

  atmosphere-12-01085




atmosphere-12-01085







Atmosphere 2021, 12(8), 1085; doi:10.3390/atmos12081085




Article



Analysis of the Precipitable Water Vapor Observation in Yunnan–Guizhou Plateau during the Convective Weather System in Summer



Heng Hu 1,*, Yunchang Cao 1, Chuang Shi 2, Yong Lei 1, Hao Wen 1, Hong Liang 1, Manhong Tu 1, Xiaomin Wan 3, Haishen Wang 1, Jingshu Liang 1 and Panpan Zhao 1





1



Meteorological Observation Center, China Meteorological Administration, Beijing 100081, China






2



Laboratory of Navigation and Communication Fusion Technology, Ministry of Industry and Information Technology, Beihang University, Beijing 100191, China






3



National Meteorological Center, China Meteorological Administration, Beijing 100081, China









*



Correspondence: huheng@cma.gov.cn







Academic Editor: Quentin Laffineur



Received: 31 July 2021 / Accepted: 20 August 2021 / Published: 23 August 2021



Abstract

:

The ERA5 reanalysis dataset of the European Center for Medium-Range Weather Forecasts (ECMWF) in the summers from 2015 to 2020 was used to compare and analyze the features of the precipitable water vapor (PWV) observed by six ground-based Global Navigation Satellite System (GNSS) meteorology (GNSS/MET) stations in the Yunnan–Guizhou Plateau. The correlation coefficients of the two datasets ranged between 0.804 and 0.878, the standard deviations ranged between 4.686 and 7.338 mm, and the monthly average deviations ranged between −4.153 and 9.459 mm, which increased with the altitude of the station. Matching the quality-controlled ground precipitation data with the PWV in time and space revealed that most precipitation occurred when the PWV was between 30 and 65 mm and roughly met the normal distribution. We used the vertical integral of divergence of moisture flux (∇p) and S-band Doppler radar networking products combined with the PWV to study the convergence and divergence process and the water vapor delivery conditions during the deep convective weather process from August 24 to 26, 2020, which can be used to analyze the real-time observation capability and continuity of PWV in small-scale and mesoscale weather processes. Furthermore, the 1 h precipitation and the cloud top temperature (ctt) data at the same site were used to demonstrate the effect of PWV on the transit of convective weather systems from different time–space scales.
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1. Introduction


Water vapor is an important part of the atmosphere and is one of the main factors affecting the atmospheric greenhouse effect [1,2,3]. Changes in water vapor not only strongly affect the water cycle, aerosol composition, and cloud formation [4,5,6], but also drive weather and climate change [2,4,7]. Water vapor accounts for 4% of the total volume of the atmosphere, which has a significant impact on the radial radiation energy balance of the earth–atmosphere system [8], the vertical stability of the atmosphere, the formation of clouds [9], and the formation and evolution of heavy rain [10]. Therefore, changes in atmospheric water vapor have long been an area of focus in climatology. At present, the observation of water vapor in the atmosphere mainly includes radiosondes [11,12], ground-based microwave radiometers [13], space-borne radiometers [14], GNSS radio occultation [15,16], and GNSS meteorology (GNSS/MET) [17,18,19], which have their own advantages and disadvantages. Because of the long time series of historical records, radiosondes are the most widely used data sources for studying atmospheric water vapor. However, owing to the replacement of sensors used by stations and changes in data processing strategies, the radiosonde record has an inhomogeneity issue [19,20]. In addition, radiosonde observations are usually taken twice a day, so cannot fully reflect the diurnal characteristics of water vapor [21], and observations of catastrophic weather, such as the rapid occurrence, development, and disappearance of heavy rain, are insufficient [12,22]. Although ground-based microwave radiometers can obtain relatively continuous observations with high time resolution and are not affected by cloud cover [23], the equipment is relatively expensive and the number of ground stations is limited, which makes it difficult to effectively monitor water vapor over a large area [23]. Satellite radiometers mainly include infrared radiometers and passive microwave radiometers, and infrared radiometers were used as early as 1979. However, their observation accuracy is relatively poor and is subject to cloud cover [24]. When severe weather, such as heavy rain, occurs, the data obtained are usually unusable. Satellite-mounted microwave radiometer observations are not affected by cloud cover, but the measurement of water vapor based on the microwave radiometer requires the presupposition of the surface radiation coefficient, so the measurement accuracy will be greatly compromised owing to the complex changes in the surface radiation coefficient over the land [25]. In addition, satellite-borne radio occultation observation technology uses the bending angle of the ranging signal between the low-orbit satellite and the GNSS satellite to retrieve atmospheric parameters, which has the advantages of working under all-weather conditions and being independent to the surface radiation coefficient [26]. Occultation observation technology can retrieve the middle and upper atmospheric parameters with high precision, but the accuracy of the retrieval at the bottom of the troposphere is relatively poor owing to the problem of signal strength [27,28]. Therefore, GNSS radio occultation observation technology currently does not meet the demand for accurately determining water vapor content in the lower atmosphere.



