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Abstract

:

Precipitable water vapor (PWV) is a crucial factor in regulating the Earth’s climate. Moreover, it demonstrates a robust correlation with precipitation. Situated in a region known for the generation and development of tropical cyclones, Guangxi in China is highly susceptible to floods triggered via intense rainfall. The atmospheric water vapor in this area displays prominent spatiotemporal features, thus posing challenges for precipitation forecasting. The water vapor products within the MERRA-2 and ERA5 reanalysis datasets present an opportunity to overcome constraints associated with low spatiotemporal resolution. In this study, the PWV data derived from GNSS and meteorological measurements in Guangxi from 2016 to 2018 were used to evaluate the accuracy of MERRA-2 and ERA5 water vapor products and their relationship with water vapor variations during extreme rainfall. Using GNSS PWV as a reference, the average bias of MERRA-2 PWV and ERA5 PWV for heavy rainfall was −0.22 mm and 1.84 mm, respectively, with average RMSE values of 3.72 mm and 3.31 mm. For severe rainfall, the average bias of MERRA-2 PWV and ERA5 PWV was −0.14 mm and 2.92 mm, respectively, with average RMSE values of 4.28 mm and 4.01 mm. During heavy rainfall days from Days 178 to 184 in 2017, the average bias of MERRA-2 PWV and ERA5 PWV was 0.92 mm and 2.42 mm, respectively, with average RMSE values of 4.04 mm and 3.40 mm. The accuracy was highest at the Guiping and Hechi stations and lowest at the Hezhou and Rongshui stations. Furthermore, when comparing MERRA-2/ERA5 PWV with GNSS PWV and actual precipitation, the trends in the variations of MERRA-2/ERA5 PWV were generally consistent with GNSS PWV and aligned with the increasing or decreasing trends of actual precipitation. In addition, ERA5 PWV exhibited high accuracy. Before the onset of heavy rainfall, PWV has a sharp surge. During heavy rainfall, PWV reaches its peak value. Subsequently, after the cessation of heavy rainfall, PWV tends to stabilize. Therefore, the reanalysis data of PWV can effectively reveal significant changes in water vapor and actual precipitation during periods of heavy rainfall in the Guangxi region.
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1. Introduction


Over the past decades, the rapid advancement of modern urbanization has led to a significant surge in greenhouse gas emissions attributed to human activities. This upsurge has resulted in global climate warming, which has triggered abnormal variations in climatic parameters, such as temperature and precipitation, and subsequently impacted the entire climate system [1]. Particularly intense thunderstorms, violent winds, and other extreme weather conditions during heavy rainfall events pose an increased risk of disasters, such as floods and landslides, with profound implications for agricultural production, transportation, and urban drainage systems [1]. Consequently, the measurement and analysis of the spatiotemporal distribution of water vapor during extreme rainfall have critical significance in predicting and mitigating urban extreme weather conditions.



Precipitable water vapor (PWV) is a fundamental measurement for quantifying the moisture content within the atmosphere [2,3,4]. Its condensation or energy release, mechanisms contribute to the formation of clouds, rain, snow, and other weather phenomena, thus serving as a crucial energy source for extreme weather events, such as heavy rainfall and typhoons [5,6,7,8,9]. Empirical research has consistently demonstrated a robust correlation between atmospheric PWV and rainfall because the occurrence of precipitation relies on an ample supply of water vapor [10,11,12]. Therefore, the accurate detection and characterization of water vapor content and its spatial distribution play a crucial role in forecasting the evolution, intensity, and spatial distribution of intense rainfall events.



The continuous advancement of technology has ushered in highly comprehensive methods for water vapor detection. However, meteorological satellite data suffer from limited temporal resolution [13]. While radiosondes have partially enhanced the availability of PWV, their launch frequency of merely two to four times per day hampers spatiotemporal resolution [14]. The scarcity and exorbitant cost of water vapor radiometers hinder their widespread application [15]. With the continuous advancement of global navigation satellite systems (GNSSs), the utilization of the GNSS-based PWV inversion technique [16] has garnered significant attention because of its advantages, including cost-effectiveness, high precision, and all-weather operability [17,18,19,20,21]. This technique entails the precise measurement of the zenith total delay (ZTD) using GNSS satellites, and it determines the zenith wet delay (ZWD) by removing the zenith hydrostatic delay (ZHD). Then, by utilizing a high-precision atmospheric weighted mean temperature model, the ZWD can be transformed into PWV [22,23,24].



The latest released water vapor products from the ERA5 and MERRA-2 reanalysis datasets provide an opportunity to overcome limitations such as low spatiotemporal resolution. ERA5 represents the fifth-generation global climate reanalysis released by the ECMWF [25], while MERRA-2 is the latest atmospheric reanalysis from NASA [26,27]. Both datasets have been proven to have high spatiotemporal resolution, thus making them a research hotspot for weather analysis [28,29]. Therefore, in the context of extreme rainfall events, evaluating the accuracy of MERRA-2 and ERA5 PWV through GNSS PWV is significant in exploring their applicability in specific regions and under various weather conditions.



The GNSS PWV contains vital information for studying weather conditions, and it has been assimilated into numerical weather prediction systems [30]. Puviarasan et al. [31] compared GPS PWV with hourly rainfall variations and observed an increase in PWV before rainfall and a decrease after rainfall, thus demonstrating the dominant role of water vapor during the rainfall process. Cucurull et al. [32] showed that combining GPS data with water vapor reanalysis products enables an accurate estimation of water vapor content and humidity distribution. Huang et al. [33] utilized the observed data from 11 GNSS stations in Guilin, China, from June to July 2017 to study the spatiotemporal variations in GNSS PWV under heavy rainfall. They revealed the changes in atmospheric water vapor in multiple regions of Guilin during a strong precipitation event. Chen et al. [34] investigated the water vapor characteristics during three heavy rainfall periods in Hong Kong using the CORS network, thus revealing the variations, accumulation, saturation, and condensation processes of moisture during heavy rainfall events. Furthermore, Wu et al. [35] inverted PWV in the Guilin region using MERRA-2 and ERA5 data and analyzed the spatiotemporal distribution characteristics of water vapor during heavy rainfall in the Guilin region.



