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Abstract

:

Water vapor content plays an important role in climate change and the ecosystem in the Tibetan Plateau (TP) through its complicated interaction with the meteorological elements. However, due to the complex topography of the Tibetan Plateau, it is unreliable to attempt to understand the variation pattern of water vapor content using only observational data. Satellite and reanalysis data can be a good substitute for observational data, but their accuracy still needs to be evaluated. Therefore, based on radiosonde stations data, comprehensive assessment of water vapor content on the TP and surrounding areas derived from ERA-5, Second Modern-Era Retrospective analysis for Research and Applications (MERRA2), Atmospheric Infrared Sounder (AIRS)-only, and weighted ensemble data was performed in the context of spatial and temporal distribution at the annual and seasonal scale. Based on precipitation from Gauge V3.0 and Tropical Rainfall Measuring Mission satellite (TRMM) and temperature from ERA-5, the relationship between water vapor content and temperature and precipitation was analyzed. The results show that water vapor content decreases from southeast to northwest, and ERA-5, MERRA2, and AIRS-only can reasonably reproduce the spatial distribution of annual and seasonal water vapor content, with ERA-5 being more reliable in reproducing the spatial distribution. Over the past 50 years, the water vapor content has shown a gradual increasing trend. The variation trends of AIRS-only, MERRA2, ERA-5, and weighted ensemble data are almost consistent with the radiosonde stations data, with MERRA2 being more reliable in capturing water vapor content over time. Weighted ensemble data is more capable of capturing water vapor content characteristics than simple unweighted products. The empirical orthogonal function (EOF) analysis shows that the first spatial mode values of water vapor content and temperature are positive over the TP, while the values of precipitation present a “negative-positive-negative” distribution from south to north over the TP. In the second spatial mode of EOF analysis, the values of water vapor content, air temperature, and precipitation are all negative. The first temporal modes of EOF analysis, water vapor content, air temperature, and precipitation all show an increasing trend. In conclusion, there is a clear relationship of water vapor content with temperature and precipitation.
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1. Introduction


Atmospheric water vapor is one of the important parameters of the hydrological cycle, surface atmospheric energy exchange, and climate change [1]. Although the proportion of water vapor content in the atmosphere is small (0.1–3%), it is the most active element in the atmospheric circulation and Earth climate system [2,3]. The most direct impact of global warming is the change of water vapor content, with warmer temperature increasing water vapor in the atmosphere [4].



The Tibetan Plateau (TP) and surrounding areas, where observational stations are scarce and unevenly distributed due to its complex topography, current understanding of water vapor content depends on a rigorous assessment of the regions’ datasets. Many scholars have calculated and analyzed the water vapor content distribution using different datasets and methods [5,6,7,8]. Chen et al. [9] combined three datasets of ERA-5, MERRA, and NCEP/NCAR reanalysis to research the summer variability of water vapor content over the TP and found the trends in summer water vapor content for the ERA-Interim and MERRA were more similar than the NCEP/NCAR. Zhao et al. [10] used two satellite datasets and seven reanalysis datasets to compare water vapor content reproduction capability, indicating that ERA-I was more reliable in reproducing the spatial pattern of the annual cycle, however, JRA55 performed best in capturing the interannual variability. Wang et al. [11] evaluated water vapor content from four satellite products and four reanalysis datasets against ground-based Global Positioning System (GPS) stations data on the Southern TP, indicating that MODIS infrared product underestimated the water vapor content, while the MODIS near-infrared product overestimated it. AIRS products were suitable for constructing high-resolution and high-quality water vapor content. Zhang et al. [12] showed that there was a clear seasonal variation in water vapor on the TP, with more water vapor in the warm season than in the cold season. Zhuo et al. [13] concluded that water vapor on the TP decreases from southeast to northwest. Zhan et al. [14] researched the spatial distribution of water vapor content by using the Empirical orthogonal function (EOF), showing that there were two distribution types on the TP, which were: consistently changing across the region and of inverse north–south (east–west) type.



Changes in water vapor content as the main greenhouse gas in the atmosphere, have a significant impact on temperature and precipitation. As reported by Skliris et al. [15] for the Clausius–Clapeyron equation, when temperature increases, the saturated water vapor pressure increases, causing more water to be held in the air. Wu and Fu [16] found that changes in water vapor had a significant impact on local precipitation intensity and frequency. Zhang et al. [17] analyzed the relationship between water vapor content and meteorological elements in the Qaidam Basin and surrounding areas from 1971 to 2010, and pointed out that temperature was the most important climatic factor affecting the variation in water vapor content. Yao et al. [18] studied the association of water vapor content and climate factors based on the measured data, and showed that the connection of water vapor and precipitation was complex, while water vapor was one of the factors affecting precipitation in the Tianshan Mountains. Zhou et al. [19] explored the link between water vapor content and precipitation in the TP, and discovered that the summer water vapor content was more in the south and less in the north, and the distribution trend of precipitation was consistent with water vapor content. Cess. [5] and Xie et al. [20] concluded that there was a positive feedback effect on temperature and water vapor content on the TP. Yao et al. [21] reported that the changes of water vapor content and temperature in the TP were consistent. Li et al. [22] analyzed the relationship between water vapor content and temperature and precipitation in Changchun, China, and revealed that water vapor content had a significant correlation with temperature, while the trend and magnitude of changes in water vapor content and precipitation were not consistent.



