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Abstract

:

Precipitable water vapor (PWV) is an important meteorological factor for predicting extreme weather events such as tropical cyclones, which can be obtained from zenith tropospheric delay (ZTD) by using a conversion. A time difference of ZTD arrival (TDOZA) model was proposed to monitor the movement of tropical cyclones, and the fifth-generation reanalysis dataset of the European Centre for Medium-range Weather Forecasting (ERA5)-derived ZTD (ERA5-ZTD) was used to estimate the movement of tropical cyclones based on the model. The global navigation satellite system-derived ZTD and radiosonde data-derived PWV (RS-PWV) were used to test the accuracy of the ERA5-ZTD and analyze the correlation between ZTD and PWV, respectively. The statistics showed that the mean Bias, RMS and STD of the ERA5-ZTD were 6.4 mm, 17.1 mm and 16.5 mm, respectively, and the mean correlation coefficient of the ERA5-ZTD and RS-PWV was 0.951, which indicates that the ZTD can be used to predict weather events instead of PWV. Then, spatiao-temporal characteristics of ZTD during the four tropical cyclone (i.e., Merbok, ROKE, Neast and Hato) periods in 2017 were analyzed, and the result showed that the moving directions of ZTD and the tropical cyclones were consistent. Thus, the ZTD time series over the ERA5 grids around the tropical cyclones’ paths were used to estimate the velocity of the tropical cyclones based on the TDOZA model, when the tropical cyclones are approaching or leaving. Compared with the result from the China Meteorological Administration, the mean absolute and relative deviations of the TDOZA model-derived velocity were 2.55 km/h and 10.0%, respectively. These results suggest that ZTD can be used as a new supplementary meteorological parameter for monitoring tropical cyclone events.
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1. Introduction


A tropical cyclone is an intense, rotating storm system that frequently occurs each summer near the North Pacific, Indian and North Atlantic Oceans, and tends to cause strong winds, high humidity and storm surges [1]. Tropical cyclones are formed when seawater evaporates into the atmosphere due to the heat of the sun’s radiation in summer, creating a center of low pressure [2]. Because tropical cyclones carry large amounts of energy and water vapor, storm surges and heavy rainfall events usually occur around the path of the tropical cyclones, which can threaten the safety, economy and property of people [3]. Therefore, the movement characteristics of tropical cyclones can be further analyzed by sensing the water vapor changes before and after the entry of the tropical cyclones.



Precipitable water vapor (PWV) is the total amount of water vapor contained in a nominal column of air, which can be used to reflect water vapor content [4]. PWV is an important meteorological factor for forecasting several extreme weather and climate events such as heavy rainfall, tropical cyclone, drought and the El Nino warm current [5,6,7,8,9,10]. Traditional techniques for detecting PWV, such as infrared satellite remote sensing, radiosondes (RS) and microwave radiometers [11,12,13], have the disadvantages of insufficient temporal resolution, high cost and susceptibility to prevailing weather conditions, making it difficult to study the characteristics of rapid water vapor changes under short-term extreme weather events. Since Bevis et al. proposed the ground-based global navigation satellite system (GNSS) meteorology technique [14], the technique has gradually become one of the most important methods for the retrieval of water vapor with high accuracy and high temporal and spatial resolution under all weather conditions. Numerous previous studies have demonstrated that the accuracy of GNSS-derived PWV (GNSS-PWV) and ZTD (GNSS-ZTD) are about 1–2 mm and 5–15 mm [15,16,17], respectively, compared with the RS, microwave radiometer and very long baseline interferometry, which can be used to establish the monitoring and forecasting models of extreme weather events (e.g., typhoon, heavy precipitation and heat wave) [18,19,20].



Previous studies have shown that the variation of GNSS-PWV time series is significantly correlated with a tropical cyclone’s landing, and it can be summarized as follows: when a tropical cyclone was approaching a GNSS station, the GNSS-PWV would suddenly increase; when tropical cyclones began to move away from the station, the GNSS-PWV would suddenly decrease [21,22,23]. Then, Tang et al. [24] and He et al. [25] analyzed the relationship between the GNSS-PWV time series and a typhoon’s position, and found that the PWV content during a typhoon’s period could reflect the life cycle of the typhoon. Nykiel et al. [18] used the GNSS-PWV, the rate of the GNSS-PWV and the tropospheric gradients maps to monitor the derecho event, which can be applied to both the direction and speed of the phenomena as well as the time and place of the occurrence of the main phase of the derecho. Won and Kim [26] analyzed the fluctuating pattern of the normalized GNSS-PWV and the moving speed of the PWV in the Korean peninsula during typhoon Ewiniar’s period, and the result indicated that the moving speed of the PWV was similar to the average moving speed of the typhoon. Zhao et al. [27] proposed a new typhoon-monitoring method using PWV, and then the method was improved by using real-time GNSS-PWV [28,29]. Kang and Park [30] proposed the concept of the predicted location of a typhoon to predict a typhoon’s location by using GNSS-PWV, and the result showed that it can be used as supplementary information for the current typhoon forecast. These experiments [26,27,28,29,30] showed that the accuracy of estimated tropical cyclones’ velocity by using PWV data is about 2–4 km/h.