Ground-based GNSS water vapor retrieval technology has been proposed since the 1990s and has been proven to be an effective method for measuring water vapor [29]. GNSS/MET has the advantages of all-weather, high precision, low cost, and high time resolution [30], and their observations have good consistency on the time scale of hours or even minutes, which can obtain an PWV observation accuracy equivalent to those of radiosondes and ground-based microwave radiometers [31,32]. Reanalysis data are multidimensional and spatially complete, and continuous global atmospheric cycle data are obtained by assimilating a variety of meteorological observation data [33]. In contrast to the meteorological analysis of the existing operational forecasting systems, the reanalyzed data adopt a unified meteorological model to avoid the inconsistency caused by model changes, making it more suitable for long-term climate research [19]. As water vapor plays an important role in the atmosphere, there have been a large number of relevant studies, mainly focusing on key issues such as the accuracy evaluation and comparison verification of different observation data [33,34], the study of water vapor distribution changes and mechanisms, and the monitoring and modeling of water vapor and its meteorological applications [35,36,37,38]. While the studies have achieved considerable results, there are still many questions that need to be answered and solved. The Qinghai–Tibet Plateau, known as the “water vapor transportation transfer station,” is the top of the “big triangle fan” [39,40], the key area of South Asian monsoon water vapor transportation. The Yunnan–Guizhou Plateau is located upstream of this area [41]. Therefore, the observations of water vapor transportation and the changes and mechanisms in this region are important for revealing the formation mechanism of precipitation changes and flood disasters in the middle and lower reaches of the Yangtze River in China [42,43,44]. In addition, they are also useful for studying climate anomalies and disaster prevention and mitigation in Southwest China [41]. There are problems in observing water vapor transportation such as difficulty in station construction and high operation and maintenance costs due to the location of the plateau, and there is a lack of long-term continuous high-resolution water vapor observation data [45]. However, the use of GNSS/MET observation data can make up for such problems.



This study used ECMWF’s ERA5 reanalysis dataset to analyze the features of GNSS/MET station observation data in the Yunnan–Guizhou Plateau. Matching the quality-controlled ground precipitation data with the PWV in time and space to analyze the relationship between precipitation and water vapor change and distribution, we used the vertical integral of the divergence of moisture flux [41] and S-band Doppler radar networking products [46] combined with PWV data to study the convergence and divergence process and the water vapor delivery conditions during the deep convective weather process from 24–26 August 2020, which can analyze the real-time observation capability and continuity of the PWV in the small- and medium-scale weather processes. Furthermore, 1 h precipitation and cloud top temperature (ctt) data [47,48,49] at the same site were used to reveal the effect of PWV on the transit of convective weather systems from different time–space scales. This study provides a reference for the positive contribution of the PWV in the prediction of the occurrence time and path of the small-scale and mesoscale convective weather system in the Yunnan–Guizhou Plateau.




2. Materials and Methods


2.1. Data Introduction


In this study, 67 GNSS/MET sites were selected as the observation data source in the Yunnan–Guizhou Plateau (21° N–29° N, 97° E–110 °E), six of which with better time continuity were selected for the feature analysis. The observation period was June, July, August, and September from 2015 to 2020; the site distribution is shown as black dots in Figure 1. The ERA5 reanalysis data, the precipitation data, and the ctt were matched in time and space for six stations (MNLA, MNZI, TNCH, BEKM, BFDI, and BFLJ), which are evenly distributed in Yunnan Province, and the locations of the stations are marked with blue stars in Figure 1. The altitudes of the stations show a trend of increasing gradually from south to north, which is useful for analyzing the influence of altitude on the deviation between the PWV and the reanalysis. The receiver models of these six stations are all TRIMBLE NETRS, and the antenna models are all TRM41249.00. Other specific site information is summarized in Table 1.