Most of the earlier studies analyzed the characteristics of water vapor content based on single datasets, and there are few studies on the relationship between water vapor content and meteorological elements on the TP. However, to reveal the hydrological cycle of the TP, the relationship between water vapor content and meteorological elements must be analyzed [23,24]. In this paper, first, comparing with the radiosonde stations data, the ability of ERA-5, MERRA2, AIRS-only and weighted ensemble data to reproduce the annual and seasonal water vapor content features over the TP was evaluated. Second, based on precipitation data and temperature data, the relationship between water vapor content and temperature and precipitation was analyzed by using EOF. Finally, analysis of the correlation between water vapor content and temperature and precipitation in the 15 mountain ranges over the TP was conducted. The seasons were divided according to spring (March–May), summer (June–August), autumn (September–November), and winter (December–February).




2. Data and Methods


2.1. Study Area


The TP and its surroundings are located in the central arid and semi-arid zone of Asia and Europe, as shown in Figure 1. The TP consists of the Pamir and Hindu Kush area in the west to the Hengduan Mountains in the east, and the Altai Mountains in the north to the Himalayas in the south, covering an area of 2.4 million square kilometers [25]. This area contains the densest distribution of glaciers in the world outside of the two polar regions and is the source of 12 important rivers in Asia [26]. Due to differences in latitude, geographic conditions, and circulation forms, the TP and its surroundings have different moisture sources, with the west and north mainly impacted by westerly circulation, the southwest influenced by the South Asian monsoon, and the east and southeast affected by the East Asian monsoon [27]. As the Third Pole of the world [28], to study the variation of water vapor content and its relationship with precipitation and temperature on the TP is important in understanding the formation and change of the cryosphere as well as the cyclical effects of the climate system.




2.2. Data


2.2.1. Measured Data from Radiosonde Stations


The radiosonde stations data from the China Meteorological Information Service Center (CMSDC), contains mandatory level data for 88 stations in China from 1951–2013, including atmospheric pressure (hPa), altitude (geopotential meters), temperature (0.1 °C), dew point temperature difference (0.1 °C), and wind speed (0.1 m/s). Through a series of quality control measures, namely statistical, we finally selected temperature, altitude, and dew point temperature difference at 0000 UTC and 1200 UTC for each month. In this paper, a total of 27 stations in the TP and surrounding areas from 1980–2019 were selected, as shown in Figure 1. These data have been extensively used in studies on climate change [29,30], and are used to evaluate the quality of satellite datasets and reanalysis datasets.




2.2.2. Satellite Data: AIRS-Only and TRMM


The Atmospheric Infrared Sounder (AIRS) is an instrument on board the Aqua satellite, provided by NASA as part of the Earth Observation System (EOS) [31]. This paper uses monthly water vapor content data from AIRS-only version 6 Level 3 (gridded) [10]. Tropical Rainfall Measuring Mission satellite (TRMM) is a joint mission of the National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA) [32], choosing TRMM satellite month mean precipitation data to research precipitation on the TP and surrounding areas.




2.2.3. Reanalysis Data: ERA-5 and MERRA2


ERA-5 and the Second Modern-Era Retrospective analysis for Research and Applications (MERRA2) reanalysis datasets were selected. ERA-5 from the European Centre for Medium Weather Forecasting (ECMWF) covers the data-rich period since 1979 [33]. We used the month mean temperature and water vapor content for ERA-5 products from 1980 to 2019. MERRA2 is an atmospheric reanalysis product issued by NASA from 1980 [34], which uses an upgraded data assimilation system from the Goddard Earth Observing System Model Version 5 (GEOS-5). It mainly includes elements such as 2-m air temperature, water vapor content, surface wind speed etc. We chose water vapor content data from 1980–2019 with a temporal monthly resolution.




2.2.4. Datasets of Daily Values of Terrestrial Climate Information for China (V3.0)


In this paper, we calibrated the TRMM precipitation data based on Gauge V3.0 data, the Gauge V3.0 measured precipitation data from the CMSDC, which includes 830 meteorological observation stations. In view of the late establishment of some meteorological stations and the lack of data measurement, the precipitation data of the selected stations were verified and quality controlled. The spatial coverage of data from 1980–2019 was selected as 157 stations from 60° N to 105° E and 20° N to 50° N. More details about these datasets are given in Table 1.





