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Abstract

:

Qinghai Province is situated deep in inland China, on the Qinghai-Tibet plateau, and it has unique climate change characteristics. Therefore, understanding the temporal and spatial distributions of water vapor in this region can be of great significance. The present study applied global navigation satellite system (GNSS) technology to retrieve precipitable water vapor (PWV) in Qinghai and analyzed its relationship with rainfall and drought. Firstly, radiosonde (RS) data is used to verify the precision of the surface pressure (P) and temperature (T) from the fifth-generation atmosphere reanalysis data set (ERA5) of the European Centre for Medium-Range Weather Forecasts (ECMWF), as well as the zenith troposphere delay (ZTD), calculated based on the data from continuously operating reference stations (CORS) in Qinghai. Secondly, a regional atmospheric weighted mean temperature (Tm) (QH-Tm) model was developed for Qinghai based on P, T, and relative humidity, as well as the consideration of the influence of seasonal changes in Tm. Finally, the PWV of each CORS in Qinghai was calculated using the GNSS-derived ZTD and ERA5-derived meteorological data, and its relationship with rainfall and drought was evaluated. The results show that the ERA5-derived P and T have high precision, and their average root mean square (RMS), mean absolute error (MAE) and bias were 1.06/0.85/0.01 hPa and 2.98/2.42/0.03 K, respectively. The RMS, MAE and bias of GNSS-derived ZTD were 13.2 mm, 10.3 mm and −1.8 mm, respectively. The theoretical error for PWV was 1.98 mm; compared with that of RS- and ERA5-derived PWV, the actual error was 2.69 mm and 2.16 mm, respectively. In addition, the changing trend of GNSS-derived PWV was consistent with that of rainfall events, and it closely and negatively correlated with the standardized precipitation evapotranspiration index. Therefore, the PWV retrieved from GNSS data in this study offers high precision and good feasibility for practical applications; thus, it can serve as a crucial tool for investigating water vapor distribution and climate change in Qinghai.
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1. Introduction


As a vital component of the atmospheric system, atmospheric water vapor plays an essential role in the study of extreme weather events and climate changes [1]. Precipitable water vapor (PWV) is an important indicator for evaluating the water vapor content in the atmosphere. Therefore, acquiring PWV with high precision is important. PWV is defined as the total amount of water vapor (converted to liquid) in a vertical air column per unit of cross-sectional area from the ground to the tropopause level. It is generally used to describe the temporal and spatial variations and distributions of water vapor in the troposphere [2]. In addition, it is an essential parameter for analyzing the distribution of water vapor and changes of precipitation in specific areas [3].



The traditional techniques for measuring atmospheric water vapor mainly include radiosonde (RS), remote sensing satellites, and microwave radiometers [4]. Among them, RS offers the advantages of rich historical observation data and the global distribution of measurement stations [5]. However, the temporal and spatial resolutions of RS are relatively low, and it is expensive to operate. In contrast, microwave radiometer offers high temporal resolution and high precision, but its spatial resolution is low, and it is expensive and susceptible to changes in weather [6,7]. Remote sensing satellites have the advantages of all-weather capability and high precision, but it is also susceptible to weather conditions and cannot generate vertical profiles of water vapor [8]. Thus, the above traditional techniques of detecting water vapor have several limitations, namely, low temporal and spatial resolutions, susceptibility to weather conditions and excessive costs, which have become critical bottlenecks in weather forecasting or climate studies.



