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To study the variation trend of potential evapotranspiration (PET) in the Three-River Headwaters (TRH) region of the Qinghai-Tibet Plateau in China, we use 2-m temperature and surface pressure observation data from 14 meteorological weather stations in the TRH region, and the surface PET is calculated by the Penman-Monteith formula. The global land surface data assimilation system from 2000 to 2018 were used to compare and verify the accuracy and applicability of the calculated PET in the THR region. The results show that in the past 20 years, the PET of 14 weather stations in the TRH region has shown an increasing trend, with annual averaged growth rate of 1.4 ± 1.2 mm·a−1, and the spatial distribution of the annual variation rate of PET has obvious difference. PET is higher in the eastern area of TRH region, and lower in the western area. The drought in this area increased from southeast to northwest, which was consistent with the spatial distribution of precipitation. The aridity index K has fluctuated and increased before 2015, but there was a sudden change in 2018, and the aridity index K in the TRH began to decline after 2018, and the climate changed from dry to wet.
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INTRODUCTION
The Qinghai-Tibetan Plateau (QTP) and the adjacent high mountain regions of the Himalayas play an important role in the global climate dynamic through its impact on the Asian monsoon system, which in turn is impacting the water resources of this extremely vulnerable region (Krause et al., 2010). The QTP is in southwest China, which is known as the “roof of the world.” The unique regional combination of water and heat makes it change from dry and cold in the northwest to warm and wet in the southeast (Li et al., 2010). In the past 50 years, the annual averaged temperature in the QTP has increased significantly higher than that of the whole country, and the phenomenon of ecological degradation and reduction of water resources has become more serious (Ding et al., 2019), which has caused an inestimable impact on local and even the country’s economic and social development. A series of changes have taken place in the ecological environment of the plateau in recent years. The surrounding glacier mountain of the QTP has shrunk by 15% and the permafrost has decreased by 16%; the number of lakes larger than 1 km2 has increased from 1,081 to 1,236, and the lake area has increased from 40,000 km2 to 47,400 km2, and all the runoffs show an increasing pattern (Liu et al., 2019).
As the “Asian Water Tower,” the Three-River Headwaters (TRH), which contains 25% water of the Yangtze River, 49% of the Yellow River, and 15% of the Lancang River, is an important water source for China and east Asia. The exchange of energy and water between the atmosphere and the land surface plays an important role in regional water resources dynamics and climate change (Xu et al., 2008a). The topography of the TRH region is complex, with a wide variety of underlying surfaces, including glaciers, lakes, frozen soil, and vegetation (Kang et al., 2010). Global warming changes the energy and water cycle of the underlying surface through evaporation, precipitation, and changing soil moisture, and the changes of energy and water cycles on different underlying surfaces are very sensitive to the response of global climate change (Liu and Chen, 2000). Wang et al. (2020) combined meteorological and satellite data to explore the average evaporation of 75 lakes on the QTP from 2003 to 2016. The lakes evaporation showed great variation in spatial distribution, and the evaporation was higher in the south of the plateau. Changes in the spatial distribution of precipitation play an important role in determining the response of runoffs to precipitation in the source area (Zhou and Huang, 2012). Gravity Recovery and Climate Experiment data shows that the water storage in the TRH area increased by an average of 0.5 mm per month from 2003 to 2008, indicating that the water storage capacity of the source area has increased significantly, but the overall water utilization rate has shown a downward trend (Xu et al., 2013). At the same time, under future climate scenarios, total precipitation and extreme precipitation values in the TRH will also increase with interannual changes (Team, 2007; Hu et al., 2013a).