2.3. Methodology


2.3.1. Calculation of Water Vapor Content


Water vapor content (W, in kg m−2) refers to the mass of water vapor in an atmospheric column of any unit area, also known as atmospheric precipitation water. It refers to the depth of the water layer formed at the bottom of an atmospheric column if all the water vapor in the column has condensed [35]. Water vapor content of radiosonde stations need to be calculated with the following formulas. q is the relative humidity (kg. kg−1), Pt is the pressure at the top of the atmosphere at 300 hPa, Ps is the pressure near the ground (hPa), and g is the acceleration due to gravity (m·s−2).


  W =  1 g     ∫   P s     P t     q d p     



(1)




where


  q = 0.622 ×  e P   



(2)






  e =  E 0  × 1  0    7.45  T d    2.35 +  T d       



(3)






   T d  = t − Δ t  



(4)







P is the air pressure (hPa), e is the water vapor pressure (hPa), E0 is the saturated water vapor pressure at 0 °C (6.11 hPa), t is the temperature of the air at a certain altitude (°C), Δt is the temperature dew point difference (°C), and Td is the dew point temperature (°C).




2.3.2. Evaluation of Water Vapor Content


The product accuracy is measured using the Pearson correlation coefficient (R), relative bias (bias), and root mean square error (RMSE). R can indicate the degree of linear correlation between multi-source datasets and radiosonde stations data. The value range is [−1,1], and the closer to 1, the better the correlation. Bias can reflect the deviation, with a positive value indicating overestimation and a negative value indicating underestimation compared to the radiosonde stations data. The RMSE is used to measure the degree of dispersion, indicating the standard error of multi-source datasets. The optimal value is 0.




2.3.3. Weight Assignment Method


The weight assignment method used in this study is based on the normalization of the accuracy test results of AIRS-only, MERRA2, ERA-5, and the three indicators of R, bias and RMSE are used to give weights to the three products respectively. The principle is as follows.



The larger the R, the better the correlation assessment result, but the larger the bias and RMSE, the greater the degree of deviation and dispersion from the radiosonde stations data, and the less satisfactory are the bias and RMSE results. Thus, it is necessary to take the inverse of R before the normalization process, and the formula is as follows:


   X  i , j   =   1 /  X  i , j     , j = 1 , 2 , ⋯ , n − 1  



(5)







Normalization is performed and the equation is as follows:


   X i  =  1 n    ∑  j = 1  n   (  X  i , j     /   ∑  i = 1  m    X  i , j     )  



(6)




where m is the number of multi-source products; n is the number of accuracy evaluation indicators; Xi, j is the value of the i-th water vapor content product corresponding to the j-th indicator; Xi is the value of the i-th water vapor content product after normalization of all indicators.




2.3.4. Method of Trend Analysis


The linear trend of water vapor content is expressed as:


   y i  = a  x i  + b  



(7)




where a is the regression coefficient, calculated by the least-squares method, which represents the long-term variation characteristics. The Mann–Kendall trend test is utilized to calculate the Z statistic, and the Z test indicator is used to determine whether the linear trend of change is significant. The value of Z of 1.96–2.58 indicates that water vapor content has passed the significance test of 0.05, and the value of Z greater than 2.58 indicates that it has passed the significance test of 0.01.




2.3.5. Empirical Orthogonal Function (EOF)


EOF is an effective method to study the characteristics and regularity of temporal and spatial changes of an elemental field sequence, and can retain most of the information provided by the original data. EOF plays the role of downscaling and simplification, and effectively extracts spatial field information [36]. To examine whether the individual modes are independent of each other, the EOF results need to be checked by the North test [37]. The EOF can separate the temporal and spatial changes of the variable field. The dominant EOF modes and main components of water vapor content, precipitation, and temperature are obtained by analyzing the first two modes of EOF.






3. Results


3.1. Product Accuracy Evaluation


Compared with the radiosonde stations from the annual scale, the R values of several datasets are higher than 0.94 (Table 2). The R of the satellite product is smaller than the reanalysis datasets. Comparing the two reanalysis datasets, the ERA-5 has the highest correlation (R = 0.97). The bias of AIRS-only and ERA-5 is negative, but MERRA2 is positive, indicating that AIRS-only and ERA-5 underestimate water vapor content and MERRA2 overestimates water vapor content relative to the radiosonde stations data over the TP and surrounding areas. Among the three sets of products, ERA-5 has the highest weighting coefficient of water vapor content, which is 0.36 (Table 3). The weighted ensemble data also has a negative bias, but the deviation (−0.01) is lower compared to the other three datasets. ERA-5 has the smallest RMSE (1.74), and AIRS-only has the largest RMSE (2.38).