The ERA5 dataset in the ECMWF global reanalysis data was used to analyze the features of the PWV. The dataset used was “ERA5 hourly data on single levels from 1979 to present”, which contains the total atmospheric water vapor product (total column water vapor: TCWV) with a grid accuracy of 0.25° × 0.25° [50]. The vertical integral of the divergence of the moisture flux product in the same dataset was combined with the U/V wind field component of the 850 hPa pressure layer to analyze the water vapor transportation. The wind field dataset used was “ERA5 hourly data on pressure levels from 1979 to the present” [51].



Precipitation over the past 1 h was observed by six-element monitoring stations on the ground in the Yunnan–Guizhou Plateau. The real-time product (Chinese region/nominal) of the ctt retrieved by the multi-channel scanning imaging radiometer (AGRI), which is carried by the FY-4A satellite, was used to study the trigger time of the deep convective process on a small time scale. Its observation frequency is 15 min, and the spatial resolution is 4 km [52].




2.2. Data Processing


The GNSS signal travels along a curve in the atmosphere because its transmission is refracted by the atmospheric medium, such as water vapor and electric ions. Accordingly, its propagation speed has a delay effect compared with the speed in vacuum [53]. The total delay distance ΔL is related to the refractive index of the atmosphere [17],


  Δ L =   ∫  s  N d s ,  



(1)




where N is the atmospheric refractivity expressed in terms of the atmospheric properties as follows [54],


  N =   − 4.03 ×   10  6     n e   f    +   77.6    P d   T    +   70.4    P v   T  + 3.739    P v     T 2      ,  



(2)




where    n e    is the electron density in the atmosphere,    P d    is the pressure of the dry air,    P v    is the pressure of the humid air, f is the frequency of the electromagnetic wave, and T is the atmospheric temperature. Zenith Total Delay (ZTD) can be acquired by the above formula, which is the sum of the zenith hydrostatic delay (  ZHD  ) and Zenith Wet Delay (  ZWD  ). The   ZHD   can be received accurately based on the Saastamoinen empirical formulas [55]. Then,   ZWD   can be obtained by subtracting   ZHD   from the   ZTD  . It has been proved that the ZWD is related to PWV as follows [17],


  PWV =   ‖ × ZWD ,  



(3)







Π is a mapping function that can be calculated as follows [17],


  ‖   =     10  6    ρ  R v       k 3     T m    +  k 2  − ω  k 1      .  



(4)




where  ρ  represents the water vapor density,    R v    is the atmospheric constant of water vapor,    k 1   ,    k 2   ,    k 3   , and  ω  are physical constants, and    T m    is the average temperature of the atmosphere, which can be expressed by the surface air temperature as    T m  = 70.2 + 0.72    T s   . The surface temperature (   T s   ) observed by the radiosonde can be used for regression analysis to establish coefficient values in accordance with the characteristics of the area [56,57,58].





3. Results and Discussion


3.1. PWV Feature Analysis


First, we analyzed the features of the PWV of the six stations with complete multi-source data matching. Figure 2 shows the box plot of the TCWV and PWV data. The light blue column represents the altitude of the station. Both data have a positive correlation with altitude, which may be related to the low altitude and longer observation path. Moreover, the atmospheric water vapor is mainly distributed below the altitude of 3 km, so the fluctuation in the water vapor content with the altitude change is even more obvious. In addition, the two types of data at high-altitude stations are evenly distributed, while the PWV of the low-altitude stations is relatively scattered. The outliers of PWV at MNLA, MNZI, and BEKM are scattered outside the upper and lower limits, while the PWVs of other stations are mainly distributed below the lower limit, as well as all the outliers of TCWV, which demonstrates that PWV in these periods changed significantly. Furthermore, the median line of PWV at the MNLA station exceeded 50 mm, which is significantly higher than that at the same station. The green curve and error bars represent the mean and standard deviation of the PWV and the TCWV, respectively, which shows a consistent trend of change, and the error bars indicate that the standard deviation of low-altitude stations is large.