Potential evapotranspiration (PET) refers to the maximum evapotranspiration that can be achieved on the land surface under certain meteorological conditions when the water supply is not restricted (Milly and Dunne, 2016; Valipour, 2017). As an important part of hydrological cycle and energy cycle, together with precipitation, it determines the regional dry and wet conditions (Gu et al., 2017), which plays an important role in the global water cycle and climate evolution. The wind may have weakened water vapor exchange between the Asia monsoon region and the Plateau and thus led to less precipitation in the monsoon-impacted southern and eastern Plateau, but the warming enhanced land evaporation. Their overlap resulted in runoff reduction in the southern and eastern Plateau regions (Yang et al., 2014). The simulation results of Coupled Model Intercomparison Project 5 indicate rising temperature to cause the ablation of ice (or snow) cover and increasing leaf area index, with reduced snowfall, together with a series of other changes, resulting in increasing upward and downward long-wave radiation and changes in soil moisture, evaporation, latent heat flux, and water vapor in the air (Li et al., 2014). Chen et al. (2006) has analyzed Penman-Monteith PET estimates for 101 stations on the QTP and surrounding areas from 1961 to 2000, and found that the PET has decreased in all seasons in the whole QTP. The average annual evapotranspiration rate decreased by 13.1 mm·decade−1 or 2.0% of the annual total. In recent years, many researchers focus on the characteristics of climate change in the TRH Region, and found that the near surface temperature from meteorological stations has gradually increased in recent decades. Under the global warming background, affected by greenhouse gases, the warming trend of the TRH Region will continue in the future (Lan et al., 2010; Hu et al., 2013b). The spatial distribution characteristics of temperature in this region is: the temperature gradually increase from west to east and from south to north, and the precipitation in the TRH region Will increase (Hu et al., 2013a).
At present, there are nearly 50 methods or models used to estimate PET in the world, which can be divided into the following four categories (Singh and Xu, 1997): 1) temperature method; 2) mass transfer method; 3) radiation method; 4) comprehensive method. Since the 1990s, many studies have been carried out on the applicability of PET, focusing on more than a dozen commonly used methods for estimating PET. In practical applications, less than ten kind of methods for estimating PET (Shi et al., 2008; Valipour, 2014). Tabari et al. (2013) and Valipour et al. (2017) evaluated the estimation effects of the three types of PET estimation methods including mass transfer method, radiation method and temperature method. They found that the radiation method has the best estimation, followed by the temperature method, and the mass transfer method is inferior, which is consistent with the conclusions of most studies.
In this paper, the Food and Agriculture Organization (FAO) Penman-Monteith method was chosen as the standard method to estimate PET because it was very close to PET of short grass (Allen et al., 1989; Pereira et al., 2002; Xing et al., 2008). This method is physics-based and explicitly combines physiological and aerodynamic parameters. In some cases, the lack of input variables limits the use of this methods. On this point, Allen et al. (1989) was developed procedures for estimating missing climate parameters such as net radiation, vapor pressure deficit and wind speed and these procedures need to be evaluated in different countries and regions to test their feasibility (Stöckle et al., 2004; Popova et al., 2006; Jabloun and Sahli, 2008). Li et al. (2012) used the evapotranspiration model to evaluate the annual average PET in alpine regions, analyzed the response of annual evapotranspiration to land use changes, and used the Vegetation Temperature Condition Index to modify the plant effective water coefficient (w). The results show that the relative error between the simulated ET and calculated by using water balance equation is 3.81%, and the consistency index is 0.69. Zhang et al. (2007b) examined Penman-Monteith evapotranspiration and 20-cm pan evaporation using 75 meteorological stations data on the Qinghai-Tibet Plateau from 1966 to 2003, and found that during the period 1966 to 2001, the reference evapotranspiration and pan evaporation decreased by 47% and 38%, respectively. Although the temperature in most stations increased significantly (P < 0.05), wind speed and sunshine hours were significantly reduced (P < 0.05). Gu et al. (2008) used the vorticity covariance method to analyze the evapotranspiration of meadows on the Qinghai-Tibet Plateau from 2002 to 2004. The annual precipitation changed greatly, with 554, 706, and 666 mm·a−1 in three consecutive calendar years. The annual ET is 341, 407, and 426 mm·a−1. The annual ET is constant at about 60% of the annual precipitation. During the growing season from May to September, about 85% of ET occurs, and the average ET during this period was 1.90, 2.23, and 2.22 mm·d−1 for three consecutive years. However, during the non-growing season from October to April, the average ET is very low (<0.40 mm·d−1).
Many studies have pointed out that since the 1990s, the climate of the TRH region in the QTP has been warming, and the dry and wet conditions have changed significantly, these characteristics are more prominent after the 21st century (Jin et al., 2004; Liu et al., 2008; Xu et al., 2008b; Zhang et al., 2011). However, most of the current research has focused on the beginning of the 21st century, and there are few analyses on the changes over the past decade. Therefore, it is necessary and urgent to study the characteristics of energy and water cycle changes in the TRH region.