The above studies using PWV time series have verified the availability of forecasting and monitoring a tropical cyclone. The PWV can be converted by ZTD, and the conversion between the ZTD and PWV requires meteorological observations. However, many GNSS stations are either not equipped with meteorological sensors or the surrounding meteorological stations are relatively far away, which will reduce the conversion acracy of PWV. Zhao et al. [31] pointed out that the ZTD time series can replace the PWV time series for forecasting weather events, when the variation trends of the ZTD and PWV time series are similar. Some researchers [32,33,34] have proven that the ZTD can be used to detect heavy rainfall events, and the correct detection and false rate are about 85% and 66%. Zhao et al. [35] proposed a new drought monitoring model to accurately calculate potential evapotranspiration by ZTD and temperature, and the results highlight the excellent performance of the proposed HDM model under different month scales. The above results using ZTD are almost consistent with those obtained using PWV.



Thus, to verify the availability of monitoring a tropical cyclone by using ZTD, a novel method for monitoring tropical cyclones was proposed in this paper. The fifth-generation reanalysis dataset of the European Centre for Medium-range Weather Forecasting (ERA5) derived ZTD (ERA5-ZTD) dataset was used to study the spatio-temporal characteristics of tropical cyclones and estimate the movement of the tropical cyclones, and the results were validated based on references provided from the China Meteorological Administration (CMA). The following part of this paper consists of three parts: Section 2 introduces the principles of estimating GNSS-ZTD, ERA5-ZTD and PWV derived from RS (RS-PWV), the theory of estimating tropical cyclones’ movement using ZTD datasets, the data source and the processing strategy. Section 3 shows the results of testing the accuracy of the ERA5-ZTD time series compared with the ZTD time series provided by the International GNSS Service (IGS-ZTD), analyzing the correlation between ERA5-ZTD and RS-PWV time series, analyzing the spatiao-temporal distribution of the ZTD during tropical cyclones’ periods and testing the accuracy of the tropical cyclones’ movement using ZTD based on the novel method. Section 4 and Section 5 are the discussion and conclusion of this paper, respectively.




2. Materials and Methods


2.1. Estimation of ZTD Derived from GNSS and ERA5 Dataset


Satellite radio signals are delayed by atmospheric interference during the transmission path. The influence in the ionosphere can be eliminated by using the ionospheric-free model [36], while the delay in the troposphere is related to the atmospheric refractive index. The delay can be expressed as:


  ∆ l = ∫ n d s − l = ∫   n − 1   d s +   s − l    



(1)




where Δl is the tropospheric delay (unit: m); n is the atmospheric refractive index; s and l are the signal transmission distance (unit: m) and geometric distance (unit: m) between the satellite and receiver, respectively. The (s − l) is the signal refraction error, which is small and usually can be ignored [37]. Thus, Equation (1) can be expressed as:


  ∆ l ≈ ∫   n − 1   d s =   10   − 6   ∫ N d s  



(2)




where N is the refractivity. The N can be estimated by using the model proposed by Thayer et al. [38], which can be expressed as:


  N =  k 1    P − e  T  +  k 2   e T  +  k 3   e   T 2     



(3)




where k1, k2 and k3 are constant, and their value can be found in [14,38,39,40]; P, P − e and e are the total pressure (unit: hPa), the partial pressure of dry air (unit: hPa) and water vapor (unit: hPa), respectively; T is the temperature (unit: K). When the signal path s is vertical, the delay Δl is called ZTD and can be expressed as:


  Z T D =   10   − 6     ∫    h 0     h  t r o     N d h  



(4)




where h0 and htro are the height of the ground (unit: m) and troposphere (unit: m), respectively. For the GNSS observations, the ZTD was set to an unknown parameter and can be estimated by using GNSS processing software such as Bernese and GAMIT/GLOBK [41,42]. For the ERA5 dataset, the ZTD can be estimated by using the pressure-level layered reanalysis data. In Equation (3), the T and P can be obtained from the ERA5 dataset, and the e can be calculated based on the following formula [43]:


  e =   Q × P   0.622 + 0.378 × Q        



(5)




where Q is specific humidity from the ERA5 datasets. Then, the ZTD can be estimated by using the following formula:


  Z T D =   ∑   i = 1  m   N i  × ∆  h i  =   ∑   i = 1  m  (  k 1     P i  −  e i     T i    +  k 2     e i     T i    +  k 3     e i     T i 2    ) ∆  h i   



(6)




where i is the index of layers; m is the total number of layers; Ni, Pi, ei and Ti are the refractivity, pressure (hPa), partial pressure (hPa) of water vapor and temperature (K) of the ith layer; Δhi is the height difference of adjacent layers.