The PWV and TCWV of the six stations were matched in time and space. The time resolution of both data was 1 h and the location of the TCWV grid point was selected to be closest to the GNSS/MET station. The data volume after matching was completed is shown in Table 2. Accordingly, the PWV of the TNCH station is relatively complete, while the other stations have different degrees missing observations. Specifically, the lack of data at the MNLA station is more serious because of data transmission problems. This study did not perform quality control in the analysis process, because the threshold value (0–100 mm) was set when calculating the GNSS/MET observation data. The scattered point distribution of the stations in Figure 3 shows that the PWV of the six stations has neither long-term continuous loss nor a systematic deviation between PWV and TCWV. In view of the advantages of the stability and continuity of the reanalyzed data, we believe that PWV also has these features. However, the PWV has some abnormal values, so we studied the causes of these outliers in the further PWV accuracy analysis. The correlation coefficient, standard deviation, and average deviation between the two datasets were calculated to clarify that the correlation between the TCWV and the PWV of the six stations exceeded 80%, and the correlation coefficient decreased as the altitude of the station increased. The standard deviation was distributed between 4.686 and 7.338 mm, and the average deviation was between 2.213 and 6.748 mm, both of which approximately positively correlated with the altitude of the station; the reason for this feature needs further study.



Figure 4 shows the deviation in the monthly averages of TCWV and PWV at the six stations. Most of the deviations from 2015 to 2020 were greater than zero, which indicates that the PWV observations were wetter. However, previous studies have shown that ERA5 significantly underestimates the moisture content in the upper part of the atmosphere, at the layers of 3.5 and 5 km [59]. Moreover, the deviation from June 2015 to September 2015 was smaller than those of other time periods, demonstrating that the results of PWV and TCWV in 2015 are relatively close. The low value of the deviation in June 2020 is related to the improvement of our PWV calculation algorithm at that time. The deviations in the BFLJ and FFDI stations are less than zero at certain times, which reveals that the PWV observations during this time period are relatively dry, which is the opposite of the results in other periods. In addition, the deviations in the MNLA and MNZI stations are larger than those of the other stations, most of which are more than 5 mm. Therefore, this result is also consistent with the results in Table 2, which is related to the solution strategy and requires further research and analysis.



In summary, the feature analysis of the PWV data shows that the observation of the atmospheric water vapor content retrieved from the GNSS/MET stations has a relatively good stability and time continuity, which can be used for the research and analysis of water vapor distribution and variation [8] in the Yunnan–Guizhou Plateau.



The scattered point distribution of the 1 h ground precipitation and PWV after matching in time and space is shown in Figure 5. The precipitation shows a normal distribution with the PWV of the stations, which is mostly below 20 mm and is mainly concentrated below 10 mm; thus, there is no obvious difference in precipitation at a single station, and the precipitation of each station is distributed in different water vapor content intervals; for example, the precipitation at MNLA station mainly occurs when the PWV is between 50 and 65 mm, while the maximum precipitation occurs when the PWV is approximately 60 mm. However, precipitation at the other five stations mainly occurs when the PWV is between 30 and 50 mm.




3.2. Analysis of Deep Convection Process


The analysis of PWV features and the correlation between precipitation and PWV suggests that PWV data have good stability and time continuity. We select the convective weather process transits in the Yunnan–Guizhou Plateau from 24 August 2020 to 25 August 2020 as a case study, using multi-source data such as PWV,    ∇ p   , and 1 h precipitation to analyze the variation in water vapor during the process of convergence and divergence in the plateau exploringly. Figure 6 shows that the radar reflectivity factor value in the Yunnan–Guizhou Plateau is high at 12:00 UTC on 24 August 2020, which implies that there are raindrop particles in this area, mainly concentrated in the western and eastern border areas of Yunnan Province. The combined map of    ∇ p    and wind field in the ECMWF reanalysis data at that time is displayed in Figure 7d. The distribution of convergence and divergence processes in the Yunnan–Guizhou Plateau is more complicated, but a large convergence area is formed in the eastern border area of Yunnan Province. At the same time, the direction of the wind field also verifies the formation of a local low-pressure area.



The time was advanced to 06:00 (UTC) on 24 August 2020, and further investigation was conducted every two hours thereafter, which shows that the low pressure in the eastern part of Yunnan Province formed from the northeast direction and gradually moved toward the eastern part of Yunnan Province at 12:00. Convergence has always existed in the western part of Guizhou Province, while the southwestern part of Yunnan Province has converged with increasing intensity over time. The areas at the junction of the three provinces of Yunnan, Guizhou, and Sichuan, and the central part of Yunnan Province have been in a state of divergence, and the intensity has not changed significantly.