Seasonally, the correlation between all datasets (AIRS-only, MERRA2, ERA-5, weighted ensemble data) and radiosonde stations data in descending order is as follows: winter, spring, autumn, and summer. The correlation of all datasets and radiosonde stations data is higher than 0.93, except for AIRS-only (0.88) in summer. Bias of the MERRA2 is smallest in autumn (bias = 0.02 kg m−2) and winter (bias = −0.01 kg m−2), AIRS-only is smallest (bias = 0.02 kg m−2) in spring, weighted ensemble data is smallest (−0.03 kg m−2) in summer. It is worth noting that the bias of the ERA-5, AIRS-only, MERRA2, and weighted ensemble data relative to the radiosonde stations data is overestimated in the spring and underestimated in the winter. With regard to the RMSE, the ERA-5 is the smallest in all seasons but spring is the smallest for MERRA2 (RMSE = 1.60 kg m−2), in order: summer (RMSE = 3.06 kg m−2), autumn (RMSE = 2.04 kg m−2), and winter (RMSE = 0.97 kg m−2). We conclude that the ability of ERA-5 to reproduce the spatial distribution of water vapor content is greater, comparing MERRA2 and AIRS-only. Except for spring when AIRS-only has the highest weighting coefficients of 0.61, the MERRA2 has the highest weighting coefficients of 0.39, 0.55, and 0.58 in summer, autumn, and winter, respectively (Table 3). Obviously, the reliability of different datasets in reproducing the water vapor content distribution characteristics varies with the different time scales over the TP. Compared with the simple unweighted products, the weighted ensemble data showed better fusion as weighted ensemble data are more capable of capturing water vapor content characteristics. The correlation between the weighted ensemble data and the radiosonde stations data generally increases, the deviation decreases significantly, and the dispersion reduces distinctly.




3.2. Spatiotemporal Distribution of Water Vapor Content


3.2.1. Spatial Variability of Water Vapor Content


The spatial distribution of AIRS-only, ERA-5, MERRA2, and weighted ensemble data of annual mean water vapor content over the TP and its surroundings from 2003–2017 is shown in Figure 2. The average water vapor contents of all datasets over the TP are smaller than those over the surrounding areas, which is consistent with previous study [12]. The annual mean of water vapor content in the TP is between 2–12 kg m−2, while in the surrounding regions such as the southern part of the TP, the water vapor content is between 12–32 kg m−2. Water vapor content in the TP interior mainly comes from the lower latitudes. There are two main moisture transport channels in the south [38], the Indian Ocean summer monsoon and the mid-latitude westerly zone which enter through huge canyons such as the Brahmaputra River, making it difficult for water vapor to enter the interior.



To evaluate the ability of the AIRS-only, ERA-5, MERRA2, and weighted ensemble data in reproducing the characteristics of the annual mean water vapor content on the TP, we interpolated all the gridded data into each radiosonde station using kriging interpolation and calculated the difference between them (Figure 2). Compared with the radiosonde stations data, AIRS-only, ERA-5, MERRA2, and weighted ensemble data overestimate the water vapor content around the Qilian Mountains, and underestimate in the northern part of the Hengduan Mountains. It is of interest to note that AIRS-only (bias = 0.48 kg m−2), ERA-5 (bias = 0.35 kg m−2), MERRA2 (bias = 0.5 kg m−2), and weighted ensemble data (bias = 0.44 kg m−2) have the largest positive bias at the Ejinnak station, while Changdu station have the largest negative bias of −0.35 kg m−2, −0.28 kg m−2, −0.27 kg m−2 and −0.3 kg m−2, respectively. Overall, the bias of ERA-5 is smaller than other datasets. In the upper right corner of Figure 2, the RMSE of each dataset is shown, with the largest RMSE for AIRS-only (2.38 kg m−2) and the smallest for ERA-5 (1.74 kg m−2). In conclusion, ERA-5, AIRS-only, MERRA2, and weighted ensemble data can represent the spatial distribution of water vapor content over the TP and its surroundings.



Spatial distribution of seasonal water vapor content variations over the TP and surrounding areas is shown in Figure 3. Much higher water vapor content is observed during the summer than other seasons, the largest water vapor contents of AIRS-only, ERA-5, MERRA2, and weighted ensemble data are 59.76 kg m−2, 66.44 kg m−2, 67.74 kg m−2, and 64.62 kg m−2, respectively, because of the large amount of water vapor brought by the summer monsoon from the lower latitudes (the Bay of Bengal and the Arabian Sea) northward [38]. In winter, the smallest value of water vapor content is less than 1 kg m−2 (Figure 3a4–d4), which is due to TP and the surrounding areas being mainly controlled by the prevailing western wind, while the low temperature over the plateau has limited capacity to hold more water vapor, resulting in a dry atmosphere. Water vapor content in spring and autumn lies between that of summer and winter.