Global navigation satellite system (GNSS) technique has the advantages of high precision, high temporal and spatial resolutions, weather resistance and low operating costs, which can compensate for the limitations of traditional techniques [9,10]. Bevis et al. [11] proposed the concept of GNSS meteorology, demonstrating the ability of GNSS technology to retrieve PWV. This technology has since been widely adopted worldwide to derive PWV. Zhang et al. [12] retrieved PWV from the GNSS data of more than 260 stations in the Crustal Movement Observation Network of China (CMONOC) over the period of 1 March 1999 to 30 April 2015, with a precision of ~0.75 mm. Zhao et al. [13] derived a PWV dataset over the period of 2005–2016 with RMS values of approximately 1.3 mm based on zenith troposphere delay (ZTD) data from 269 International GNSS Service (IGS) stations worldwide. Wu et al. [14] obtained a PWV dataset using GNSS data generated from 377 CMONOC stations over the period of 2011 to 2019 and found that PWV were increasing in most parts of the country but declining in Northern China. Furthermore, GNSS-derived PWV datasets have been widely used to analyze extreme weather events and long-term climate changes, including heavy rainfalls [15], floods [16], droughts [17,18], and typhoons [19].



Since the most GNSS stations are not equipped with meteorological sensors (or have difficulties with acquiring meteorological data), PWV datasets with high spatial and temporal resolutions and precision cannot be obtained. Thus, PWV is often calculated based on meteorological parameters from reanalyzed data. To ensure the precision of the PWV dataset, related calculation parameters, such as pressure (P), temperature (T) and ZTD, should be considered. Atmospheric weighted mean temperature (Tm) is another critical parameter for PWV retrieval, and its precision also plays a key role in determining the PWV level. Current mainstream models for calculating Tm are linear [9], global pressure and temperature 3 (GPT3) [20], global weighted mean temperature-height (GTm-H) [21], global tropospheric model (GTrop) [22] and China Tm model (CTm) [23]. Bevis et al. [9] proposed a linear model and GPT3 is an empirical model of global P and T model constructed based on relevant parameters trained with ERA-interim, the fourth-generation reanalysis product of the European Centre for Medium-Range Weather Forecasts (ECMWF). The GTm-H incorporates nonlinear elevation reduction, and GTrop is a global ZTD and Tm model that considers the ZTD, Tm vertical lapse rates, and linear, annual and semi-annual variations.



Qinghai Province is located in the northeastern region of the Qinghai-Tibet Plateau. It has a large elevation difference and is in the plateau continental climate zone. The unique topography and variable climate of Qinghai significantly affect climate change in China. Therefore, the acquisition of high-precision and high-resolution PWV data would be significant to studies of precipitation and climate change in Qinghai. In this study, GNSS observation data from 74 continuously operating reference stations (CORS) in Qinghai and P and T data from ERA5 (fifth-generation atmosphere reanalysis dataset of ECMWF) are used to calculate hourly PWV data from January 2018 to February 2021. The applicability of GNSS-derived PWV to rainfall and drought is then explored. To ensure the precision of the obtained PWV dataset, the precision of GNSS-derived ZTD and ERA5-provided P and T based on the RS-derived ZTD, P, and T are first evaluated. A regional Tm model (QH-Tm), specifically for Qinghai, based on the P, T and relative humidity (RH) at eight RS stations located in and around Qinghai, is then developed. Finally, the precision of GNSS-derived PWV from each CORS was verified, and its relationship with extreme rainfall and drought, using hourly rainfall data and the standardized precipitation evapotranspiration index (SPEI), respectively, was analyzed.




2. Data and Methods


2.1. Data Description


2.1.1. CORS in Qinghai Province


Qinghai Province is located on the Qinghai-Tibet Plateau, between latitude 31°36′ to 39°19′ N and longitude 89°35 to103°04′ E. It is bordered by Gansu to the north and east, Xinjiang to the northwest, Tibet to the south and southwest and Sichuan to the southeast. In general, the terrain of Qinghai Province is high in the west and low in the east. It consists of three landforms and topographies, namely the Qinghai-Tibet Plateau, the arid inland basin and the Loess Plateau, and it is characterized by a plateau continental climate. By 2019, 74 provincial CORS and 6 national GNSS stations had been constructed in Qinghai. Therefore, this study was determined and used to investigate the precision of GNSS-derived PWV as well as its applicability for rainfall and drought. Figure 1 shows the geographical distribution of the GNSS and RS stations.