Guangxi is located in southern China and has a typical subtropical monsoon climate. Additionally, it is situated in a region known for the generation and development of tropical cyclones, which cause substantial precipitation and pose a high risk of heavy rainfall events and floods [36,37]. Although some studies [38,39] have evaluated the accuracy of MERRA-2 and ERA5 reanalysis data, their accuracy in specific regions and under specific weather conditions has not been validated. Furthermore, GNSS PWV has higher accuracy than these datasets and has not yet been assimilated into the reanalysis data, thus often serving as an evaluation standard to assess the accuracy of water vapor products generated using reanalysis data. Therefore, a thorough analysis of the performance of reanalysis water vapor products and the spatiotemporal characteristics of PWV in extreme rainfall events in Guangxi is of great significance, given its importance for improving the prediction and prevention capabilities of extreme precipitation events.



In this study, we used GNSS PWV in Guangxi to evaluate the accuracy of MERRA-2 and ERA5 water vapor products under extreme rainfall conditions. Then, we examined the relationship between the evolution of heavy rainfall and changes in water vapor. The method of GNSS PWV retrieval is described in Section 2. Then, Section 3 presents the accuracy analysis of MERRA-2 and ERA5 water vapor products at different rainfall levels and compares them with ground-based precipitation time series. Conclusions are presented in Section 4.




2. Data and Methodology


2.1. Data Description


The data used in this study were obtained from the ERA5 atmospheric reanalysis dataset provided by the ECMWF, the MERRA-2 reanalysis dataset from NASA, surface meteorological parameters measured at meteorological stations in Guangxi provided by the China Meteorological Data Service Center, radio sounding data obtained from the University of Wyoming website, and GNSS data in Guangxi obtained from the GNSS Data Product Service Platform of the China Earthquake Administration from 2016 to 2018. Detailed information is presented in the following sections.



2.1.1. Reanalysis Dataset


The ERA5 dataset (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, accessed on 1 June 2022) is the latest release of the fifth-generation global climate reanalysis dataset from the ECMWF. It is generated using the 4D-Var data assimilation scheme in the ECMWF IFS CY41R2 model [38,40,41]. The surface data in the ERA5 dataset provide a horizontal resolution of 0.25° × 0.25° and a temporal resolution of 1 h [25]. They include various water-vapor-related variables, such as total precipitable water and specific humidity, thus making it suitable for climate research, weather forecasting, and other fields.



The MERRA-2 dataset (https://goldsmr4.gesdisc.eosdis.nasa.gov/data/MERRA2, accessed on 1 June 2022) is the latest generation of atmospheric reanalysis dataset released by NASA. The surface data in the MERRA-2 dataset provide a horizontal resolution of 0.5° × 0.625° and a temporal resolution of 1 h. The layer-specific temporal resolution is 6 h. The MERRA-2 dataset has been widely applied in various fields, such as global climate research, weather forecasting, and hydrological modeling [26]. Compared with ERA5, the MERRA-2 dataset has a slightly lower spatial resolution. However, it performs favorably in weather forecasting and climate analysis in extremely high-latitude regions.




2.1.2. Meteorological Data


The China Meteorological Data Service Center (https://data.cma.cn/) is a sharing platform for open meteorological data provided by the China Meteorological Administration. It can provide meteorological observational data, such as hourly temperature, air pressure, humidity, and precipitation. In this study, the meteorological parameters measured at 14 ground meteorological stations closest to the GNSS stations in the Guangxi region from 2016 to 2018 were utilized.




2.1.3. Radiosonde Data


Radiosonde data (http://weather.uwyo.edu/upperair/sounding.html, accessed on 1 June 2022) include meteorological parameters, such as air pressure and temperature measured via radiosondes attached to weather balloons from the surface up to approximately 30 km in altitude. These data are of high accuracy and high vertical resolution [42,43,44]. In this study, the PWV data from the Wuzhou, Guilin, and Baise radiosonde stations located in the Guangxi region from 2016 to 2018 were selected for the accuracy verification of GNSS PWV.




2.1.4. GNSS Data


Land-based GNSS ZTD data can be obtained for free through the China Earthquake Administration GNSS Data Product Service Platform (http://www.cgps.ac.cn, accessed on 1 June 2022). In this study, data from 14 GNSS reference stations located in the Guangxi region from 2016 to 2018 were selected. The stations are as follows: Bobai Station (GXBB), Beihai Station (GXBH), Baise Station (GXBS), Binyang Station (GXBY), Chongzuo Station (GXCZ), Guigang Station (GXGG), Guilin Station (GXGL), Guiping Station (GXGP), Hechi Station (GXHC), Hezhou Station (GXHZ), Rongshui Station (GXRS), Rongxian Station (GXRX), Tian’e Station (GXTE), and Wuzhou Station (GXWZ). Figure 1 shows the distribution of the 14 GNSS reference stations, 14 ground meteorological stations, and 3 radiosonde stations in the Guangxi region.