OVERVIEW OF THE STUDY AREA
The TRH region is in the southern part of Qinghai Province, the hinterland of the QTP, which generally refers to the area between 89°–103°E and 31°–36°N, with a total area of 325,000 km2 (Li et al., 2012). Most areas are at least 4,000 m above mean sea level, with the high terrain and the cold climate. The average annual temperature is between −5.4 and 4.2°C. The annual precipitation gradually decreases from 770 mm·a−1 in the southeast to 260 mm·a−1 in the northwest, so the climatic showed significant regional differences (Xiong et al., 2019). Alpine meadows and alpine grasslands are the main vegetation types in TRH region (Liu et al., 2008). TRH region is a typical ecological and climatic transition zone, with surface vegetation sensitive to climate change and responsive rapidly (Zhang et al., 2007a).
DATE AND ANALYSIS METHODS
Global Land Data Assimilation System (GLDAS) is a global land surface data assimilation system jointly developed by National Aeronautics and Space Administration and National Oceanic and Atmospheric Administration. GLDAS is unique in that it is a global, high-resolution, offline modeling system that combines land surface and satellite observations. GLDAS includes five land surface models: The Community Land Model, NOAH, Mosaic, Variable Infiltration Capacity, and Catchment land surface models (Rodell et al., 2004; Reichle and Koster, 2005). GLDAS data is used in this paper because it has advantages. Firstly, GLDAS is a global land assimilation data system with a higher spatial and temporal resolution (0.25° × 0.25° and 3 h). Secondly, GLDAS is a grid data generated by the offline land surface models, which are driven by observational data. The biases in atmospheric model-based forcing can be avoided and by employing data assimilation techniques, observations of land surface states can be used to curb unrealistic model states (Rodell et al., 2004). The GLDAS output including soil temperature, moisture, latent heat flux, sensible heat flux, ground heat flux, and upward/downward radiation. The assimilation results of land surface data generated by surface variables such as precipitation and latent heat flux may be more applicable in the QTP. GLDAS can provide effective and efficient support to various types of continuous high resolution data sets and has accordingly gained wide applications in numerous fields, such as climate change research (Trenberth and Guillemot, 1998). In this paper, the GLDAS derived monthly products with 0.25° spatial resolution with NOAH models are used to compare with observations in this paper. The GLDAS gridded results is interpolated from the grid scale to the point scale to match the in-situ observations. The bilinear interpolation method has been used to interpolate from a rectilinear grid to an unstructured grid (https://www.ncl.ucar.edu/Document/Functions/Built-in/linint2_points.shtml). This interpolation method has been proved to be reliable and wildly used to simulate the QTP climate (Gao et al., 2015), the Heihe River Basin (Pan et al., 2012), India (Kumar et al., 2017), in Europe (Giannaros et al., 2013) and other parts of the world. More details about this gridded data can be found at https://ldas.gsfc.nasa.gov/gldas/gldas-get-data.
In order to study the spatial and temporal distribution characteristics of the energy-water cycle of the TRH, the observation data used are “Surface Daily Climate Data in China” from the China Meteorological Administration. The observation data used in this study include daily near surface 2-m temperature (°C), surface pressure (hPa), relative humidity (%), wind speed (m·s−1) of 14 weather stations [Wudaoliang (WDL) and Tuotuohe (TTH), Qumalai (QML), Zhiduo (ZD), Nangqian (NQ), Qingshuihe (QSH), Yushu (YS), Maduo (MD), Xinghai (XH), Dari (DR), Henan (HN), Jiuzhi (JZ) and Guoluo (GL)] from January 2000 to December 2018. The locations of these weather stations are shown in Figure 1. These data are subjected to quality control and inspection by the China Meteorological Administration prior to use (Zhao et al., 2014).
[image: Figure 1]FIGURE 1 | Scope of the source regions of Three-River Headwaters (TRH) and location of weather stations (unit: m).