2.1.2. CORS in Qinghai Province


The ERA5 was released by ECMWF on 31 August 2018, and its temporal and spatial resolution are 1 h and 0.25° × 0.25°, respectively. The ERA5 data cover a time range from 1950 to today. The data were generated through 4D-Var data assimilation by the ECMWF integrated forecast system CY41R2 (IFS Cycle 41R2) [24]. The atmosphere from the ground to an altitude of 80 km was divided into 137 layers for analysis [25]. Due to the hourly P, T and other meteorological data provided by the ERA5 dataset, the difficulties associated with obtaining meteorological data at GNSS stations were greatly resolved. Therefore, the ERA5-provided P and T data from January 2018 to February 2021 is selected in this study as important parameters for calculating PWV.




2.1.3. CORS in Qinghai Province


RS is currently recognized as an independent way for measuring meteorological data. Through meteorological sensors on an air-sounding balloon, they can collect P, T, RH and other data at various heights along the path of the balloon’s ascent. Generally, it has served as a benchmark for verifying other detection methods [26]. The RS data were mainly sourced from the Integrated Global Radiosonde Archive Version 2 (IGRA2) dataset, which was released by the US National Climatic Data Center (NCDC) in 2016. The IGRA2 dataset contains more RS stations and data accumulated over a longer period than its predecessor, IGRA1, and its longest record dates back to 1905. The IGRA2 dataset contains tropospheric parameters, such as geopotential height, P, T and RH, which can be downloaded from ftp://ftp.ncdc.noaa.gov/pub/data/igra (accessed on 3 August 2022) [27,28]. In this study, the precision of the ERA5-provided P and T, as well as the GNSS-derived ZTD and PWV, are evaluated using data from eight RS stations in and around Qinghai.





2.2. Data Description


One of the key parameters used to calculate PWV is ZTD, which mainly consists of zenith dry delay (ZHD) and zenith wet delay (ZWD). In this study, the precise point positioning (PPP) technology is used to process the GNSS observation data of the CORS in Qinghai. When estimating ZTD using the PPP technique, the GNSS observation values of known stations were included to rule out the influence of coordinate parameters.



Given that the CORS in Qinghai lack corresponding meteorological data, the hourly P and T provided by ERA5 is used to obtain meteorological data for the corresponding CORS via bilinear interpolation. The P and T data of four grid points nearby the GNSS station in the vertical direction were converted to obtain P and T at the height of the corresponding station. The specific conversion formula is as follows [29]:


  P =  P 0    ( 1 − 0.0000226 ( h −  h 0  ) )   5.225    



(1)






  T =  T 0  − 0.0065 ( h −  h 0  )  



(2)




where P and P0 represent the pressures of the CORS and the ERA5 grid point at the corresponding height in hPa, respectively; T and T0 represent temperatures (K) at the CORS and the ERA5 grid point at the corresponding height, respectively, and h and h0 represent the height (m) of the GNSS station and of the ERA5 grid point, respectively. Based on the P data of CORS station, the ZHD of the corresponding stations was obtained using the Saastamoinen model, as expressed by the following formula [30]:


  Z H D =   0.002277 ⋅ P   1 − 0.00266 ⋅ cos ( 2 φ ) − 0.00028 ⋅ H    



(3)




where P represents the pressure of the GNSS station, and H represents the latitude (rad) and height (km) of the GNSS station, respectively. After determining ZHD, ZWD was then obtained by separating ZHD from ZTD, and further converted to PWV using the following formula [31]:


  P W V =     10  6       K 2 ′  +  K 3  /  T m    ⋅  R V  ⋅ ρ   ⋅ Z W D  



(4)




where K2, K3 and RV are constants with values of 16.48 K·hPa−1, 3.776 ± 0.014 × 105 K2·hPa−1 and 461 J·kg−1·K−1, respectively;  ρ ′ is water vapor density and Tm is the atmospheric weighted mean temperature. In addition, an empirical correction formula is also introduced to unify the PWV values at the height of grid point to the height of GNSS station according to the previous study [32].