2.2. Methods


2.2.1. GNSS PWV Inversion Method


In this study, the GAMIT/GLOBK high-precision processing software was employed to process the raw data from 14 GNSS observation stations in the Guangxi region from 2016 to 2018. The output of the processing yielded the ZTD data from 2016 to 2018. Given the use of different vertical reference systems, namely ellipsoidal height for GNSS stations, orthometric height for ground meteorological stations, and geopotential height for atmospheric reanalysis data, the differences among these systems can affect the accuracy of meteorological parameters [45]. Therefore, the EGM2008 model was utilized to convert WGS-84 ellipsoidal height to geopotential height, unifying the vertical reference between GNSS stations and atmospheric reanalysis data.



Given that GNSS and ground meteorological stations have different elevations, a vertical interpolation correction using the temperature and pressure lapse rate model [46] was applied to the observed temperature and pressure data from the meteorological stations. Given that the horizontal distance between GNSS stations and ground meteorological stations is relatively close, no horizontal interpolation was performed. The interpolation formula is as follows:


  T =   T   0   − γ     h   1   −   h   2     ,  



(1)






  P =   P   0       1 −   γ     h   1   −   h   2         T   0           g ⋅ M   R ⋅ γ     ,  



(2)






  g = 9.8063 ⋅   1 −   10   − 7       h   1   +   h   2     2     1 − 0.0026373 ⋅   cos  ⁡    2 φ   + 5.9 ⋅   10   − 6   ⋅     cos   2    ⁡    2 φ           ,  



(3)




where   T   and     T   0     (in Kelvin, K) represent the temperature values at heights     h   1     and     h   2     (in meters, m).   γ   is the temperature lapse rate, which is an average constant of 0.0065 K/m.   P   and     P   0     (in hectopascals, hPa) represent the pressure values at heights     h   1     and     h   2    , respectively.   g   is the acceleration due to gravity,   M   is the molar mass of dry air (with a value of 0.0289644 kg/mol), and   R   is the ideal gas constant (with a value of 8.314462618 N·m/[mol·K]).   φ   represents the latitude of the observation station.



Using the interpolation formulas mentioned above, the temperature and pressure data at the GNSS station can be obtained. According to the Saastamoinen model [47], the   Z H D   is calculated.


  Z H D =   2.2767   P   s     1 − 0.00266   cos  ⁡    2 φ   − 0.00028   h   0       ,  



(4)




where     P   s     represents the surface pressure of the station (hPa), interpolated from the nearby meteorological stations.   φ   represents the latitude of the observation station, and     h   0     represents the altitude in kilometers (km).   Z H D   is expressed in millimeters (mm).



By subtracting the   Z H D   from the   Z T D  , we can obtain the   Z W D  .


  Z W D = Z T D − Z H D ,  



(5)







The formula for GNSS   P W V   inversion [48] is as follows:


  P W V = Π ⋅ Z W D ,  



(6)




where   Z W D   represents the tropospheric zenith wet delay and   Π   is the dimensionless water vapor conversion factor. The calculation formula for   Π   is as follows:


  Π =     10   6       ρ   ω     R   v         k   3   /   T   m     +   k   2   ′       ,  



(7)




where     ρ   ω     represents the density of liquid water with a value of 1 × 103 kg/m3.     R   v     is the specific gas constant for water vapor with a value of 461.495 J·kg−1·K−1.     k   3     and     k   2   ′     are atmospheric physical parameters taking the values of (3.739 ± 0.012) × 105 K/hPa and 22.13 ± 2.20 K/hPa, respectively.     T   m     denotes the atmospheric weighted average temperature, which is measured in Kelvin (K). Considering the pronounced seasonal variations in Tm and Ts, this study selected the Tm model [49] that incorporates both annual and semiannual periodic changes to calculate the atmospheric weighted mean temperature. The formula is as follows:


       T   m       T   s   , h , φ , λ , D O Y                     =   A   0   +   A   1     T   s   +   A   2   h +   A   3   φ                   +   B   1    cos  ⁡     D O Y   365.25   ⋅ 2 π                     +   B   2    sin  ⁡     D O Y   365.25   ⋅ 2 π                     +   B   3    cos  ⁡     D O Y   365.25   ⋅ 4 π   +   B   4    sin  ⁡     D O Y   365.25   ⋅ 4 π   ,     



(8)




where     T   s     represents the interpolated surface temperature,   h   denotes the altitude (km),   φ   represents the latitude of the observation station (in degrees), and   D O Y   refers to the day of the year. The coefficients for the respective models are shown in Table 1.




2.2.2. Preprocessing of MERRA-2 and ERA5 Data to Be Evaluated


Given the different vertical reference systems used for PWV in reanalysis data (geopotential height) and GNSS PWV (ellipsoidal height), a discrepancy exists in their vertical reference frames. Therefore, a PWV vertical correction model was applied to interpolate the water vapor products from MERRA-2 and ERA5 to the GNSS stations vertically. The model calculates the difference between geopotential height and ellipsoidal height to obtain PWV products with consistent vertical reference frames. The formula for the PWV vertical correction model [50] is as follows:


    P W V     h   1     =   P W V     h   2     ⋅ e x p   β     h   1   −   h   2       ,  



(9)




where     h   1     represents the altitude of the reanalysis data (in kilometers, km),     h   2     represents the altitude of the GNSS station (in kilometers, km), and     P W V     h   1       and     P W V     h   2       represent the PWV values at     h   1     and     h   2    , respectively.   β   denotes the PWV decay factor with units of mm/km. The calculation formula is as follows:


     β   D O Y     =   A   0   +   A   1     cos  ⁡      D O Y   365.25   ⋅ 2 π     +   A   2     sin  ⁡      D O Y   365.25   ⋅ 2 π           +   A   3     cos  ⁡      D O Y   365.25   ⋅ 4 π     +   A   4     sin  ⁡      D O Y   365.25   ⋅ 4 π      ,     



(10)




where   D O Y   refers to the day of the year. The coefficients for the respective model can be found in Table 2.