Due to the difference between the geopotential height of ERA5 grids and the ellipsoid height of GNSS stations, a height conversion between geopotential and ellipsoid systems needs to be performed. The WGS-84 ellipsoid height can be converted to a geoid height by using the Earth Gravitational Model 2008 [44], and the geoid height can be converted to a geopotential height by using the conversion model in reference [45]. In addition, the positions of an ERA5 grid and a GNSS station are usually different. Thus, the cubic spline interpolation was used to obtain meteorological parameters for the height of the GNSS station, and the inverse distance weighted method was further used to obtain the interpolated parameters for the horizontal position of the GNSS station.




2.2. Estimation of PWV from Radiosonde Datasets


The radiosonde is a technique of sounding the upper atmospheric parameters with high accuracy, and the radiosonde datasets generally include the profiles of meteorological parameters (i.e., pressure, temperature, dew point temperature, relative humidity, etc.) over the radiosonde station. The meteorological parameters can be used to calculate PWV by using the following formula:


  P W V =     ∫  0   P s    Q d P  g  ≈     ∑   i = 2  n     P i  −  P  i − 1        Q i  +  Q  i − 1       2 g    



(7)




where PS is the ground pressure (hPa); g is the local gravitational acceleration (m/s2); Pi and Pi−1 are pressure (hPa) of the ith and (i−1)th layer, respectively; Qi and Qi−1 are specific humidity of the ith and (i − 1)th layers, respectively.



When the Q is unavailable and relative humidity is available in radiosondes datasets, the Q can be calculated by:


        Q =   0.622 e   P − 0.378 e         e = r h × 6.11 ×   10     7.5 T   237.3 + T            



(8)




where rh is relative humidity.



The radiosonde-derived PWV (RS-PWV) time series of accuracy is usually better than 1.5 mm, but the time resolution of the RS-PWV time series is relatively low, and usually two or three times a day (i.e., UTC0, UTC12 or UTC0, UTC8, UTC16). Thus, the RS-PWV time series are usually used to test the accuracy of PWV derived from the GNSS and satellite remote sensing.




2.3. Estimation of Tropical Cyclones’ Movement Using ZTD Datasets


Since tropical cyclones carry a lot of water vapor, the moving trend of tropical cyclones can be predicted by monitoring the moving path of PWV. Previous studies [6,46] have shown that spatial and temporal variations of the PWV time series and the ZTD time series were similar, and there is a high correlation between the two time series under extreme weather (e.g., tropical cyclones and heavy rainfalls). Therefore, we can consider using ZTD instead of PWV to forecast the movement of tropical cyclones.



Many studies [27,28,29,30] have shown that when a tropical cyclone approaches a GNSS station, the PWV and ZTD over the station will significantly increase, and when it begins to move from the station, the PWV and ZTD will reach their maximum and begin to significantly decrease. Thus, the time of the sudden increase and decrease in ZTD time series over several stations can be used to estimate a tropical cyclone’s movement. Figure 1 shows the geometric relationship between a tropical cyclone and sites (i.e., GNSS stations or ERA5 grids).



In Figure 1a,b, the edge and center of a tropical cyclone move or are closest to the first site, and this is the time t1 when the ZTD begins to suddenly increase or decrease over the first site, respectively. With the movement of the tropical cyclone, there is a time difference in ZTD arrival (TDOZA) between any two sites due to the different geometric positions of the sites. When the tropical cyclone moves from the first site to the second site with velocity v and direction angle θ, the tropical cyclone advances the distance of d12 to the second site at the time t2. The l12 is the distance between the first site and the second site and approximately d12 when the azimuth (θij) of l12 is approximately θ or θ ± 180°. For the ith site on the edge of the tropical cyclone and any jth (i < j) site, the azimuth of lij can be expressed as:


   θ  i j   = arctan      y j  −  y i     x j  −  x i       



(9)




where (xi, yi) and (xj, yj) are the two-dimensional coordinates of the ith site and the jth site, respectively. When the difference between θij and θ is very small, the tropical cyclone advances and the distance of dij can be calculated by the following formula.


   d  i j   =  l  i j   × cos   θ −  θ  i j     = cos   θ −  θ  i j              x i  −  x j     2  +      y i  −  y j     2     



(10)







The Δtij is the TDOZA between the ith site and the jth site; two models of a tropical cyclone’s movement were considered:




	(1)

	
The v is constant









The tropical cyclone keeps a uniform and straight motion along the direction of angle θ, and the dij in Equation (10) can be calculated from:


   d  i j   = v ∆  t  i j   =  l  i j   × cos   θ −  θ  i j      



(11)