3. Retrieval and Evaluation of PWV from GNSS


3.1. Evaluation of the ERA5-Provided P and T


The P and T data of eight RS stations in and around Qinghai is selected to evaluate the precision of the ERA5-provided P and T. Figure 2 gives the compared results of ERA5-provided P and T at the eight RS stations over the period of January 2018 to February 2021. It can be observed that ERA5-provided P and T have relatively high precision in general. Among the eight stations, the root mean square (RMS) of P and T at the CHM029, CHM137 and CHM146 stations were relatively high, whereas those of the other stations were relatively low. The primary reason of this phenomenon is the relatively high altitudes of these three stations, all of which are above 3000 m, which results in poor-quality meteorological data. Table 1 shows the average RMS, mean absolute error (MAE), and bias for ERA5-provided P and T at the eight RS stations; statistical results were 1.06/0.85/0.01 hPa and 2.98/2.42/0.03 K, respectively. These values confirmed the high precision of P and T derived from ERA5. Thus, ERA5-provided P and T can be used for PWV retrieval in the following study.




3.2. Establishing of High-Precision Regional Tm Model


Yao et al. [33] have shown that Tm closely correlates with T and water vapor pressure, and they used this correlation to reflect seasonal and geographic changes in the calculation of Tm, annual and semi-annual cycles. Wang et al. [34] noted that T and RH profiles can be used to calculate Tm, suggesting that Tm is also closely related to humidity. Therefore, the influences of numerous factors, such as P, T, RH and seasonal changes, were considered comprehensively in the present study to construct the regional QH-Tm model specific to Qinghai Province. The model expression is as follows:


   T m  =  T m 0  + a * T + b * P + c * R H +  A 1  * cos     d o y   365.25   2 π −  φ 1    +  A 2  * cos     d o y   365.25   4 π −  φ 2     



(5)




where    T m 0    is the initial value of Tm, a, b and c are coefficients of T, P and RH, respectively; A1, and A2 are the respective amplitudes of annual and semi-annual cycles, respectively;    φ 1    and    φ 2    are the phases of the annual and semi-annual cycles, respectively; and doy is the day of the year. The coefficients above can be estimated using the least squares method.



To verify the precision of the QH-Tm model proposed herein, the Tm calculated by RS data is served as the standard for comparison with current mainstream Tm calculation models, namely GTm-H, GTrop, GPT3 and CTm models. Figure 3 shows a comparison of a long-term series of changes in the 6 Tm models at four RS stations over the period of January 2010 to December 2020. The Tm calculated by the QH-Tm model was closer to that of the RS-derived Tm, whereas the Tm values calculated by the other models were relatively lower. Figure 4 and Table 2 show comparative statistical results for each station and the overall results over the period of January 2010 to December 2020, respectively. Figure 4 shows that the Tm models have similar RMS, where the GPT3 model had the largest RMS. These findings suggested that the precision of the Tm models was relatively high while that of the GPT3 model was relatively lower. The statistics in Table 2 show that the RMS of the QH-Tm, GTm-H, GTrop, GPT3, and CTm models were, respectively, 2.96/3.50/3.47/4.57/3.35 K, suggesting that the QH-Tm model had the highest precision. This model also had the smallest MAE and the least bias, which further showed that the QH-Tm model has the highest precision and could be applied to calculate PWV in Qinghai.




3.3. Subsection


One of the key factors for calculating PWV is ZTD, the precision of which contributes to ~75% of the impact on PWV [35]. The ZTD data is estimated using PPP technique and compared with the collocated RS stations to verify the precision of the GNSS-derived ZTD data. The colocation principle dictates that the distance between a CORS and an RS station is less than 10 km and that elevation is less than 100 m. Figure 5 shows a ZTD density map of the selected colocation station at GERM over the period of January 2018 to February 2021. It can be found that the GNSS- and RS-derived ZTD were consistent, with a close correlation of 0.95, which passed the significance test (p < 0.05). The statistics showed that the RMS, MAE and bias between GNSS- and RS-derived ZTD were 13.2, 10.3 and −1.8 mm, respectively. These results showed that the GNSS-derived ZTD calculated using the PPP technique has good precision and meets the requirements of PWV retrieval.