3.2.2. Temporal Trends of Water Vapor Content


Guo et al. [39] and Hao et al. [40] showed that Chinese sounder data underwent a change in instrument type in the early 2000s, the humidity sensor was abnormally dry. Thus, it is necessary to correctly interpolate the water vapor content of radiosonde stations data after 2006. The temporal variation and linear trend of the annual mean water vapor content on the TP and its surroundings from 1980 to 2019 can be seen in Figure 4e. Water vapor content of ERA-5, MERRA2, weighted ensemble data, and radiosonde stations data show a positive trend in the annual variation with an increase of 0.018 kg m−2, 0.028 kg m−2, 0.019 kg m−2, 0.07 kg m−2, respectively, of which ERA-5, MERRA2, and radiosonde stations data has a positive trend at 99% confidence level. AIRS-only shows a negative trend, and the negative trend is not significant owing to the shorter time series, decreasing by −0.0001 kg m−2. In terms of values, ERA-5, MERRA2, AIRS-only, and weighted ensemble data are higher than the radiosonde stations data. It can be seen that ERA-5, MERRA2, weighted ensemble data, and radiosonde stations data had the largest values of water vapor content in 2016, with values of 17.17 kg m−2, 16.15 kg m−2, 15.46 kg m−2, 16.40 kg m−2, and 14.58 kg m−2, respectively.



There are significant seasonal differences of water vapor content in TP and surrounding areas, the amount of season mean water vapor content increases in the order of winter, spring, autumn, and summer. Consistent with the annual variation, the values of AIRS-only, MERRA2, ERA-5, and weighted ensemble data are almost higher than the radiosonde stations data. This is probably because the high values of water vapor content are mainly located in the south part of the TP and surrounding areas, while the radiosonde stations are mainly concentrated in the eastern part of the TP and surrounding areas. For ERA-5, MERRA2, AIRS-only, weighted ensemble data, and radiosonde stations data, the season mean water vapor content tends to increase in spring, summer, and autumn, with ERA-5, MERRA2 and radiosonde stations data passing the 99% significance test, while the trend of AIRS-only and weighted ensemble data is not significant. In contrast, the water vapor content in winter showed a constant or slightly decreasing trend, but the decreasing trend was not significant for the datasets except for the radiosonde stations data. There is a small difference between MERRA2 and the radiosonde stations data in terms of time variation, while the fluctuation trend of MERRA2 is almost the same as radiosonde stations data.





3.3. The Relationship between Water Vapor Content and Climatic Elements


3.3.1. Spatial Distribution of Temperature and Precipitation


Figure 5 shows the spatial distribution of annual mean temperature and precipitation on the TP and surrounding areas. Precipitation and temperature in general decrease from the southeast to the northwest over the TP (Figure 5a). The high values of precipitation appear in the southern part of the TP with a maximum value of over 2500 mm. It is worth noting that precipitation has a weak negative correlation with altitude, which is consistent with the findings of Qin et al. [41]. The high value zone of temperature occurs in the southern part of the TP (above 25 °C) (Figure 5b). The distribution of temperature on the plateau is intimately related to the topography. The southern part of the TP is relatively low-lying, and is influenced by the warm and humid air currents of the South Asian monsoon and East Asian monsoon. Therefore, the southern part of the TP is warmer.




3.3.2. The Relationships between Water Vapor Content and Temperature and Precipitation


Based on the annual water vapor content of weighted ensemble data, annual precipitation of calibrated TRMM, and annual temperature of ERA-5 from 2003–2017, the spatial and temporal distribution characteristics of the three meteorological elements were analyzed using EOF. The first two modes of EOF of the three meteorological elements passed the North test. Figure 6a shows the water vapor content values of the first spatial mode of EOF, which are all positive over the TP. Interpretation variance in the first mode is 52.7%, indicating that the water vapor content has good convergence in space. Figure 6g shows the water vapor content value of the second spatial mode of EOF, which is negative in most areas except for the southwestern part of the plateau, which is roughly northwest–southeast trending, and is basically consistent with the distribution pattern of positive in the south and negative in the north found by Zhou et al. [19] and Yao et al. [21]. Guo et al. [42] suggested that this phenomenon is due to the fact that water vapor from the Yarlung Tsangpo valley is blocked by the mountains during its northward movement, which makes it difficult for it to reach the north, and it accumulates on the south windward slope of the Tanggula Mountains. From Figure 6b, the first spatial mode of EOF analysis value of the temperature is positive across the region, indicating that the average temperature variation on the TP is consistent. Interpretation variances of the first mode of temperature is 45.5%, showing that the temperature has good convergence in space. From Figure 6h, the second spatial mode of EOF analysis value of the temperature is basically inverse north–south type, roughly bounded by 30° N, displaying a “south positive and north negative” pattern. The interpretation variance of the first mode of precipitation is only 17.3%, the convergence is slow and the value of precipitation of the first spatial mode of EOF presents a “negative-positive-negative” pattern from south to north on the TP (Figure 6c). The results of the first two temporal modes of EOF analysis demonstrate that water vapor content, temperature, and precipitation have shown similar increasing trends over the past 15 years (Figure 6d–f,k,l), except for the second temporal mode of the water vapor content of EOF (Figure 6j).