2.2.3. Accuracy Assessment


The PWV values inverted from 14 GNSS stations in the Guangxi region from 2016 to 2018 were used as reference values. The accuracy of the MERRA-2 and ERA5 water vapor products under heavy rainfall conditions in the Guangxi region was evaluated using the   b i a s   and   R M S E   metrics. We removed observations in cases in which the bias with respect to the average value exceeded three times the standard deviation (  S T D  ). The   b i a s  ,   R M S E  ,   S T D  , and correlation coefficient (  R  ) were calculated using the following formulas:


  b i a s =   1   N     ∑  i = 1   N        X   O i   −   X   R i       ,  



(11)






  R M S E =    1   N     ∑  i = 1   N          X   O i   −   X   R i       2      ,  



(12)






  R =     ∑  i = 1   N        X   O i   −     X   O    ¯        X   R i   −     X   R    ¯           ∑  i = 1   N        X   O i   −     X   O    ¯        ∑  i = 1   N        X   R i   −     X   R    ¯          



(13)






  S T D =    1   N − 1     ∑  i = 1   N          X   i   −     X   i    ¯      2       



(14)




where   N   represents the number of data samples,     X   O i     refers to the PWV values from ERA5 or MERRA-2, and     X   R i     represents the PWV values inverted from GNSS stations.       X   O    ¯    and       X   R    ¯    denote the population mean values of the observed samples and reference objects.




2.2.4. Rainfall Intensity Levels Defined by the China Meteorological Administration


Rainfall intensity refers to the average amount of rainfall within a certain period, such as 12 h or 24 h. It is an important indicator for describing rainfall characteristics. The classification of rainfall intensity according to the Chinese meteorological department can be found in Table 3.






3. Results and Discussion


3.1. Comparison of PWV between Radiosonde and GNSS


To verify the accuracy of GNSS PWV, three radiosonde stations in Guangxi (Wuzhou, Guilin, and Baise) were selected for accuracy validation using data from 2016 to 2018. The radiosonde PWV had to be vertically interpolated to the GNSS stations, and the interpolation formulas were the same as Equations (9) and (10) in Section 2.2.2; the results are shown in Table 4.



According to Table 4, the larger bias between the GNSS and radiosonde PWV values in Guangxi was observed at the Baise station with a value of −2.92 mm. The smaller bias occurred at the Wuzhou station with a value of −0.81 mm. The minimum RMSE of the inverted PWV values was observed at the Wuzhou station with a value of 3.48 mm, while the maximum RMSE occurred at the Baise station with a value of 4.50 mm. The GNSS PWV values showed good consistency with the radiosonde PWV values, thus meeting the accuracy requirements for atmospheric research. Furthermore, the three radiosonde stations in Guangxi showed a strong correlation with the GNSS PWV values with annual average correlation coefficients exceeding 0.97 over the three-year period. This result indicates a high reliability of GNSS PWV values compared with radiosonde PWV values, thus making them suitable as reference values for evaluating the accuracy and spatiotemporal characteristics of atmospheric reanalysis data water vapor products.




3.2. Accuracy Analysis of MERRA-2 and ERA5 PWV during Heavy and Severe Rainfall


According to the rainfall classification defined by the China Meteorological Administration, this study analyzed the accuracy of GNSS PWV and MERRA-2/ERA5 PWV in the Guangxi region from 2016 to 2018 under heavy and severe rainfall conditions. The spatial distribution of the average bias and average RMSE for MERRA-2 and ERA5 PWV is presented in Figure 2.



Figure 2(I) demonstrates that, under heavy rainfall conditions, MERRA-2 PWV showed a bias range of −2.20 mm to 1.90 mm. MERRA-2 PWV exhibited negative biases in the southern part of Guangxi (except the Beihai station) and the northern part of Guangxi (except the Guilin station and the Rongshui station), thus indicating that the MERRA-2 PWV values were lower than the GNSS PWV values. The bias values were generally small, with a range of 0 mm to 2 mm. The Baise station in the southwestern part of Guangxi showed the smallest bias with only 0.03 mm. ERA5 PWV showed a bias range of 0.11 mm to 4.10 mm. It exhibited positive biases throughout the entire Guangxi region with significant variations between different stations. The southern part of Guangxi showed smaller overall biases, and Hechi Station in the northwest direction exhibited the smallest bias with only 0.11 mm. In terms of RMSE, MERRA-2 PWV showed a range of 2.66 mm to 4.79 mm. The RMSE values were smaller in the northwest and southeast parts of Guangxi. ERA5 PWV exhibited a range of 2.54 mm to 4.90 mm. Not much difference existed among most of the stations except for the Hezhou station in the northeast direction, which showed an RMSE close to 5 mm. However, the values in general were smaller than those of MERRA-2 PWV, and both datasets showed smaller RMSE values at the Tian’e, Wuzhou, and Hechi stations. Overall, the accuracy is quite stable over the whole Guangxi region for both datasets. However, based on the range of RMSE, individual station comparisons, and average RMSE, ERA5 exhibited slightly higher accuracy than MERRA-2.



