of Kompasu, but the difference between them is not significant. In summary, DA_ψχ produces more unrealistic winds, although it can affect a longer range. This may be due to the fact that the TC system is a deep low-pressure system that does not conform to the geostrophic equilibrium. In contrast, the winds produced by DA_UV are based on the observations themselves, and therefore do not produce additional increments. Results show that DA_UV is better for simulating and forecasting Kompasu.



This study focused on the effects of different control variables in the assimilation of radar data. The conclusions were found based on one individual case. Thus, other weather systems need to be further investigated in future studies. On the other hand, the effect of joint assimilation with other observations is uncertain since there are numerous observations available currently. Hence, the effect of the joint assimilation of other observations such as satellite radiation data will be evaluated next study [27,28].
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Figure 1. The simulated domain with the best track for Kompasu from 1212 UTC 12 to 1318 UTC 13 October 2021. The radar locations (blue asterisks) of Sanya (SYRD) and Haikou (HKRD), maximum detectable range (230 km) circles are also indicated. The type of TC is identified by color: tropical storm (TS), severe tropical storm (STS), typhoon (TY). 
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Figure 2. The flow chart for the control experiment (CTRL) and data assimilation experiments (DA). 
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Figure 3. Doppler radar radial velocity of the first sweep at 0600UTC 13 October. (a) Raw data of HKRD; (b) unfolding data of HKRD; (c) raw data of SYRD; (d) unfolding data of SYRD. 
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Figure 4. Eigenvalue rescaled by the first vertical mode ((a) ψ and U; (b) χ and V) and length scale with the ratio ((c) ψ, U and ψ/U; (d) χ, V and χ/V), with vertical mode. 
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Figure 5. The increments of y-component wind speed with units as m s−1 and wind vector on 700 hPa in single observation experiments ((a) DA_ψχ; (b) DA_UV). The radar locations (red asterisks) of HKRD are also indicated. 
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Figure 6. Wind speed with units as m s−1 of (a) background and (b) DA_ψχ; (c) DA_UV) analysis and vector on 850 hPa at 0600 UTC 13 October. The center location of Kompasu from CMA is indicated (red asterisk). 
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Figure 7. The increments of wind vector on 850 hPa at 0600 UTC 13 October. ((a) DA_ψχ; (b) DA_UV). (Shaded; units: m s−1). The center location of Kompasu from CMA is indicated (red asterisk). 
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Figure 8. The surface wind vector, speed (shaded; units: m s−1) and sea level pressure (contour; units: hPa). (a) CTRL; (b) DA_ψχ; (c) DA_UV. Vertical cross sections are along red dotted lines. 
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Figure 9. Vertical cross sections of horizontal wind speed with units as m s−1. (a) CTRL; (b) DA_ψχ; (c) DA_UV. 
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Figure 10. RMSEs of radial velocity (m s−1) in DA_ψχ and DA_UV of the background and analysis during data assimilation cycling. 
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Figure 11. (a) The best track from CMA and others from three experiments during forecast time; (b) the track errors to the best track of three experiments during forecast time. 
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Figure 12. The (a) MSLP and (b) MSW of observation and three experiments during forecast time. 
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Table 1. Experiment scheme.
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	Number
	Experiment
	Scheme





	1
	CTRL
	No data assimilation



	2
	DA_ψχ
	radial velocity assimilation

with ψ-χ control variable



	3
	DA_UV
	radial velocity assimilation

with U-V control variable
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