To further analyze the relationship between water vapor content and temperature and precipitation from 2003–2017 (Figure 7). ArcGIS was used to select the water vapor content, precipitation and temperature of the 15 mountain ranges on the TP. Annual water vapor content in the southern (Himalaya, Kangri Garpo and Hengduan Shan) part of the TP is higher than other ranges, all above 4300 kg m−2, consistent with this, the annual precipitation is above 500 mm and annual mean temperature above 4 °C in the south. Besides Altun Shan, the temperature of the mountains with water vapor content lower than 2242 kg m−2 is below 0 °C. On the whole, the annual water vapor content on the TP has a high correlation with temperature and annual precipitation at 0.88 and 0.72 respectively. The correlation between temperature and water vapor content is higher than 0.7 in all mountains except Nyainqentanglha (0.48), Tanggula Shan (0.46), and Karakoram (0.53), with the highest correlation (0.95) occurring in Kangri Garpo. The correlation between precipitation and water vapor content is above 0.53 for all mountains excluding Karakomam (0.31), Kunlun Shan (−0.29), Altun Shan (−0.42), Qilian Shan (0.40), and Tian Shan (0.005).






4. Conclusions and Discussion


Based on radiosonde stations data, comprehensive assessment of water vapor content on the TP and surrounding areas derived from satellite datasets, reanalysis datasets, and weighted ensemble data was performed in the context of spatial and temporal distribution at the annual and seasonal scale while exploring the interaction between water vapor content and temperature and precipitation using EOF. The results indicated that: Annual and seasonal water vapor content decrease from the southeast to the northwest over the TP. Compared with AIRS-only and MERRA2, ERA-5 is recommended to reproduce the spatial distribution of water vapor content in the TP. In terms of time scale, water vapor content showed an increasing trend over the last 50 years, which was consistent with the background of global warming and humidification. Seasonal differences of water vapor content are obvious, with the largest water vapor content appearing in summer, followed by spring and autumn, and the smallest in winter. In general, all of the products can capture the temporal variation of water vapor content on the TP and the surrounding areas, with MERRA2 being more reliable in capturing water vapor content throughout the time series. Weighted ensemble data is more capable of capturing water vapor content characteristics than simple unweighted products. Both precipitation and temperature decrease from southeast to northwest over the TP. The results of EOF analysis show that there is a close relationship between the water vapor content and temperature and precipitation. The highest correlation between water vapor content and temperature and precipitation occurs in the southern part of the TP.



The conclusions of this paper are generally consistent with the results of previous studies (Table 4). In terms of content, this paper not only reflects the ability of reanalysis and satellite products to reproduce water vapor content, but also describes the characteristics of water vapor content at different time scales and different spatial distributions, and explores the interaction mechanism between water vapor content and meteorological elements. For the TP, which lacks long-term observation data, it is important to effectively evaluate the strengths and weaknesses of various datasets for reproducing water vapor content. Our analysis provides basic information on the level of accuracy for each product. However, the number of products used in this paper is limited, and the datasets need to be supplemented later to explore the characteristics of water vapor content change more comprehensively. Although the R between the ERA-5, MERRA2, weighted ensemble data and radiosonde stations data is high, the bias and RMSE remain large. Therefore, the way to improve the water vapor content simulation needs further study over the TP and surrounding areas.



The relationship between water vapor content and meteorological elements on the TP was initially explored. The warming rate of the TP region (0.4 °C/10 a) was almost three times faster than the global average warming rate [33,43,44]. There was an overall upward trend in precipitation on the TP [45,46,47]. Water vapor, which not only reflects solar radiation, but also absorbs terrestrial long-wave radiation, is the most dominant component of greenhouse gas, 60% of the greenhouse effect is formed by water vapor, which is much more than the sum of ozone and carbon dioxide combined [48,49,50]. The increased evaporation caused by climate warming leads to more water vapor in the atmosphere, which in turn strengthens the greenhouse effect, thus exacerbating climate warming. Precipitation is formed from two main sources of water vapor, one by external water vapor transport and the other by local evaporation while the material basis of precipitation, the intensity of water vapor transport, and the evaporation capacity have a direct bearing on the quantity and frequency of precipitation. Therefore, water vapor content and temperature and precipitation have an apparent positive feedback regulation.