Analysis of the PWV from the same period as showing in Figure 8 reveals that the PWV at the junction of western Guizhou and eastern Yunnan was maintained at a high level, with some stations exceeding 50 mm, while in southwestern Yunnan Province, the PWV increased, reaching more than 50 mm at 12:00. According to the distribution of    ∇ p    in Figure 7, these areas are in a state of convergence; consequently, the water vapor transport characteristics of the two datasets are relatively consistent. In addition, a low PWV value of 35 mm or less appeared in the areas at the junction of Yunnan, Guizhou, and Sichuan provinces and the central part of Yunnan Province, indicating that these areas are in a divergent state, which is consistent with the analysis of    ∇ p    in Figure 7.



The precipitation of the stations in the same time period showing in Figure 9 reveals that precipitation at the largest number of stations occurred at 08:00 on August 24, which is associated with the large-scale divergence process that appeared in the region at the corresponding time in Figure 7. Moreover, the eastern part of Yunnan Province and the western part of Guizhou Province had less precipitation, as there was an obvious convergence process in these areas. In addition, precipitation in the northwest corner of Guizhou Province increased significantly at 06:00 and 12:00 on August 24.    ∇ p    suggested that these two times have been in a convergence process, which is also reflected in Figure 8. The PWV in this area has been maintained at a high level above 50 mm, indicating that the PWV has good real-time observation capability and continuity, and there is a positive correlation between precipitation and    ∇ p   .



From 17:00 on 24 August to 18:00 on 25 August 2020, five-hour interval    ∇ p    analysis showed that the convective weather system moved southward along the eastern part of Yunnan Province and the western part of Guizhou Province. Figure 10 illustrates that the more obvious divergence process followed the system sweeping through the Yunnan–Guizhou region, while the intensity of the divergence process was approximately 1     kgm   − 2    s  − 1    . Furthermore, in the southwestern direction of the divergence process, some convergent systems appeared, and the intensity ranged from −1 to −1.51     kgm   − 2    s  − 1    . The wind field at 850 hPa shows that these low-pressure areas followed convective systems to move south.



The PWV distribution at the same time interval is displayed in Figure 11, which demonstrates that the PWV in the Yunnan–Guizhou Plateau has a strong downward trend from northwest to southeast. Meanwhile, the PWV distribution has always maintained the characteristics of higher in the southern border area and lower in the northern central area. At 17:00 and 22:00, the PWV in the southwestern part of Yunnan Province is high, which is related to the convergence process in this area, as shown in Figure 10. After 08:00 on the 25th, the convergence process in this region gradually turned into a divergent process, and the PWV decreased significantly to >15 mm; therefore, we conclude that this divergence process dissipates most of the PWV in the area through precipitation or drives southward.



The precipitation at stations from 17:00 on 24 August to 18:00 on 25 August 2020 showing in Figure 12 indicates that the number of stations with precipitation during this period gradually decreased. Moreover, there were more stations with precipitation in southwestern Yunnan and western Guizhou compared with other times at 17:00 on the 24th. Figure 10 suggests that these two regions were in a convergence process, while the distribution of PWV reveals that these two regions are wetter than other regions. At 22:00, the convergence process in the area became less accompanied by a decline in PWV, the number of precipitation stations was reduced simultaneously, and the entire Yunnan–Guizhou Plateau was immersed in the process of divergence. At the same time, the PWV dropped to 30 mm and was consistent with the reduction in precipitation. Hereafter,    ∇ p    in the entire region was positive at 18:00 on the 25th and the PWV in the area continued to decline as expected, followed by a minimum number of precipitation stations.



The four stations with good continuity of precipitation and PWV from 22 August to 28 August 2020 are shown in Figure 13. The blue curve represents the variation in the PWV, which reported that the PWV of the four stations increased from the 23rd to the 24th, especially BFDI, where the change exceeded 10 mm; subsequently, the PWV of the four stations all fell drastically, with the lowest value appearing on August 26. In addition, the PWV of BFDI, BFLJ, and MNZI dropped below 20 mm; specifically, the decreases at BFDI and MNLA exceeded 20 mm. Moreover, the precipitation at all four stations appeared on August 24. The maximum precipitation value appeared near the highest PWV after time consistency matching, indicating that the locations of these stations are near the end of the convergence process. Thus, the PWV in this area gathered to a certain level and started a large amount of precipitation. The obvious decline in the PWV emerged along with the continuity of precipitation, where the precipitation had a significant decline.