At present, there are dozens of drought indexes commonly used all over the world, such as Standardized precipitation index (SPI) (Zarch et al., 2015), Reconnaissance drought index, Palmer Drought Severity Index (Vicente-Serrano et al., 2010b), Z index (Karl, 1986), meteorological comprehensive drought index (Jia et al., 2018), etc. Standardized precipitation index has a wide range of applications due to its multiple time scales, and has become one of the operational drought monitoring indicators in many countries and regions. Palmer Drought Severity Index comprehensively considers rainfall, soil moisture, evapotranspiration, runoff and other information, and combining surface dry and wet conditions and moisture abnormalities to monitor drought (Vicente-Serrano et al., 2010a). The common feature of these comprehensive drought indexes is that they require more data and are complicated to calculate. The drought index K is defined as the ratio of evaporation to precipitation (Ghulam et al., 2007), which has been recommended by the FAO (Fu and Feng, 2014) and has seen widespread used by the United Nations educational, scientific and cultural organization, Global environment monitor system , Global resource information database and Desert cure and prevention activity center. When there is less precipitation and more evaporation, the K value is higher, indicating more arid, and vice versa. Since the K is a univariate drought index, the advantage is that it requires less data to calculate, and has a clear meaning. In order to simply represent the relationship between precipitation and evaporation in TRH region, aridity index K is adopted in this paper.
Firstly, we use the Penman-Monteith method (Allen et al., 1998) to calculate the PET in the TRH area from 2000 to 2018, and compare with GLDAS products. Secondly, the PET variation trend in four seasons of 14 weather stations in the TRH region has been analyzed. Finally, we use the precipitation and latent heat flux data of GLDAS to analyze the regional distribution characteristics of precipitation and PET in the TRH region from 2000 to 2018, and use the Manner-Kendall non-parametric test method (Libiseller and Grimvall, 2002; Yue and Wang, 2004) to evaluate the variation trend of PET, precipitation, and aridity index K.
The following FAO Penman–Monteith method have been chosen for this research because of their wide acceptance for estimating PET in many regions (Cai et al., 2007):
[image: image_1.gif]
where PET is the daily potential evapotranspiration (mm·d−1), Δ is the slope of the water vapor curve (kPa·°C−1), Rn is the net solar radiation at the surface (MJ·m−2), G is the soil heat flux density (MJ·m−2), γ is the thermometer constant (0.66 kPa·°C−1), T is 2-m air temperature (°C), U2 is the 2-m wind speed, es is the saturated water vapor (kPa), and ea is the actual water vapor (kPa). The Rn is calculated as follow:
[image: image_2.gif]
Ra is the incoming solar radiation (MJ·m−2·d−1), a and b are empirical coefficients (a = 0.4 and b = 0.5). Since the empirical coefficient recommended by FAO has a large error from the measured value, Zhou et al. (2014) to fit the a and b values using the observed radiation data from Qinghai Province. In this paper, we use this empirical coefficient making the calculation results more applicable in the TRH region. n is the actual sunshine duration (h), and N is the maximum possible sunshine duration (h). σ is Stefan-Boltzmann constant for a day (4.903 × 10−9 MJ·K−4·m−2·d−1), Tmax,K and Tmin,K are the maximum and minimum 2-m air temperature (K).
RESULT
Temporal and Spatial Variation Characteristics of Potential Evapotranspiration in the Three-River Headwaters Region
Since the 21st century, the calculated PET of 14 weather stations in the TRH region has shown an increasing trend, with annual average growth rate of 1.4 ± 1.2 mm·a−1. Chi-square (χ2) test (McHugh, 2013) was used to test the increasing trend of PET from 2000 to 2018, and it was found that the PET shows a statistically significant upward trend in QML (Z = 4.07, p = 0.043) and GL (Z = 7.05, p = 0.008), respectively, and the growing rate in GL, reaching 3.4 ± 1.0 mm·a−1, and the following 2.3 ± 1.0 mm·a−1 in QML, respectively. The PET shows a decrease trend in XH and YS, and the annual average descent rate of −1.5 ± 1.4 and −0.6 ± 1.6 mm·a−1, respectively. In the other weather stations, the increasing trend of PET had no statistical significance, and not passed the significance chi-squared-test (p > 0.05). Many studies have indicated that the change of PET is positively correlated with temperature (Taconet et al., 1986; Trajkovic, 2005). The increasing trend of PET in the TRH region may be related to the significant increase in temperature in recent decades, and the increase rate of temperature in the TRH region is obviously higher than the global averaged increase rate (Duan et al., 2006) (Figure 2).
[image: Figure 2]FIGURE 2 | The annual variation of potential evapotranspiration (PET) with 14 weather stations in the TRH from 2000 to 2018.