In Equation (11), v and θ are both unknown parameters to be estimated, and let Δtij = tk, θij = θk, lij = lk. Thus, the kth observation equation can be expressed as:


   L k    v , θ   =   v ×  t k    cos   θ −  θ k      ,   k = 1 , 2 , 3 … n  



(12)




where n is the number of observations used in Equation (10), and the residual rk can be expressed as:


   r k  =  l k  −  L k    v , θ    



(13)







Equation (12) is linearized using the first-order Taylor formula:


   l k  ≈  L k     v 0 m  ,  θ 0 m    +    ∂  L m    v , θ     ∂ v    | v =  v 0 m  , θ =  θ 0 m      v −  v 0 m    +    ∂  L m    v , θ     ∂ θ    | v =  v 0 m  , θ =  θ 0 m      θ −  θ 0 m     



(14)




where vm0 and θm0 are the values of the mth iteration of v and θ, respectively. Then, Equation (13) can be expressed by using a matrix form:


  r = A b  



(15)




where A is the Jacobian matrix of L(v, θ). For the mth iteration, Am and bm can be expressed as:


       A m  =       t 1   cos   (  θ  0  m  −  θ 1  )       sin    (  θ  0  m  −  θ 1  )   v  0  m   t 1    cos    2   (  θ  0  m  −  θ 1  )          t 2   cos   (  θ  0  m  −  θ 2  )       sin    (  θ  0  m  −  θ 2  )   v  0  m   t 2    cos    2   (  θ  0  m  −  θ 2  )           ⋮       t n   cos   (  θ  0  m  −  θ n  )           ⋮       sin    (  θ  0  m  −  θ n  )   v  0  m   t n    cos    2   (  θ  0  m  −  θ n  )                  b m  =      v −  v  0  m        θ −  θ  0  m            



(16)







In Equation (16), there are two parameters to be estimated, and it can be solved by using the least squares method when the number of observations exceeds 2:


  q =      A T  A     − 1    A T  r  



(17)







Let qm be the estimated result from the mth iteration, and the θ and v of the (m + 1)th iteration are updated:


         v 0  m + 1          θ 0  m + 1         =        v 0 m         θ 0 m        + q  



(18)







The results of the new values are substituted into Equation (14), and the process is repeated when the value of q is under a pre-defined threshold or rk–rk−1 can be neglectable.



	(2)

	
The v is changeable







The tropical cyclones move in a straight line with an acceleration a, and the dij in Equation (10) can be calculated from:


   d  i j   =  v i  ∆  t  i j   +  1 2  a ∆  t  i j  2  =    v 0  + a ∆  t  i 1     ∆  t  i j   +  1 2  a ∆  t  i j  2  =  l  i j   · cos   θ −  θ  i j      



(19)




where, v, θ and a are all unknown parameters to be estimated, and let Δtij = tk1, Δti1 = tk2,θij = θk, lij = lk. Then, Equation (12) is corrected as:


   L k    v , θ , a   =   v  t  k 1   + a    1 2   t  k 1  2  +  t  k 1    t  k 2       cos   θ −  θ k      ,   k = 1 , 2 , 3 … n  



(20)




the residual rk can be expressed as:


   r k  =  l k  −  L k    v , θ , a    



(21)







Equation (20) is linearized using the first-order Taylor formula:


      l k  ≈  L k     v 0 m  ,  θ 0 m  ,  a 0 m        +   ∂  L m    v , θ , a     ∂ v    |  v =  v 0 m  , θ =  θ 0 m  , a =  a 0 m      v −  v 0 m           +   ∂  L m    v , θ , a     ∂ θ    |  v =  v 0 m  , θ =  θ 0 m  , a =  a 0 m      θ −  θ 0 m           +   ∂  L m    v , θ , a     ∂ a    |  v =  v 0 m  , θ =  θ 0 m  , a =  a 0 m      a −  a 0 m        



(22)




where am0 is the value of the mth iteration of a, respectively. Similarly, in Equation (15), Am and bm can be expressed as:


       A m  =       t 11   cos   (  θ  0  m  −  θ 1  )       sin     θ  0  m  −  θ 1    [  v  0  m   t 11  +  a  0  m   (   t  11  2  2  +  t 11   t 12  )  ]    cos    2   (  θ  0  m  −  θ 1  )          t  11  2  2  +  t 11   t 12    cos   (  θ  0  m  −  θ 1  )         t 21   cos   (  θ  0  m  −  θ 2  )       sin     θ  0  m  −  θ 2    [  v  0  m   t 21  +  a  0  m   (   t  21  2  2  +  t 21   t 22  )  ]    cos    2   (  θ  0  m  −  θ 2  )          t  21  2  2  +  t 21   t 22    cos   (  θ  0  m  −  θ 2  )          ⋮       t  n 1    cos   (  θ  0  m  −  θ n  )           ⋮       sin     θ  0  m  −  θ n    [  v  0  m   t  n 1   +  a  0  m   (   t  n 1  2  2  +  t  n 1    t  n 2   )  ]    cos    2   (  θ  0  m  −  θ n  )            ⋮         t  n 1  2  2  +  t  n 1    t  n 2     cos   (  θ  0  m  −  θ n  )                 b m  =      v −  v  0  m        θ −  θ  0  m        a −  a  0  m            