Refining the time scale from day to hour, we found that concentrated precipitation occurred from 07:00 to 13:00 on 24 August 2020. When the cloud top temperature over the station dropped by more than 50 k, reaching as low as approximately 240 k within 2 h, the increase in PWV at the same site indicated that a deep convective system appeared in the area [49]. Figure 14 shows the changes in ctt and PWV at the four stations. As the resolution of PWV was 1 h, the amount of data were relatively small and could only be used to study the general trend of change; the ctt at BFDI and BFLJ had the lowest values at approximately 09:00, which declined by more than 50 k before that. Moreover, the lowest value at BFDI was approximately 240 k; likewise, the lowest value at BFLJ was less than 230 k. At the same time, the PWV of the two stations displayed an upward trend in the low-ctt area. These indicators reveal that the deep convection process started at approximately 09:00 in these two areas. The lowest ctt values at MNLA and MNZI were later than those at the other stations, appearing between 11:00 and 12:00, and the PWV rose simultaneously, indicating that deep convection arose later at the two stations. After preliminary analysis, we found that the MNLA and MNZI stations are located in the southernmost part of Yunnan Province, and the convective system runs from north to south, which is in line with the time sequence of system development.



The analysis of the multi-source data of the deep convective process during the transit in the Yunnan–Guizhou Plateau from 24–25 August 2020 revealed that PWV data have strong real-time observation capability and continuity for small-scale and mesoscale weather processes. In addition, combining    ∇ p    can clearly demonstrate variation and the transportation of water vapor in the process, which is beneficial for the numerical weather forecast to accurately determine the occurrence of precipitation. The PWV showed a very good correlation with the 1 h precipitation data if the spatial scale was reduced to a single station. Furthermore, the precipitation fell in the high value area of PWV or in the decline stage after it. However, in order to determine the threshold of PWV when precipitation appears, more factors such as seasons, dynamic and heat conditions [8], and long time series data should be considered in future studies.



The combination of ctt and PWV can better report the occurrence time of deep convection if the time scale is reduced to hours. Because the time resolution of the PWV data used in this study is 1 h, it can only be used to analyze the approximate change trend of PWV. Thus, if the calculation interval is adjusted to a minute, combined with ctt, it will more clearly reflect the initiation and transit time of deep convection.





4. Conclusions


The PWV data were consistent with ERA5 data of the Yunnan–Guizhou Plateau in June, July, August, and September from 2015 to 2020, while the deviation of the two datasets increased with the altitude of the station. In the summer of 2020, the deviation between the PWV and the TCWV in this area significantly decreased compared to previous years, which is related to the improvement of the calculation algorithm during this period. In addition, the precipitation after time–space matching mainly appeared in the PWV between 30 and 65 mm and displayed normal distribution characteristics, whereas the precipitation did not differ significantly with station altitude or spatial location.



During the development of the deep convective system in the Yunnan–Guizhou Plateau from north to south between 24–25 August 2020, the PWV exhibited strong real-time observation capability and continuity. In addition, the PWV displayed a certain indicating effect in the process of mesoscale convective weather when combined with the analysis of multi-source data, such as    ∇ p    and Doppler radar reflectivity factor products, which is a meaningful reference for precipitation prediction in numerical weather forecasting. Precipitation and PWV showed a strong correlation if the spatial scale was reduced to a single station. Moreover, precipitation emerged in the high value area of the PWV or the decline stage after the high value. In addition, using minute-level ctt data, the variation in PWV could accurately match the time and location of the deep convective process, which also reveals that PWV had a positive effect on the study of tropospheric weather processes at different temporal and spatial scales. Therefore, minute-level PWV data will provide a more accurate analysis and indication of rapidly developing convective weather process [49], which will be studied in future work.
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Figure 1. Distribution of GNSS/MET stations in Yunnan–Guizhou Plateau (black dots: GNSS/MET stations; blue star: GNSS/MET stations matching the ERA5, the precipitation, and the CTT). 
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Figure 2. PWV, TCWV, and altitude of 6 stations (box plot: PWV and TCWV; histogram: station altitude; green line: mean value; error bars: standard deviation). 
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Figure 3. Scattered distributions and linear fitting results of TCWV and PWV of 6 stations (color scatter: scatter distribution of two kinds of data at each station; colored straight line: linear fitting of PWV (cyan: MNLA; yellow: MNZI; blue: TNCH; black: BEKM; green: BFDI; red: BFLJ). 
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Figure 4. Monthly mean deviation of TCWV and PWV for 6 stations (cyan: MNLA; yellow: MNZI; blue: TNCH; black: BEKM; green: BFDI; red: BFLJ). 
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Figure 5. Scattered distribution of the PWV and 1 h precipitation of 6 stations (cyan: MNLA; yellow: MNZI; blue: TNCH; black: BEKM; green: BFDI; red: BFLJ). 
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Figure 6. Doppler radar network diagram in China at 12:00 on 24 August 2020 (UTC) (color scale represents reflectance factor, unit: dBz; black box: Yunnan–Guizhou Plateau). 
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Figure 7. The combination of    ∇ p    and 850 hPa wind field in Yunnan–Guizhou Plateau from 06:00 (UTC) to 12:00 on 24 August 2020 (the isosurface represents the    ∇ p   , unit: kg m−2 s−1. The direction of the arrow represents the wind direction, and the length represents the wind speed. (a–d) represent the results of 2 h interval). 
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Figure 8. The distribution of PWV from 06:00 (UTC) to 12:00 on 24 August 2020 in Yunnan–Guizhou Plateau (the color scale of the contour represents the PWV, unit: mm. (a–d) represent the results of 2 h interval). 