Figure 3 shows the spatial distribution of PET based on the observation data of 14 weather stations in different seasons and annual averaged values in TRH region. The value of PET in all weather stations is higher in spring and summer, but lower in autumn and winter. The PET has obvious regional difference with seasonal change. The PET in the eastern area of the TRH is higher, while in the western area is lower in all seasons. In spring and summer, the XH and GL weather station, located in the eastern part of TRH region, has a higher value of PET over 350 mm·m−1, and less than 150 mm·m−1 in winter. In the western part of TRH region, the value of PET in WDL and TTH is lower all over the year, reaching about 200 to 300 mm·m−1 in summer and below 100 mm·m−1 in winter.
[image: Figure 3]FIGURE 3 | PET variation trend in four seasons and annual mean of 14 weather stations in the TRH region. (A) MAM, (B) JJA, (C) SON, (D) DJF, and (E) annual mean.
In general, in the TRH region, the local climate is a typical plateau mountain climate, which is also a typical plateau continental climate, showing seasonal alternating cold-hot and dry-wet alternating (Cheng and Wu, 2007). We use the Penman-Monteith method to estimate the average annual PET is 1,107.1 mm·a−1 in TRH region, and the spatial distribution has obvious regional differences. PET is higher in the eastern area of the TRH region, while lower in the western and southern area. PET ranges from 799.9 mm·a−1 (ZD) to 1,352.6 mm·a−1 (NQ) throughout the year. The areas with higher PET are in XH, YS, NQ and BM with annual mean value above 1,200 mm·a−1, and in the western area, the PET is approximately 960 mm·a−1 in WDL. The PET reaches the highest value in summer, while in winter is the lowest throughout the year. The multi-year averaged PET and its spatial distribution characteristics are consistent with the results calculated by Zhou et al. (2014).
Comparison and Verification of Potential Evapotranspiration With Global land Surface Data Assimilation System Output
Due to the sparse weather stations in the QTP, it is difficult to analyze the PET accurately in the entire TRH region. Therefore, it is necessary to use the high spatial and temporal resolution numerical model data to analyze the PET in this region. We have compared and verified the calculated monthly PET of the 14 weather stations with the GLDAS simulations in the TRH region, and the error statistics is listed in Table 1. Based on verifying the applicability of GLDAS data, the precipitation, evaporation, and the aridity index K in TRH region are analyzed and discussed in detail by using the high spatial resolution GLDAS data.
TABLE 1 | RMSE, bias and correlation coefficient (r) of PET between calculated monthly averaged value and GLDAS simulations in the TRH region.
[image: Table 1]Figure 4 shows the comparison between calculated PET using the Penman-Monteith method and GLDAS products from 2000 to 2018. Four weather stations of XH, QML, YS, and GL were selected to represent the eastern and central area of the TRH region. It can be seen from Figure 4 that the calculated PET is in good agreement with simulated GLDAS values, which can reflect the annual change trend. The peak value of calculated PET in summer is about 6 mm·d−1, while the peak value of GLDAS products can exceed 8 mm·d−1 at most, and it is below 1 mm·d−1 in winter. This indicates that the evaporation on the underlying surface is intense in summer, the water vapor exchange between land and atmosphere is sufficient, and the atmosphere-land interaction is obvious. However, due to the low temperature in winter, the saturated water pressure in the atmosphere is low, and the water vapor content is less in the atmosphere, which lead to a lower PET. It can be seen from the scatter plots that the value of PET in GLDAS simulations is almost higher than the calculated throughout the year, and most of the scattered points are distributed on the upper left of the 1:1 line, indicating that the results of GLDAS are higher throughout the year.
[image: Figure 4]FIGURE 4 | Comparison of calculated daily average PET and Global Land Data Assimilation System (GLDAS) simulations from four weather stations in TRH region during 2000–2018.