Figure 2(II) shows that, under severe rainfall conditions, MERRA-2 PWV exhibited mostly negative biases ranging from −4.19 mm to 2.85 mm. The accuracy of MERRA-2 PWV was best in the southeastern part of Guangxi with stations such as Bobai showing a bias of 0.56 mm and Wuzhou showing a bias of −0.79 mm. ERA5 PWV showed positive biases ranging from 1.39 mm to 4.65 mm. The biases in the northern part of Guangxi were significantly smaller than those in the southern part. For example, the Hechi station in the northern part exhibited a bias of 1.93 mm, and the Rongshui station showed a bias of 1.94 mm. However, the Bobai station in the southern part of Guangxi had a bias of only 1.39 mm. This indicates that the Guangxi region experiences a complex climatic characteristic with elusive patterns. Overall, the biases are significantly larger than those under heavy rainfall conditions. In terms of RMSE, both reanalysis datasets showed smaller values at the Hechi and Rongshui stations in the northern part of Guangxi, the Baise station in the western part of Guangxi, and the Guiping station in the eastern part of Guangxi. Among them, the RMSE of MERRA-2 PWV ranged between 3.00 mm and 6.79 mm, with the Hezhou station reaching 7 mm. The RMSE of ERA5 PWV ranged between 2.58 mm and 4.86 mm, with the Chongzuo station, the Guigang station, and the Hezhou station all showing an RMSE close to 5 mm.



Overall, in the 14 GNSS stations in Guangxi, the bias and RMSE of MERRA-2 PWV and ERA5 PWV were significantly larger under severe rainfall conditions compared with heavy rainfall conditions. During severe rainfall, precipitation significantly increases, thus resulting in increased moisture content and pronounced variations in water vapor.



Figure 3 and Figure 4 provide an intuitive comparison of the applicability of different water vapor products under heavy rainfall conditions. In terms of bias, the range of variation for MERRA-2 PWV was significantly smaller than that of ERA5 PWV. MERRA-2 exhibited smaller biases than ERA5 at the Bobai, Beihai, Baise, Binyang, Chongzuo, Guigang, Guilin, Hezhou, Rongshui, Rongxian, and Wuzhou stations, with values ranging from 0 mm to 1 mm. Regarding RMSE, both reanalysis datasets showed relatively large values at around 3 mm. However, at most stations, the RMSE of MERRA-2 PWV was higher than that of ERA5 PWV except for the Guilin, Hezhou, and Rongxian stations, where MERRA-2 PWV had slightly lower RMSE than ERA5 PWV. The subsequent analysis will further examine whether the accuracy under severe rainfall conditions aligned with the performance under heavy rainfall conditions.



Figure 5 and Figure 6 show that data were missing for the Binyang, Guilin, Rongxian, and Tian’e stations, thus indicating that no severe rainfall had been observed at these locations. In terms of bias, MERRA-2 PWV showed smaller biases than ERA5 PWV at the Bobai, Beihai, Baise, Guigang, Hezhou, and Wuzhou stations. However, the biases of ERA5 were always positive, and those of MERRA-2 were positive as often as negative. This difference in biases could be due to the distinct model configurations, data processing techniques, and data assimilation methods employed for ERA5 and MERRA-2. These variations ultimately resulted in disparities in the precision of the outcomes. Regarding RMSE, both reanalysis datasets exhibited relatively large values. The Hezhou station stands out with a significantly larger RMSE, which is consistent with its performance under heavy rainfall conditions. This may be attributed to the fact that Hezhou is located at the border between mountains and plains, leading to turbulent variations in water vapor. For most stations, the RMSE of MERRA-2 PWV was higher than that of ERA5 PWV. Overall, the two datasets revealed similar accuracy. However, ERA5 PWV demonstrated slightly higher accuracy than MERRA-2, as indicated by with its lower RMSE values in the average and variation ranges. Therefore, ERA5 PWV exhibited better consistency with GNSS PWV.



The analysis of Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 reveals that MERRA-2 PWV and ERA5 PWV exhibited high accuracy and stability under heavy rainfall and severe rainfall conditions in Guangxi. However, in terms of RMSE, ERA5 PWV consistently showed lower values compared to MERRA-2 PWV in individual station comparisons and average values. This could be attributed to the higher horizontal spatial resolution of ERA5 (0.25° × 0.25°) compared with MERRA-2 (0.5° × 0.625°), thus it can capture water vapor variations in more detail. When analyzing the spatial distribution of accuracy, the stations with higher accuracy under heavy rainfall conditions were Tiane and Hechi in northwest Guangxi and Wuzhou and Guiping in eastern Guangxi. Meanwhile, the accuracy was lower at Guigang in eastern Guangxi and Hezhou and Rongshui in northern Guangxi. Under severe rainfall conditions, the stations with higher accuracy were Baise in western Guangxi, Guiping in eastern Guangxi, and Hechi in northwest Guangxi, while the accuracy was lower at Beihai in southern Guangxi and Chongzuo and Hezhou in eastern Guangxi. Therefore, both datasets showed the highest accuracy at the Guiping and Hechi stations and the lowest accuracy at the Hezhou and Rongshui stations.



To optimize the analysis of the applicability of water vapor products under heavy rainfall and severe rainfall conditions, this study compiled the maximum, minimum, and average values of bias and RMSE for the water vapor products of the two reanalysis datasets for heavy rainfall and severe rainfall levels.



The comparison of Table 5 and Table 6 indicates that MERRA-2 and ERA5 PWV showed a noticeable increase in the maximum, minimum, and average values of bias and RMSE under severe rainfall conditions compared to heavy rainfall conditions. Except for the average bias of MERRA-2 (−0.22 mm and −0.14 mm) and the maximum RMSE of ERA5 (4.90 mm and 4.86 mm), which remained almost unchanged between the two rainfall levels, overall, the values under severe rainfall conditions were larger and exhibited more significant variations. Furthermore, when comparing the average RMSE between the two rainfall levels, ERA5 PWV aligns better with GNSS PWV and exhibits a higher consistency.