Figure 8. The distribution of PWV from 06:00 (UTC) to 12:00 on 24 August 2020 in Yunnan–Guizhou Plateau (the color scale of the contour represents the PWV, unit: mm. (a–d) represent the results of 2 h interval).



[image: Atmosphere 12 01085 g008]







[image: Atmosphere 12 01085 g009 550] 





Figure 9. Precipitation at stations in Yunnan–Guizhou Plateau from 06:00 (UTC) to 12:00 on 24 August 2020 (scattered points represent stations with precipitation greater than, and color scales represent the amount of precipitation. (a–d) represent the results of 2 h interval). 
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Figure 10. The combination of ∇p and 850 hPa wind field in Yunnan–Guizhou Plateau from 17:00 on 24 August 2020 (UTC) to 18:00 on 25 August 2020 (isosurface represents ∇p, unit: kg m−2 s−1; the direction of the arrow represents the wind direction, and the length represents the wind speed. (a–f) represent the results of 5 h interval). 
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Figure 11. Distribution of PWV in Yunnan–Guizhou Plateau from 17:00 on 24 August (UTC) to 18:00 on 25 August 2020 (the contour color scale represents the PWV, unit: mm. (a–f) represent the results of 5 h interval). 
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Figure 12. Precipitation at stations in Yunnan–Guizhou Plateau from 17:00 on 24 August (UTC) to 18:00 on 25 August 2020 (scattered points represent stations with precipitation greater than, and color scales represent the amount of precipitation. (a–f) represent the results of 5 h interval). 
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Figure 13. The precipitation and the PWV at stations from 22 August to 28 August 2020 (blue curve: the PWV, unit: mm; green column: the precipitation, unit mm. (a) BFDI, (b) BFLJ, (c) MNLA, (d) MNZI). 
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Figure 14. The ctt and the PWV of stations from 07:00 to 13:00 on 24 August 2020 (blue curve: the ctt, unit: k; red scattered points: the PWV, unit mm. (a) BFDI, (b) BFLJ, (c) MNLA, (d) MNZI). 
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Table 1. Site coordinate information of GNSS/MET stations.
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	Station
	Latitude
	Longitude
	Altitude(m)





	MNLA
	101.58
	21.47
	631.39



	MNZI
	103.33
	23.44
	1320.47



	TNCH
	98.50
	25.02
	1665.99



	BEKM
	102.65
	25.01
	1896.61



	BFDI
	100.18
	25.71
	1986.25



	BFLJ
	100.22
	26.85
	2395.95










[image: Table] 





Table 2. Comparative analysis of PWV and TCWV.
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	Station
	Data Volume
	Correlation Coefficient
	Standard Deviation (mm)
	Mean Deviation (mm)





	MNLA
	11,895
	0.878
	7.338
	6.647



	MNZI
	13,393
	0.824
	6.406
	6.748



	TNCH
	14,002
	0.828
	4.730
	2.360



	BEKM
	10,964
	0.817
	5.470
	3.170



	BFDI
	14,029
	0.805
	4.790
	2.213



	BFLJ
	13,496
	0.804
	4.686
	2.775
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