3.4. Evaluation of GNSS-Derived PWV


3.4.1. Theoretical Precision of GNSS-Derived PWV


The formula for calculating PWV in Equation (4) shows that the precision of PWV is mainly affected by parameters, such as ZTD, ZHD and Tm, whereas the precision of ZHD is primarily influenced by P. To further determine the impact of these factors on PWV, the theoretical precision of PWV was calculated according to the law of error propagation as follows [35]:


   σ  P W V   =          σ  Z T D    Q     2  +       2.2767  σ P    f ( λ , H ) Q      2  +       P  σ c    f ( λ , H ) Q      2  +     P W V    σ Q   Q     2     



(6)




where    σ  P W V     is the error of PWV,    σ  Z T D     is the error of ZTD,    σ P    is the error of pressure, and    σ Q    is the error of the conversion coefficient Q between ZWD and PWV, and    σ c  = 0.0024   refers to the value used in a study by [12].   f ( λ , H ) = ( 1 − 0.00266 ⋅ cos ( 2 φ ) − 0.00028 ⋅ H )  .  φ  is the latitude, and H is the station height. This formula was applied to calculate the theoretical precision of PWV in Qinghai with the RMS of approximately 1.99 mm.




3.4.2. Practical Precision of GNSS-Derived PWV


1. Comparison at specific stations.



The PWV from RS data is calculated and compared with GNSS-derived PWV in this section. Figure 6 shows the long-term series of changes in RS- and GNSS-derived PWV trends at one colocated station over the period of January 2018 to February 2021. It can be observed that the PWV trends in changes were essentially the same between them, as obvious annual periodical changes could be observed. Figure 7 also shows a comparison of ERA5-provided PWV and GNSS-derived PWV at 74 GNSS stations in Qinghai that further verified the precision of GNSS-derived PWV. The overall precision of the GNSS-derived PWV in Qinghai was relatively high, except for some relatively large values at a few stations. Table 3 shows the statistical results of the precision comparison between RS-/ERA5- and GNSS-derived PWV. The RMS, MAE, and bias for the differences between GNSS and RS/ERA5 were 2.69/2.09/−0.22 and 2.16/1.68/0.20 mm, respectively, all of which were less than 3 mm. Therefore, the precision of the PWV in Qinghai retrieved from GNSS data is relatively high. The actual precision of PWV was lower than the theoretical precision, which is primarily because the ERA5 dataset is a reanalyzed product, which has certain disparities from the actual data, and all data contain some inherent errors. As the ERA5-provided P and T were used to calculate PWV, the results of the comparison were better for ERA5-derived PWV than that from RS-derived PWV.



2. Comparison of PWV spatial distributions



To analyze whether the calculated PWV derived from GNSS was spatially consistent with the ERA5-provided PWV, hourly PWV of the 74 CORS in Qinghai in 2019 were spatially interpolated using the Delaunay triangulation method, and a planar PWV with a spatial resolution of 0.25° × 0.25° was obtained. Thereafter, the ERA5-provided PWV was compared with GNSS-derived PWV during spring, summer, autumn and winter, respectively. Figure 8 shows the spatial distribution of GNSS- and ERA5-derived PWV and their differences during the four seasons of 2019. Because CORS are rather scant in western Qinghai, the GNSS-derived PWV data in the western part contained numerous blank areas. It can be observed that the spatial variations of GNSS- and ERA5-derived PWV followed the same pattern, with relatively low and high PWV levels in the western and the eastern regions, respectively. In addition, the differences are relatively smaller for the areas with low elevation while it is large for areas with high elevation. After the altitude correction of ERA-derived PWV is performed, we also calculated the PWV statistical result of GNSS-derived PWV at specific stations (Table 4). It shows that ERA5- and GNSS-derived PWV were relatively high, with a large difference between the two in summer and autumn and a relatively small difference in spring and winter. These findings were in line with changing trends in precipitation in Qinghai, again revealing the potential of using GNSS-derived PWV for meteorological application.