3.3. Performance of MERRA-2 and ERA5 PWV during a Heavy Rainfall Event


Section 3.2 analyzed the accuracy of GNSS PWV and MERRA-2/ERA5 PWV in the Guangxi region from 2016 to 2018 under heavy and severe rainfall conditions. Furthermore, in order to explore the hourly variation relationship between PWV and precipitation, Section 3.3 conducted a time series analysis of GNSS/MERRA-2/ERA5 PWV and the actual precipitation observed at ground meteorological stations on Days 178 to 184 in 2017.



3.3.1. Analysis of the Daily Average Error during Heavy Rain Days


During the rainfall days from Day 178 to Day 184 of 2017, the majority of the stations recorded precipitation within the “Heavy rain” range. Therefore, only an accuracy analysis for the heavy rain level could be conducted. For detailed data, please refer to Table 7.



According to Table 7, in terms of bias, the minimum bias for MERRA-2 was observed at the Guiping station with a value of −1.32 mm, while the maximum bias was observed at the Guilin station with a value of 3.02 mm. The average bias for MERRA-2 was 0.92 mm. For ERA5, the minimum bias was observed at the Guiping station with a value of 1.21 mm, while the maximum bias was observed at the Rongshui station with a value of 3.89 mm. The average bias for ERA5 was 2.42 mm. MERRA-2 and ERA5 showed their minimum biases at the Guiping station, thus indicating relatively small water vapor variations at this station during heavy rainfall. In terms of RMSE, the minimum RMSE for MERRA-2 was observed at the Guiping station with a value of 3.47 mm, while the maximum RMSE was observed at the Rongshui station, thus reaching 5.09 mm. The average RMSE for MERRA-2 was 4.04 mm. For ERA5, the minimum RMSE was observed at the Guiping station with a value of 2.33 mm, while the maximum RMSE was observed at the Rongshui station with a value of 4.36 mm. This is consistent with the stations showing the minimum and maximum biases for ERA5. The average RMSE for ERA5 was 3.40 mm. The water vapor variations at the Guiping station showed a smaller magnitude, while the Rongshui station is located in a region where mountainous and plain terrains meet, thereby resulting in complex climate conditions with abundant rainfall and leading to drastic water vapor variations. Furthermore, ERA5 PWV showed lower RMSE than MERRA-2 PWV for most of the GNSS stations (except for the Binyang station). This consistency in performance was observed under both heavy and severe rainfall conditions.



According to Figure 7, in terms of bias, MERRA-2 PWV exhibited smaller deviations in the western and southern parts of Guangxi with values fluctuating within the range of 0 mm to 1 mm. For example, the Bobai station had a bias of 0.61 mm. ERA5 PWV generally showed larger biases compared with MERRA-2 with values ranging from 1 mm to 4 mm. The deviations were smaller in the western and southeastern regions of Guangxi, such as the Chongzuo station with a bias of 1.82 mm. In terms of RMSE, MERRA-2 PWV exhibited lower values in the central region of Guangxi. The station with the best accuracy was the Guiping station in the central region, which had an RMSE value of 3.47 mm. The Guilin station in the northern part and the Rongshui station had RMSE values of 4.54 mm and 5.09 mm, respectively, thus indicating the poorest accuracy. Meanwhile, ERA5 PWV demonstrated higher accuracy in the western and central regions of Guangxi. For example, the Guiping station in the central region had the highest accuracy with an RMSE value of 2.33 mm, while the Baise and Chongzuo stations in the western region had RMSE values of 2.84 mm and 2.95 mm, respectively, thus indicating relatively high accuracy.



The accuracy of two types of atmospheric reanalysis data was highest in the central region of Guangxi, followed by the southern region. The accuracy was the poorest in the northern region of Guangxi.



According to Figure 8 and Figure 9, in terms of bias, MERRA-2 PWV exhibited significant positive biases at most stations with a few negative biases. The bias of ERA5 PWV ranged from 2 mm to 4 mm, while MERRA-2 PWV exhibited both positive and negative biases, thus indicating that the bias of MERRA-2 PWV varied more. In terms of RMSE, both types of reanalysis data had relatively large values that mostly ranged from 3 mm to 5 mm. The range of variation between the two was not significant, and the accuracy was relatively close overall. However, upon closer analysis, among the 14 stations (except for the Binyang and Hezhou stations), the RMSE of MERRA-2 PWV was larger than the RMSE of ERA5 PWV, thus indicating that the accuracy of ERA5 PWV was slightly higher than that of MERRA-2 PWV.




3.3.2. Temporal Variations of PWV and Hourly Precipitation during Heavy Rain Days


The study selected the 14 ground meteorological stations in the Guangxi region that are closest to the GNSS stations, ensuring more reliable data results. Notably, not all 14 ground meteorological stations recorded significant rainfall during the investigated short period. Therefore, we only selected the nine stations with significant rainfall for experimental analysis: GXBB, GXBH, GXCZ, GXGL, GXGP, GXHC, GXHZ, GXRX, and GXWZ. The results are presented in Figure 10.



Figure 10 shows that the trends in PWV for both reanalysis datasets generally agreed with GNSS PWV. Overall, they were lower than GNSS PWV, and the increasing or decreasing trends were consistent with the changes in surface precipitation. Among different stations, the fluctuation range of MERRA-2 PWV was larger, thus making it less stable compared with ERA5 PWV. Therefore, ERA5 PWV is more capable of reflecting the changing characteristics of rainfall.