(23)







In Equation (23), there are three parameters to be estimated, and it can be solved by using the least squares method when the number of observations exceeds 3. Plugging Am and rm into Equation (17), the θ, v and a of the (m + 1)th iteration are updated:


         v 0  m + 1          θ 0  m + 1          a 0  m + 1         =        v 0 m         θ 0 m         a 0 m        + q  



(24)







The results of the new values are substituted into Equation (22), and the process is repeated when the value of q is under a pre-defined threshold or rk–rk−1 can be neglectable.




2.4. Data Source and Date Processing


China is located in the northern half of the Eastern Hemisphere, the eastern part of Eurasia and the west coast of the Pacific Ocean. The southeast coastal area of China is invaded by tropical cyclones every year, which is one of the areas where tropical cyclone events most frequently occur in the world. Several cases of tropical cyclones in China were selected to test the availability of calculating tropical cyclone movement using ZTD data based on the proposed TDOZA model in this experiment. Apart from the ZTD data from ERA5 reanalysis products, a variety of other data were used for the case studies of tropical cyclones in 2017. The data used in the study mainly included:




	(1)

	
ERA5 pressure, temperature and specific humidity grids with a spatial resolution of 0.25° × 0.25° and a temporal resolution of an hour at 37 height levels in 2017 (https://cds.climate.copernicus.eu/#!/home, accessed on 22 May 2023);




	(2)

	
Post-processed ZTD time series with a temporal resolution of 5 min over GNSS stations from the International GNSS Service (IGS) in 2017 (https://cddis.nasa.gov/archive/gnss/products/troposphere/zpd, accessed on 22 May 2023);




	(3)

	
RS data with a time resolution of 12 h from the University of Wyoming’s department of atmospheric sciences in 2017 (http://weather.uwyo.edu/upperair/sounding.html, accessed on 22 May 2023);




	(4)

	
The track and intensity analyses from the Tropical Cyclone Best Track (TCBT) dataset [47,48] provided by CMA in 2017 (http://tcdata.typhoon.org.cn, accessed on 22 May 2023);









Dataset (1) was used to obtain ZTD (i.e., ERA5-ZTD) datasets by using Equation (6), and then the ZTD datasets were used to study the characteristics and movements of tropical cyclones based on the proposed TDOZA model. Dataset (2) includes the ZTD time series over 11 GNSS stations used to test the accuracy of the ERA5-ZTD datasets, and the geodetic coordinates and elevations (i.e., WGS-84 ellipsoid height) of the 10 GNSS stations are listed in Table 1. Dataset (3) includes RS profiles over 89 stations, which were used to obtain PWV (RS-PWV) datasets by using Equation (7), and then the RS-PWV datasets were used to study the correlation relationship between ERA5-ZTD and RS-PWV. Figure 2 shows the geographical distribution of the GNSS stations (purple squares) and the RS stations (yellow circles). Dataset (4) includes the track and intensity information of 4 selected tropical cyclones (i.e., the Severe Tropical Storm Merbok, Tropical Storm Roke, Typhoon Nesat and Super Typhoon Hato), and was used to obtain the tropical cyclones’ movement as the reference for testing the accuracy of the TDOZA model.





3. Results


3.1. Comparison of ERA5-ZTD and IGS-ZTD Variations


The ERA5-ZTD datasets were used to estimate a tropical cyclone’s movement, and the accuracy of the ERA5-ZTD was verified for assessing the reliability of the proposed TDOZA model. The IGS adopted the final satellite orbit and clock solutions, and could provide the post-processed ZTD products (IGS-ZTD) with a time resolution of 5 min and an accuracy of better than 5 mm [49,50] using Bernese GPS Software. Thus, the IGS-ZTD datasets could be used as a reference for testing the accuracy of the ERA5-ZTD datasets. The 10 IGS stations near the ocean area are shown in Figure 2, and Figure 3 shows the ERA5-ZTD and IGS-ZTD times series with an hour time resolution over the 10 stations.



From Figure 3, it can be seen that the variations in the ERA5-ZTD and IGS-ZTD time series are almost the same, and the value of ZTD is highest in summer (DOY 151–241). The possible reason for this is the increase in the zenith wet delay (ZWD) caused by the increase in water vapor in summer, due to the large amount of water vapor transported by the southeast monsoon in China, and then the frequent movement of water vapor causes the changes to be more pronounced.