The root mean square error (RMSE), bias and correlation coefficient (r) of PET between calculated monthly averaged value and GLDAS simulations in the TRH region is show in Table1. The calculated PET from the 14 stations is less than the result of GLDAS, and the Bias is between −0.85 mm·d−1 in JZ and −2.09 mm·d−1 in MD, respectively. The RMSE is between 1.3 mm·d−1 in GL and 2.26 mm·d−1 in MD, respectively. The correlation coefficient ranges between 0.67 and 0.92, and it passes the significance level test of α = 0.05. In general, the calculated PET has a good correlation with GLDAS, but the calculated values are lower than the simulated values of GLDAS, and the entire Bias is negative. The average Bais of 14 stations is −1.5 mm·d−1 and RMSE is 1.8 mm·d−1. The calculated PET annual change trend is basically consistent with GLDAS, and GLDAS data can be used for evapotranspiration analysis in TRH region.
Studies have shown that the annual averaged PET of China from 1971 to 2008 showed a downward trend, mainly due to changes in wind speed and sunshine hours, while variation of relative humidity and temperature contributed little to PET (Zhou et al., 2014). The decrease in wind speed is the main reason for the decrease of annual PET in the northern temperate zone and the Tibetan Plateau (Yin et al., 2010). The reduction of wind speed and the shortening of sunshine time, resulting in an overall decrease in PET. The significant decrease in wind speed corresponds to the decreasing trend of upper-altitude zonal wind and the decrease of pressure gradient (Zhang et al., 2009). We compared and analyzed the monthly averaged wind speed of 14 meteorological stations and GLDAS output in the TRH region from 2000 to 2018, and found that the observation of wind speed at all stations were less than GLDAS output. The wind speed of GLDAS is above 4 m·s−1 in all stations, while the most observation of wind speed is below 2.5 m·s−1, except WDL, XH, TTH, and MD (4.1, 3.6, 3.6, and 2.9 m·s−1, respectively). This may be the main reason why calculated PET is less than GLDAS output in this paper. Due to the lack of observed solar radiation data, it is difficult to analyze the changes of PET caused by the radiation changes in the TRH region. This will be considered to analyze in the future work.
Spatial Distribution of Annual Averaged Precipitation, Potential Evapotranspiration and Aridity Index K of Global Land Surface Data Assimilation System Simulations
The energy-water cycle of the underlying surface is closely related to the atmospheric water cycle and precipitation (Xu et al., 2008a). Based on the evaluation and verification of the GLDAS data in the previous section, the latent heat flux (W·m−2) in the GLDAS output was used to calculate the PET, and then the aridity index K (K is the ratio of PET to precipitation) was calculated from the precipitation. It can be seen from Figure 5 that the distribution of precipitation in the TRH region decreases from southeast to northwest. The southeast area is affected by warm and moist flow. The annual precipitation is about 1,000 mm·a−1, up to 1,236 mm·a−1, and the annual precipitation in the northwest is about 200 mm·a−1. This is related to the influence of the thermal and dynamic effects caused by the terrain height of the atmospheric circulation (Guo et al., 2012). The multi-year averaged trend of the PET is higher in the east and west area (above 1,800 mm·a−1) and lower in the central area (below 1,200 mm·a−1), which is consistent with the distribution of PET calculated by the 14 weather stations in this region using the Penman-Monteith method. The distribution characteristics of aridity index K are: the areas with more annual average precipitation have lower PET, and the index K is inversely related to precipitation. In general, from 2000 to 2018, the northwestern area of the TRH region was dry (K range from 6 to 8), while the southern and eastern area were moist (K below 4). Table 2 shows the annual averaged precipitation, PET, and the aridity index K in GLDAS output and interpolated to 14 weather stations in the TRH region.
[image: Figure 5]FIGURE 5 | Spatial distribution of annual averaged (A) precipitation (unit: mm), (B) PET (unit: mm) and (C) aridity index K (dimensionless) in the TRH region from 2000 to 2018.
TABLE 2 | Annual precipitation, PET and aridity index K from GLDAS output in each weather station.
[image: Table 2]It can be seen from Table 2 that the precipitation can reach 980 mm·a−1 in JZ, which is the highest value in the area. The precipitation is only 290 mm·a−1 in WDL. However, the PET have little difference in the TRH region, between 1,384 and 1,852 mm·a−1. the index K of different stations is inversely related to the precipitation. The K value of WDL is 5.8 and that of JZ is 1.4. This shows that the area with more precipitation have lower PET, while the western area with sparse precipitation have higher aridity index K and higher PET.