4. Application Analysis of GNSS-Derived PWV for Rainfall and Drought


4.1. GNSS-Derived PWV and Rainfall Analysis


The relationship between PWV and extreme rainfall is explored in this section based on GNSS-derived PWV and rainfall data in the eastern part of Qinghai. Figure 9 shows changes in seasonal cycles of PWV and rainfall over the period of January 2018 to February 2021 at four CORS stations (BADT, BAHY, BAHZ and XNIN) in Xining. The amount of rainfall was significantly increased and decreased when the PWV value increased and decreased, respectively. That shows that the consistency between rainfall trends and changes in PWV was remarkable. We further investigated the spatial variations of ERA5-provided rainfall and the GNSS-derived PWV in eastern Qinghai over the period of June to September 2019 (Figure 10). The results show relatively consistent spatial distribution characteristics of PWV and rainfall, being relatively high and low in the eastern and western regions, respectively. Rainfall occurred in areas with high PWV levels, further verifying that the evident relationship existed between PWV and extreme rainfall events.




4.2. GNSS-Derived PWV and Drought Analysis


In addition to analyzing the relationship between PWV and extreme rainfall events, the relationship with drought monitoring is also explored. SPEI is a famous drought monitoring index, which has been widely used on the global scale. Therefore, the SPEI and GNSS-derived PWV data recorded between January 2018 and December 2020 at the NMUH and QHGE stations is first calculated in Qinghai, where the GNSS and the weather station were colocated. The SPEI is calculated using the corresponding data derived from meteorological stations [36]. Figure 11 presents the PWV and SPEI on a monthly scale over the period of January 2010 to December 2020 at the NMUH and QHGE stations. It can be observed that the SPEI and PWV trends were opposite; that is, as the PWV value increased, the SPEI value decreased, and vice versa. The correlations between the SPEI and PWV calculated for the NMUH and QHGE stations were −0.702 and −0.877, respectively, both of which passed the significance test (p < 0.05). These findings indicated that SPEI and PWV were negatively correlated, suggesting that the occurrence of drought can be reflected by the changes in PWV.