To further analyze the accuracy of the ERA5-ZTD time series over each station, the Bias, RMS and STD of the ERA5-ZTD time series compared with the IGS-ZTD time series are listed in Table 2. The mean bias values of the 10 stations means that the ERA5-ZTD time series is systematically around 6.4 mm, and the mean RMS and STD are 17.1 mm and 16.5 mm.




3.2. Comparison of ERA5-ZTD and RS-PWV Variations


Many previous studies on the characterizations of tropical cyclones have mainly been based on PWV, because water vapor is an important part of a tropical cyclone, which can reflect the life cycle and movement of a tropical cyclone [27,28,29]. Since PWV can be converted from ZTD, when both time series have similar variations trends, it is possible to use ZTD instead of PWV to forecast weather events. The RS datasets can provide accurate PWV data, and can be used to analyze the variation trends between ZTD and PWV. Table 3 shows the number, geodetic coordinates and elevations of the four randomly selected RS stations, and Figure 4 shows the times series with 12-h ERA5-ZTD and RS-ZTD over the four stations.



From Figure 4, it can be seen that the variation trend in the RS-PWV time series is the same as that of the ERA5-ZTD time series; the linear regression analysis of the RS-PWV and ERA5-ZTD time series was then carried out. The correlation coefficients between the two time series were calculated, and the linear regression analysis results of the RS-PWV and ERA5-ZTD time series are shown in Figure 5.



In Figure 5, there is a strong linear correlation between the RS-PWV and ERA5-ZTD time series, and the correlation coefficient of the two time series over the four stations is 0.950, 0.956, 0.972 and 0.974. For the other RS stations, Figure 6 shows the correlation coefficients of the RS-PWV and ERA5-ZTD time series over 89 RS stations.



In Figure 6, it can be seen that the correlation coefficient in the eastern region is higher than that in the western region. The minimum, maximum and mean values of the coefficients are 0.810, 0.987 and 0.951, respectively, and the proportion of the stations with a correlation coefficient over 0.9 is about 89.8%. When the correlation coefficient of the two parameters is more than 0.8, it can be considered that the two parameters are excellently related [51]. The above results confirm that most of the variations of ZTD are caused by the variations in ZWD composition (i.e., the change of water vapor), especially in the coastal areas with high water vapor content. As a result, there is a strong correlation coefficient between ZTD and PWV in terms of time domain, and ZTD could replace PWV as a predictor to study a tropical cyclone event.




3.3. Relationship between the Spatio-Temporal Distribution of ZTD and the Movement of Tropical Cyclones


Previous studies [25,26] have proven that the spatio-temporal distribution of PWV can characterize the movement trend of a tropical cyclone, and it is possible that ZTD could replace PWV to characterize the movement trend of a tropical cyclone. Thus, to verify the availability of monitoring a tropical cyclone by using ZTD data, the ERA5-ZTD datasets during four tropical cyclone periods were obtained to analyze the relationship between the spatio-temporal distributions of ZTD and the movement of tropical cyclones. In this study, the ERA5-ZTD time series over the region covered by the four tropical cyclones were used as the sample data to obtain the interpolated spatial distribution maps of ZTD. Figure 7 shows the spatial distributions of ZTD in the route of four tropical cyclones during tropical cyclone periods.



In Figure 7, the red dotted frame indicates the central area of the tropical cyclones, and the ZTD near the central area (red dotted frame) of the tropical cyclones is higher than the regions away from the central area. It also can be seen from Figure 7a–d that the moving direction of a yellow circle is the same as that of a tropical cyclone. The main reason is that due to a large amount of water vapor (an increase of ZWD) carried by a tropical cyclone, the ZTD over a region starts to increase and decrease when the tropical cyclone is approaching and leaving the region, respectively. As a result, a tropical cyclone has a yellow circle filled with ZTD along the route. The above results indicate that ZTD can be used to characterize the direction of a tropical cyclone’s movement, which is consistent with the previous results obtained by analyzing the path of a tropical cyclone’s movement by using PWV [27,28,29].




3.4. Estimation of Tropical Cyclone’s Movement Using ZTD


In Section 3.3, the relationship between the spatial-temporal distribution of ZTD and the movement of a tropical cyclone was analyzed, and it was identified that the moving directions of ZTD and the tropical cyclone were consistent. Thus, it may be possible to try to estimate the movement of a tropical cyclone using the ZTD time series over several sites around the route of the tropical cyclone. In Section 2.3, the TDOZA model for estimating the movement of a tropical cyclone was proposed when the tropical cyclone is approaching or leaving, as shown in Figure 1. To test the accuracy of the TDOZA model, the ZTD time series over the six ERA5 grids around the four tropical cyclones’ paths were used to estimate the movements of the tropical cyclones. Figure 8 shows the paths of Merbok, ROKE, Neast and Hato, and the selected ERA5 grids around the path during the tropical cyclone’s period.