There are negative correlations between water vapor content and precipitation in some mountain ranges, such as Kunlun Shan, Altun Shan. It can be said that precipitation is a complex process that requires three conditions to be fulfilled: sufficient water vapor, dynamic uplift, and unstable energy. The topography of each mountain range on the TP is complex, thus water vapor content is not the only factor affecting precipitation. Li et al. [51] researched the Western Tibetan vortex and found deeper anticyclonic and cyclonic wind anomalies in winter and summer due to warmer (cooler) near-surface and mid-lower troposphere temperatures of the Karakorum, indicating that the Western Tibetan Vortex is one of the main drivers of precipitation variability on the northern side of the TP. Further research is needed to fully reveal the underlying causes of this phenomenon. On this basis, a comprehensive study of the water vapor transport, evapotranspiration, and precipitation recycling rates of TP is an urgent requirement to further understand the atmospheric process of the TP water cycle.





[image: Table] 





Table 4. Comparison of the accuracy and content of different water vapor products (↑ indicates an increasing trend in water vapor content).






Table 4. Comparison of the accuracy and content of different water vapor products (↑ indicates an increasing trend in water vapor content).





	
Period

	
Datasets

	
Measured Data

	
R

	
Bias (kg m−2)

	
RMSE (kg m−2)

	
Spatiotemporal Variation of Water Vapor

Content (kg m−2)

	
References






	
2003–2012

	
Satellite

	
radiosonde stations data

	
0.85–0.87

	
−1.55–−1.58

	
2.05–2.07

	
interannual: JRA55, ERA-I, MERRA2, CFSR;

annual cycle: ERA-I;

2–12;

	
Zhao et al. (2020)




	
reanalysis

	
0.72–0.91

	
−1.78–−1.15

	
1.34–2.12




	
ensemble

	
0.87

	
−1.53

	
1.86




	
2007–2013

	
Satellite

	
GPS stations data

	
0.74–0.93

	
−1.84–3.52

	
1.83–4.06

	
AIRS Level-2;

	
Wang et al. (2017)




	
reanalysis

	
0.87–0.9

	
0.72–1.49

	
2.19–2.35




	
1979–2014

	
ERA-Interim

	
radiosonde stations data

	

	
−0.03

	
0.50

	
ERA-I;

5–10;

Annual (16%/10a) ↑; spring, summer, autumn ↑;

winter (no changes)

	
Yao et al (2016)




	
2001

	
MOD05_L2

	
GPS stations

	
0.9

	

	
0.18

	
Annual: southeast:3–30; other regions:2–20February: 2–6; April: 3–8; July: 8–20

	
Liang et al. (2006) [52]




	
2004

	
AIRS

	
radiosonde stations data

	
500 hpa: 0.9

250 hpa: 0.8

	

	
500 hpa: 0.5–1205 hpa: 0–2

	
AIRS: recommended in the annual and summerNovember to March: 7; June to September: 8–50

	
Zhan et al (2008)




	
1979–2012

	
9 reanalysis

	
radiosonde stations data

	
0.96–0.98

	
−60%–20%

	
2–6

	
Underestimate about 60%

1–20;

Annual: (0.1/10a–0.6/10a) ↑

	
Zhao et al. (2015) [53]




	
1979–2008 (summer)

	
14 radiosonde stations

	

	

	

	

	
5–19;

EOF interpretation variances:

First mode: 63.03%; second mode:16.13%

	
Zhou et al. (2011)




	
1979–2008 (summer)

	
14 radiosonde stations

	

	

	

	

	
7–18;

Annual: ↑

Mann-Kendall: 1994(mutate)

	
Han et al (2012) [54]




	
NCEP/NCAR

	

	

	

	




	
2000–2010

	
ERA-Interim

	

	

	

	

	
Monsoon season:10.9 ± 5.9;

non-monsoon: 3.5 ± 2.9;

	
Lu et al (2015)




	
MODIS

	

	

	

	




	
1984–2009

	
AIRS

	

	

	

	

	
AIRS/AMSU;

January to December: 2–12, largest on July(12)

warm: 7–12; cold: 2–5.5

	
Zhang et al. (2013)




	
NVAP
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Figure 1. The topography on the Tibetan Plateau and its surroundings. 
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Figure 2. AIRS-only, ERA-5, MERRA2, and weighted ensemble data on annual mean water vapor of the TP and surrounding areas from 2003 to 2017 (unit: kg m−2). AIRS-only (a), ERA-5 (b), MERRA2 (c), weighted ensemble data (d). (Dots and related numbers represent biases compared to radiosonde stations data, red dots denote positive biases, and yellow dots denote negative biases, their RMSE are printed on the top-right of each panel). 