5. Conclusions


In this paper, GNSS data from CORS station in Qinghai and the ERA5-provided P and T data are used to calculate PWV. The precision of ERA5-provided P and T, as well as GNSS-derived ZTD, were first evaluated using RS data as the benchmark. After that, the regional QH-Tm model for Qinghai considering the influences of P, T, RH and seasonal changes is established and verified. Then, the theoretical and actual precision of GNSS-derived PWV is calculated in Qinghai area. Finally, the relationships between GNSS-derived PWV and rainfall/drought are demonstrated in Qinghai. The results showed that the ERA5-provided P and T have relatively high precision. Compared with the RS-provided P and T, the average RMS, MAE and bias were 1.06/0.85/0.01 hPa and 2.98/2.42/0.03 K, respectively. The proposed QH-Tm model was more precise than the GTm-H, GTrop, GPT3 and CTm models, with average RMS, MAE and bias of 2.96, 2.37 and −0.02 K, respectively. The calculated theoretical precision of GNSS-derived PWV was 1.99 mm, while the actual calculated precision of GNSS-derived PWV was 2.69 and 2.16 mm compared with the RS- and ERA5-derived PWV, respectively. Finally, the findings of the relationship between GNSS-derived PWV and rainfall/drought showed that PWV was highly consistent during both events. Such results further verified the potential of using GNSS-derived PWV for rainfall and drought studies in Qinghai, which will be significant for studying water vapor distribution and climate change in this region.
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Figure 1. Geographical distributions of GNSS and RS stations in Qinghai Province. 
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Figure 2. RMS, MAE and Bias of P and T between RS and ERA5 in Qinghai province over the period of 2018−2021, where (a,d) represents the RMS, (b,e) refer to the MAE, and (c,f) are the Bias of P and T, respectively. 
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Figure 3. Comparison of a long-term series of changes in the six Tm models at four RS stations over the period of January 2010 to December 2020, where (a–d) are CHM818, CHM836, CHM866 and CHM029, respectively. 
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Figure 4. Distributions of RMS, MAE and bias of five Tm models in Qinghai Province over the period of January 2010 to December 2020, where (a–c) refer to the RMS, MAE and Bias, respectively. 
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Figure 5. ZTD density map of the selected colocation station of GERM between GNSS and RS over the period of January 2018 to February 2021. 
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Figure 6. Long-term series of changes in RS- and GNSS-derived PWV trends at one colocated station over the period of January 2018 to February 2021. 
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Figure 7. Comparison of ERA5-provided PWV and GNSS-derived PWV at 74 CORS in Qinghai over the period of January 2018 to February 2021, where (a–c) refer to the RMS, MAE and Bias, respectively. 
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Figure 8. Spatial distribution of GNSS- and ERA5-derived PWV and their differences during the four seasons of 2019, where the (a,d,g,j) are the ERA5-provided PWV at four seasons, respectively, (b,e,h,k) are the GNSS-derived PWV at four seasons, respectively, (c,f,i,l) are the PWV difference between ERA5 and GNSS at four seasons, respectively. 
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Figure 9. Changes in trends of PWV and rainfall between January 2018 and February 2021 at four CORS stations in Xining, where (a–d) refer to BADT, BAHY, BAHZ and XNIN stations, respectively. 
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Figure 10. Spatial variations of ERA5-provided rainfall and the GNSS-derived PWV in eastern Qinghai between June and September 2019, where (a,c,e,g) refer the precipitation of June, July, August and September of 2019, respectively, (b,d,f,h) refer the PWV of June, July, August and September of 2019, respectively. 
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Figure 11. PWV and SPEI time series on a monthly scale between January 2010 and December 2020 at the NMUH and QHGE stations, where (a,b) are the NMUH and QHGE stations, respectively. 






Figure 11. PWV and SPEI time series on a monthly scale between January 2010 and December 2020 at the NMUH and QHGE stations, where (a,b) are the NMUH and QHGE stations, respectively.



[image: Atmosphere 14 00517 g011]







[image: Table] 





Table 1. Statistical result of average RMS, MAE and bias for ERA5-provided P and T at the eight RS stations over the period of 2018–2021.
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	Index
	P (hPa)
	T (K)





	RMS
	1.06
	2.98



	MAE
	0.85
	2.42



	Bias
	0.01
	0.03
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Table 2. Statistical result of RMS, MAE and bias of five Tm models in Qinghai Province over the period of January 2010 to December 2020.
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	Index (K)
	QHTm
	GTm-H
	GTrop
	GPT3
	CTm





	RMS
	2.96
	3.50
	3.47
	4.57
	3.35



	MAE
	2.37
	2.78
	2.78
	3.77
	2.67



	Bias
	−0.02
	0.58
	−0.42
	2.41
	−0.50
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Table 3. Statistical result of RMS, MAE and bias of PWV between GNSS and RS/ERA5 over the period of January 2018 to February 2021.
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	Index (mm)
	RMS
	MAE
	Bias





	GNSS vs. RS
	2.69
	2.09
	−0.22



	GNSS vs. ERA5
	2.16
	1.68
	0.20
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Table 4. Statistical result of averaged PWV and their differences in four season in 2019.
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	Seasons
	ERA5
	GNSS
	Difference





	Spring
	4.00
	6.07
	−1.81



	Summer
	10.64
	13.83
	−2.60



	Autumn
	5.49
	7.76
	−1.88



	Winter
	1.68
	3.28
	−1.48
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