In Figure 8, 1 to 6 are the numbers of the ERA5 grids, and indicate the sequence in which the tropical cyclone passes. Then, the ZTD time series over the six ERA5 grids were obtained by using ERA5 datasets during the tropical cyclones’ periods. Figure 9 shows the time series with 1-h ZTD over the six ERA5 girds in Figure 8 during the four tropical cyclones’ periods.



From Figure 9a–d, it can be seen that the variations in the ZTD time series over the ERA5 grids numbered 1–6 are very similar, but there is a certain time shift among them. There are obvious increasing and decreasing trends (red squares) in the ZTD time series, when the tropical cyclones are approaching and leaving, respectively. From Section 2.3, the movement of a tropical cyclone can be estimated by using the TDOZA model when a tropical cyclone is approaching or leaving a site. The TCBT dataset from CMA was used to calculate the mean velocity of a tropical cyclone, which can be used as a reference to test the accuracy of the TDOZA model. Table 4 shows the comparisons between movement velocity estimated from the TDOZA model and the reference for the four tropical cyclones.



In Table 4, it was assumed that tropical cyclones keep a uniform motion and a uniform acceleration motion for models #1 and #2, respectively. For model #1, the mean absolute and relative deviations of the estimated velocity are 3.89 km/h and 15.2%, respectively. The mean absolute and relative deviations of the estimated approaching velocity and leaving velocity are 3.89 km/h and 3.90 km/h, and 15.8% and 14.5%, respectively. For model #2, the mean absolute and relative deviations of the estimated velocity are 2.55 km/h and 10.0%, respectively. The mean absolute and relative deviations of the estimated approaching velocity and leaving velocity are 2.71 km/h and 2.38 km/h, and 11.2% and 8.8%, respectively. The results show that the accuracy of model #2 (considering the variation of velocity) is higher than that of model #1 (not considering the variation of velocity), and also indicates the variable characteristics of the tropical cyclones’ motions.





4. Discussion


Previous studies [26,27,28,29,30] have confirmed that PWV can be used to monitor the movement of tropical cyclones, and ZTD time series can replace PWV time series for forecasting weather events, such as precipitation events, when the variation trends of the ZTD and PWV time series are similar [31,32,33,34]. To prove the feasibility of monitoring the movement of tropical cyclones using ZTD, the TDOZA model was proposed to estimate the velocity of a tropical cyclone.



From the experiments, including testing the accuracy of ERA5-ZTD datasets, analyzing the correlation between ERA5-ZTD and RS-PWV and studying the spatio-temporal distributions of ERA5-ZTD during tropical cyclones, it was determined that there is a strong correlation coefficient between ZTD and PWV in a time domain, and ZTD can be used to characterize the direction of a tropical cyclone’s movement. Finally, the ZTD time series over the grids around the four tropical cyclones’ paths were used to estimate the velocity of the tropical cyclones based on the TDOZA model, and the accuracy of the estimated velocity was about 2–4 km/h, which is close to the result of a tropical cyclone estimated using PWV.



However, the proposed model also ignores some factors such as the changes in the direction and structure of tropical cyclones. Due to these factors, additional errors will be introduced into the results, and the TDOZA mode should be further improved. It is promising that a refined model considering these factors will be applied in monitoring tropical cyclones at an advanced level.




5. Conclusions


A novel method for monitoring tropical cyclones using ZTD was proposed in this paper. To evaluate the availability of the ERA5-ZTD time series, the GNSS-ZTD time series over the 10 IGS stations were used to test the accuracy of the ERA5-ZTD time series, and the results showed that the mean Bias, RMS and STD of the ERA5-ZTD time series are 6.4 mm, 17.1 mm and 16.5 mm, respectively. To verify that ZTD can replace PWV for monitoring tropical cyclones, the correlation between the RS-PWV and ERA5-ZTD time series was analyzed. The results show the minimum, maximum and mean values of the correlation coefficients between the RS-PWV and ERA5-ZTD time series over the 89 RS stations were 0.810, 0.987 and 0.951, respectively, and the correlation coefficients over 90% of the RS stations were greater than 0.9. These results suggest that ZTD can replace PWV to study the characteristics of weather events. Then, the spatio-temporal characteristics of ZTD during the four tropical cyclone periods in 2017 were analyzed, and we found that ZTD moved in the same direction as the tropical cyclones. In the ZTD time series over the ERA5 girds around the path of the tropical cyclones, the sudden increase and decrease in ZTD are highly correlated with the approach and departure of a tropical cyclone, respectively. The TDOZA model based on the difference of ZTD time series was proposed to estimate the approaching and leaving velocities of tropical cyclones. The results showed that the accuracy of model #2 (considering the variation of velocity) was higher than that of model #1 (not considering the variation of velocity), and the mean absolute and relative deviations of the estimated velocity using model #2 were 2.55 km/h and 10.0%, respectively. This suggests that the TDOZA model could be used to estimate the movement of a tropical cyclone.