When no heavy rainfall occurred, GNSS PWV, ERA5 PWV, and MERRA-2 PWV remained in a stable state. However, due to possible data errors and differences in the assimilation methods of MERRA-2, significant outliers were observed in MERRA-2 PWV at almost all stations on DOY 178; MERRA-2 PWV has larger values and is more unstable compared to ERA5 PWV. At most stations, such as GXBB on DOY 183, GXBH on DOY 179 and DOY 183 and GXGL on DOY 182, GXGP on DOY 183, GXHC on DOY 182, GXHZ on DOY 182, and GXWZ on DOY 183, prior to the arrival of heavy rainfall, GNSS PWV experienced a rapid increase, and ERA5 PWV and MERRA-2 PWV also rose quickly. However, GNSS PWV reached its peak value before ERA5 and MERRA-2 PWV did; ERA5 PWV and MERRA-2 PWV were slightly smaller than the GNSS PWV. Once PWV reached its maximum value, heavy rainfall began, such as shown for stations GXBB on DOY 183, GXBH on DOY 183, GXGP on DOY 183, GXHZ on DOY 182, and GXWZ on DOY 183. At this point, the fluctuation in MERRA-2 PWV became more pronounced compared with GNSS PWV and ERA5 PWV. Specifically, for GXGP on DOY 183, the peak values for each PWV are approximately 75 mm for GNSS PWV, 72 mm for ERA5 PWV, and 68 mm for MERRA-2 PWV, indicating that ERA5 PWV is more consistent with GNSS PWV in terms of accuracy. As the heavy rainfall rapidly subsided, such as for GXGP on DOY 183, GXHZ on DOY 183, and GXWZ on DOY 183, GNSS/ERA5/MERRA-2 PWV sharply decreased. When the rainfall gradually diminished, as seen in GXBB on DOY 183, GNSS PWV and ERA5 PWV exhibited a gradual fluctuation and decrease. In contrast, for GXGL on DOY 182 and GXBH on DOY 183, GNSS PWV and ERA5 PWV showed nearly simultaneous frequency-dependent decreases, while MERRA-2 PWV displayed a delayed response. From DOY 183 to DOY 184, for GXWZ, GXHZ, and GXGP, when GNSS PWV reached its minimum value, ERA5 and MERRA-2 PWV began to increase gradually. As GNSS PWV slowly rose from its minimum, ERA5 PWV showed a similar upward trend, while MERRA-2 PWV exhibited a decreasing trend. This apparent contrast may be due to the differences in the assimilation methods used for MERRA-2 data. Finally, after GNSS PWV stabilized, ERA5 and MERRA-2 PWV slowly returned to a stable state. However, ERA5 PWV exhibited smaller fluctuations and a more stable pattern of change, thus indicating that it has higher accuracy in capturing the variability of rainfall during heavy rainfall events in the Guangxi region, similar to GNSS PWV.



Based on the above analysis, to some extent, the rapid increase in PWV can serve as a warning sign of an upcoming rainfall event because a sufficient water vapor supply is a prerequisite for rainfall occurrence. Although not all high PWV values indicate the onset of rainfall, the increase in water vapor is one of the prerequisites for precipitation. Most precipitation occurs around the peak PWV values. Prior to the arrival of heavy rainfall, water vapor accumulates, thus leading to an increase in PWV. During heavy rainfall, PWV shows relatively small fluctuations. The continuous and intense precipitation results in significant water loss. After the heavy rainfall event, PWV rapidly decreases to its minimum value, followed by a slow rise as the depleted water vapor is replenished. Then, PWV gradually stabilizes.






4. Conclusions


This study utilized PWV calculated at 14 GNSS stations in Guangxi from 2016 to 2018 to evaluate the accuracy of the latest released MERRA-2 and ERA5 water vapor products during heavy rainfall weather. The average bias of MERRA-2 PWV and ERA5 PWV in heavy rainfall were −0.22 mm and 1.84 mm, respectively, with average RMSE of 3.72 mm and 3.31 mm. For extremely severe rainfall, the average bias of MERRA-2 PWV and ERA5 PWV was −0.14 mm and 2.92 mm, respectively, with average RMSEs of 4.28 mm and 4.01 mm. On Days 178 to 184 in 2017 with heavy rainfall, the average bias of MERRA-2 PWV and ERA5 PWV was 0.92 mm and 2.42 mm, respectively, with average RMSEs of 4.04 mm and 3.40 mm. The results indicate that the RMSE of ERA5 PWV is lower than that of MERRA-2 PWV, thus indicating higher accuracy of ERA5 PWV. Both datasets show increased average bias and RMSE in extremely severe rainfall events. In terms of spatial distribution accuracy, slight differences exist between the two datasets. However, both datasets performed best at the Guiping and Hechi stations and worst at the Hezhou and Rongshui stations.