Figure 2. AIRS-only, ERA-5, MERRA2, and weighted ensemble data on annual mean water vapor of the TP and surrounding areas from 2003 to 2017 (unit: kg m−2). AIRS-only (a), ERA-5 (b), MERRA2 (c), weighted ensemble data (d). (Dots and related numbers represent biases compared to radiosonde stations data, red dots denote positive biases, and yellow dots denote negative biases, their RMSE are printed on the top-right of each panel).
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Figure 3. AIRS-only, ERA-5, MERRA2, and weighted ensemble data on seasonal mean water vapor content of the TP and surrounding areas from 2003 to 2017 (unit: kg m−2). spring (a1–d1), summer (a2–d2), autumn (a3–d3) and winter (a4–d4). 






Figure 3. AIRS-only, ERA-5, MERRA2, and weighted ensemble data on seasonal mean water vapor content of the TP and surrounding areas from 2003 to 2017 (unit: kg m−2). spring (a1–d1), summer (a2–d2), autumn (a3–d3) and winter (a4–d4).
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Figure 4. Annual and seasonal changes of water vapor content between AIRS-only, ERA-5, MERRA2, weighted ensemble, and radiosonde data in the TP and surrounding areas for the period of 1980–2019 (unit: kg m−2). (p < 0.01 indicates trends passing the 99% significance test). spring (a), summer (b), autumn (c), winter (d), and annual (e). 






Figure 4. Annual and seasonal changes of water vapor content between AIRS-only, ERA-5, MERRA2, weighted ensemble, and radiosonde data in the TP and surrounding areas for the period of 1980–2019 (unit: kg m−2). (p < 0.01 indicates trends passing the 99% significance test). spring (a), summer (b), autumn (c), winter (d), and annual (e).
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Figure 5. Annual mean precipitation (a) and temperature (b) spatial distribution in the TP and surrounding areas from 2003 to 2017 (unit: precipitation mm, temperature °C). 
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Figure 6. EOF analysis (the first two modes of EOF): water vapor content (a,d,g,j), temperature (b,e,h,k), precipitation (c,f,i,l) from 2003 to 2017. 
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Figure 7. The distribution of water vapor content, temperature, and precipitation in 15 main mountain ranges on the TP and surrounding areas from 2003 to 2017, analyzing the correlation between water vapor and temperature and precipitation (unit: water vapor content kg m−2, temperature °C, and precipitation mm). 
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Table 1. Information about the datasets in this study.
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	Source
	Time Range
	Horizontal Resolution





	AIRS-only
	NASA
	2003–2017
	1° × 1°



	MERRA2
	NASA
	1980–2019
	0.5° × 0.625°



	ERA-5
	ECMWF
	1980–2019
	0.75° × 0.75°



	Radiosonde
	China Meteorological Science Data Center
	1980–2013
	27 stations data



	Gauge V3.0
	China Meteorological Science Data Center
	1980–2019
	157 stations data



	TRMM
	NASA
	1998–2019
	0.25° × 0.25°
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Table 2. R, bias (kg m−2) and RMSE (kg m−2) for each product on annual and seasonal time basis relative to the measured data from the radiosonde stations.
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Annual

	
Spring

	
Summer

	
Autumn

	
Winter






	
AIRS-only

	
R

	
0.94

	
0.96

	
0.88

	
0.94

	
0.97




	
bias

	
−0.05

	
0.02

	
−0.07

	
−0.07

	
−0.02




	
RMSE

	
2.38

	
1.74

	
4.58

	
2.79

	
1.13




	
ERA-5

	
R

	
0.97

	
0.97

	
0.95

	
0.97

	
0.98




	
bias

	
−0.04

	
0.09

	
−0.06

	
−0.04

	
−0.05




	
RMSE

	
1.74

	
5.27

	
3.06

	
2.04

	
0.97




	
MERRA2

	
R

	
0.96

	
0.97

	
0.93

	
0.96

	
0.98




	
bias

	
0.04

	
0.05

	
0.05

	
0.02

	
−0.01




	
RMSE

	
1.92

	
1.60

	
3.34

	
2.12

	
1.04




	
weighted ensemble data

	
R

	
0.96

	
0.97

	
0.94

	
0.96

	
0.97




	
bias

	
−0.01

	
0.02

	
−0.03

	
−0.03

	
−0.03




	
RMSE

	
1.88

	
1.61

	
3.20

	
2.17

	
1.09
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Table 3. Annual and seasonal scale weighting coefficients of AIRS-only, ERA-5, MERRA2.
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	Annual
	Spring
	Summer
	Autumn
	Winter





	AIRS-only
	0.30
	0.61
	0.27
	0.18
	0.30



	ERA-5
	0.36
	0.14
	0.34
	0.27
	0.12



	MERRA2
	0.34
	0.25
	0.39
	0.55
	0.58
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