It is usually difficult to obtain ZTD data with high temporal and spatial resolution, and the ZTD data used in this paper was based on the post-processing products of the ERA5 datasets. With the continuous development of the GNSS technique, the number of GNSS stations is gradually increasing, and the accuracy, frequency band and processing methods of GNSS observations are constantly improved, which provides favorable conditions for monitoring tropical cyclones. In the future, it is expected that a real-time tropical cyclone monitoring method will be developed based on GNSS-derived ZTD observations.
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Figure 1. Schematic diagram for the monitoring of a typical tropical cyclone’s movement: (a) The edge of the tropical cyclone reaches a site; (b) The center of the tropical cyclone is closest to the site and begins to leave. 
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Figure 2. Geographical distribution of the GNSS stations (purple squares) and RS stations (yellow circles). 
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Figure 3. Time series of 1-h IGS-ZTD and ERA5-ZTD over the 10 GNSS stations in Table 1. 
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Figure 4. The time series with 12-h ERA5-ZTD and RS-ZTD over the four randomly selected RS stations. 
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Figure 5. Linear regression analysis results of the RS-PWV and ERA5-ZTD time series over the RS stations in Figure 4. 
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Figure 6. Correlation coefficients of the RS-PWV and ERA5-ZTD time series over the RS stations. 
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Figure 7. Spatial distributions of ZTD on the route of four tropical cyclones Merbok (a), ROKE (b), Neast (c) and Hato (d) during the four tropical cyclones’ periods. 
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Figure 8. The paths of Merbok, ROKE, Neast and Hato, and the selected ERA5 grids around the path during the tropical cyclone’s period. 
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Figure 9. The time series with 1-h ZTD over the six ERA5 girds in Figure 8 during the three-day tropical cyclone periods of 10–12 June (a), 21–23 July (b), 27–29 July (c) and 21–23 August (d). 
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Table 1. Geodetic coordinates and elevations of 10 GNSS stations.
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	Station
	East Longitude (°)
	North Latitude (°)
	Elevation (m)





	BJFS
	115.89
	39.60
	87.5



	CHAN
	125.44
	43.79
	273.2



	CKSV
	120.22
	22.99
	59.7



	HKSL
	113.92
	22.37
	95.3



	HKWS
	114.33
	22.43
	63.8



	JFNG
	114.49
	30.51
	71.3



	KMNM
	118.38
	24.46
	49.1



	SHAO
	121.20
	31.09
	22.0



	TWTF
	121.16
	24.95
	201.5



	TCMS
	120.98
	24.79
	77.2
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Table 2. Bias, RMS and STD of the ERA5-ZTD time series compared with the IGS-ZTD time series in Figure 3.
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	Station
	Bias (mm)
	RMS (mm)
	STD (mm)





	BJFS
	5.1
	17.2
	16.4



	CHAN
	5.4
	13.0
	11.9



	CKSV
	8.1
	19.3
	17.5



	HKSL
	7.8
	15.7
	13.7



	HKWS
	7.3
	15.9
	14.1



	JFNG
	5.7
	17.5
	16.5



	KMNM
	7.5
	16.8
	15.0



	SHAO
	8.1
	19.2
	17.3



	TWTF
	1.4
	17.3
	17.3



	TCMS
	7.2
	19.5
	18.1



	Mean
	6.4
	17.1
	15.78
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Table 3. The number, geodetic coordinates and elevations of the four selected RS stations in Figure 4.
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	Station Number
	East Longitude (°)
	North Latitude (°)
	Elevation (m)





	50527
	119.70
	49.25
	653.3



	59280
	113.08
	23.70
	78.0



	53614
	106.20
	38.46
	1112.0



	54857
	120.33
	36.06
	77.0
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Table 4. Comparisons between the movement velocity estimated from the TDOZA model and the references for the four tropical cyclones.
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Tropical Cyclone

	
Approaching Velocity (km/h)

	
Leaving Velocity (km/h)




	
Model #1

	
Model #2

	
Reference

	
Model #1

	
Model #2

	
Reference






	
Merbok

	
15.32

	
16.35

	
22.25

	
19.48

	
20.51

	
24.61




	
ROKE

	
19.47

	
22.06

	
24.38

	
27.38

	
26.12

	
26.47




	
Neast

	
15.31

	
15.10

	
15.22

	
36.08

	
31.58

	
33.67




	
Hato

	
27.61

	
28.71

	
31.24

	
33.79

	
29.64

	
26.66
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