A time series analysis was conducted for GNSS/MERRA-2/ERA5 PWV and the actual precipitation observed at ground meteorological stations on Days 178 to 184 in 2017. The results indicate that MERRA-2/ERA5 PWV exhibits a consistent overall trend with GNSS PWV, and it also closely matches the actual precipitation recorded at the ground meteorological stations. However, the trend of ERA5 PWV agrees more closely with GNSS PWV. These findings demonstrate a direct relationship between PWV variations and rainfall. Prior to the onset of heavy rainfall, PWV increases sharply. When heavy rainfall arrives, PWV reaches its peak. After the rainfall ceases, PWV rapidly decreases to its minimum value and eventually stabilizes. Therefore, ERA5 demonstrates better suitability compared to MERRA-2 during heavy rainfall in the Guangxi region. This assessment effectively demonstrates significant changes in the water vapor and actual precipitation in the Guangxi region, which holds important implications for predicting heavy rainfall events.
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Figure 1. Distribution of GNSS stations, meteorological stations, and radiosonde stations in the Guangxi region of China. 
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Figure 2. Distribution of average bias and average RMSE between GNSS PWV and MERRA-2/ERA5 PWV under heavy and severe rainfall conditions in the Guangxi region ((I) represents the spatial distribution of accuracy for heavy rainfall. (II) represents the spatial distribution of accuracy for severe rainfall. (a) represents the Bias of MERRA-2, (b) represents the Bias of ERA5, (c) represents the RMSE of MERRA-2, and (d) represents the RMSE of ERA5). 
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Figure 3. Biases between GNSS PWV and MERRA-2/ERA5 PWV at different stations for the heavy rainfall level. 
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Figure 4. RMSEs between GNSS PWV and MERRA-2/ERA5 PWV at different stations for the heavy rainfall level. 
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Figure 5. Biases between GNSS PWV and MERRA-2/ERA5 PWV at different stations for the severe rainfall level. 
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Figure 6. RMSEs between GNSS PWV and MERRA-2/ERA5 PWV at different stations for the severe rainfall level. 
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Figure 7. Distribution of daily average bias and RMSE between GNSS PWV and MERRA-2/ERA5 PWV during heavy rain days in the Guangxi region ((a) represents the Bias of MERRA-2, (b) represents the Bias of ERA5, (c) represents the RMSE of MERRA-2, and (d) represents the RMSE of ERA5). 
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Figure 8. Comparison of bias between GNSS PWV and MERRA-2/ERA5 PWV during heavy rain days. 
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Figure 9. Comparison of RMSE between GNSS PWV and MERRA-2/ERA5 PWV during heavy rain days. 
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Figure 10. Analysis of the temporal variations of GNSS/MERRA-2/ERA5 PWV compared with actual precipitation (The nine stations in order are GXBB, GXBH, GXCZ, GXGL, GXGP, GXHC, GXHZ, GXRX, and GXWZ). 
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Table 1. Model coefficients of the Tm model used in this study.






Table 1. Model coefficients of the Tm model used in this study.





	Model

Coefficients
	A0
	A1
	A2
	A3
	B1
	B2
	B3
	B4





	value
	72.367
	0.732
	−0.001
	−0.145
	0.452
	−0.235
	−0.060
	−0.263










 





Table 2. Coefficients of the vertical correction model for PWV.






Table 2. Coefficients of the vertical correction model for PWV.





	Model

Coefficients
	A0
	A1
	A2
	A3
	A4





	value
	−0.350
	−0.026
	−0.015
	0.008
	0.026










 





Table 3. Rainfall intensity classification by the Chinese meteorological department.
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	Rainfall Intensity
	Total Precipitation in 24 h (mm)





	Light rain
	0.1–9.9



	Moderate rain
	10–24.9



	Heavy rain
	25–49.9



	Severe rain
	50–99.9



	Heavy torrential rain
	100–249.9



	Severe torrential rain
	≥250










 





Table 4. Comparison between GNSS PWV and radiosonde PWV in Guangxi from 2016 to 2018.






Table 4. Comparison between GNSS PWV and radiosonde PWV in Guangxi from 2016 to 2018.





	GNSS Station
	Bias (mm)
	RMSE (mm)
	Correlation

Coefficient (R)





	GXWZ
	−0.81
	3.48
	0.97



	GXGL
	−0.88
	4.12
	0.97



	GXBS
	−2.92
	4.50
	0.98










 





Table 5. Maximum, minimum, and average values of MERRA-2/ERA5 PWV bias.






Table 5. Maximum, minimum, and average values of MERRA-2/ERA5 PWV bias.





	
Rainfall Level

	
MERRA-2 Bias/mm

	
ERA5 Bias/mm




	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean






	
Heavy rain

	
1.89

	
−2.20

	
−0.22

	
4.13

	
0.11

	
1.84




	
Severe rain

	
2.85

	
−4.19

	
−0.14

	
4.65

	
1.39

	
2.92











 





Table 6. Maximum, minimum, and average values of MERRA-2/ERA5 PWV RMSE.
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Rainfall Level

	
MERRA-2 RMSE/mm

	
ERA5 RMSE/mm




	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean






	
Heavy rain

	
4.79

	
2.66

	
3.72

	
4.90

	
2.54

	
3.31




	
Severe rain

	
6.79

	
3.00

	
4.28

	
4.86

	
2.58

	
4.01











 





Table 7. Daily average bias and RMSE of MERRA-2/ERA5 PWV during heavy rain days.






Table 7. Daily average bias and RMSE of MERRA-2/ERA5 PWV during heavy rain days.





	
GNSS Station

	
Bias/mm

	
RMSE/mm




	
MERRA-2

	
ERA5

	
MERRA-2

	
ERA5






	
GXBB

	
0.61

	
2.37

	
4.26

	
3.28




	
GXBH

	
1.52

	
2.52

	
4.28

	
3.87




	
GXBS

	
0.47

	
2.09

	
4.43

	
2.84




	
GXBY

	
2.36

	
3.25

	
3.52

	
4.06




	
GXCZ

	
0.51

	
1.82

	
3.93

	
2.95




	
GXGG

	
1.03

	
2.21

	
3.56

	
3.31




	
GXGL

	
3.02

	
2.98

	
4.54

	
3.64




	
GXGP

	
−1.32

	
1.21

	
3.47

	
2.33




	
GXHC

	
1.92

	
1.25

	
3.71

	
3.06




	
GXHZ

	
−0.07

	
2.88

	
3.94

	
4.05




	
GXRS

	
2.22

	
3.89

	
5.09

	
4.36




	
GXRX

	
−0.37

	
2.53

	
3.85

	
3.28




	
GXTE

	
−0.28

	
2.83

	
3.76

	
3.61




	
GXWZ

	
1.28

	
2.00

	
4.26

	
2.99
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