Variation Trend of the Annual Precipitation, Potential Evapotranspiration and Aridity Index K of Global Land Surface Data Assimilation System Products
It can be seen from Figure 6A that the average annual precipitation in the TRH entire region shows an upward trend with a higher increase range. This is mainly due to the sharp increase in precipitation in 2018, which is1.5 times of the yearly averaged precipitation. It can also be seen from the non-parametric Mann–Kendall method (M-K) test sequence of precipitation in Figure 6D that the annual precipitation has increased from 2003 to the intersection of the two sequence lines in 2018, that is, mutation occurs. Before 2018, the two sequence lines were within the significance level of α = 0.05. After 2018, the precipitation in the TRH region began to shows an obvious upward trend. As the QTP is significantly affected by climate change, and climate change will lead to changes in the precipitation in the TRH region. Tong et al. (2014) found that after 1990, the climate over the TRH region turned from “Warm-Dry” to “Warm-Wet,” and the average temperature and precipitation increased by 0.91°C and 102 mm, respectively. From 1990 to 2012, the average humidity index increased by 0.06 and showing an upward trend. We can see that these findings are consistent with our results. The PET in the entire TRH region was abrupt around 2001 (Figure 6B), and the statistic symbol (UF) line reached a significant level of α = 0.05 in 2003, and thereafter all showed an upward trend, and reached a significant increase in 2006, 2010, and 2015, respectively, which indicating that the PET has the more obvious increase trend (Figure 6E). From 2000 to 2018, precipitation and PET showed an upward trend, and precipitation increases more significantly, resulting in a downward trend in aridity index K (Figure 6C). The statistic symbol (UF and UB) lines of the index K showed fluctuations before 2010, and abrupt changes occurred around 2018. Since then, the aridity index K in the TRH region has begun to decline (Figure 6F).
[image: Figure 6]FIGURE 6 | Variation trend and the Mann-Kendall test of annual precipitation (A,D), PET (B,E) and aridity index K (C,F) in the TRH region from 2000 to 2018.
CONCLUSION AND DISCUSSION
It is found that the calculated PET is significantly lower than the GLDAS output in the TRH region, and the wind speed observation data of meteorological stations is significantly lower than the wind speed of GLDAS, which may be the main reason why PET is lower than GLDAS. Zhang et al. (2009) studied the annual and seasonal trends of climatic factors of temperature, solar radiation, relative humidity, and wind speed at the Qinghai-Tibet Plateau meteorological station during 1971 to 2004 to determine the PET trend changes. It is found that there is a significant increase in temperature and a significant decrease in wind speed in almost the entire plateau all over the year. In JJA, SON, and MAM, the sunshine duration time decreases significantly in the south of 33°N latitude, and the relative humidity increases significantly in the south of 33°N latitude. The decrease of wind speed is the main reason for the decrease in PET in the northern plateau. Radiation reduction is the main factor in the reduction of summer PET at most sites in the southeastern plateau, which is consistent with the reduction in evaporation in the northern hemisphere, and due to the increase in cloud cover and aerosol concentration in the past 50 years (Roderick and Farquhar, 2002). From 1973 to 2007, the presence of aerosols reduced the visibility of clear sky, leading to global net dimming (Wang et al., 2009). Liu et al. (2004) found that the decrease in solar irradiance (sunshine time) caused by aerosols is most likely the driving force for the decrease in regional evaporation, which is consistent with the research of Ren and Guo (2006). So far, due to the lack of observation data of aerosols in the Tibetan Plateau, it is still difficult to determine the impact of atmospheric aerosols on sunshine duration. However, a recent study showed that in South Asia, the burning of fossil fuels and biomass produces a large number of brown clouds that are a mixture of aerosols (Ramanathan et al., 2007), it may be transported to the Qinghai-Tibet Plateau by the summer monsoon, which has led to a decrease in sunshine time in recent years. Due to the lack of observed solar radiation data, it is difficult to analyze the changes of PET caused by the radiation changes in the TRH region. This will be considered to analyze in the future work.
In this paper, we use the FAO-Penman-Monteith method to calculate the PET in the TRH area from 2000 to 2018, and use the observed surface pressure and 2-m temperature and the calculated PET in the TRH area compare with GLDAS products. Finally, the regional distribution characteristics of precipitation, PET and aridity index K in the TRH area has been analyzed. The main conclusions can be summarized as follows:
(1) From 2000 to 2018, the average annual PET of 14 weather stations in TRH region showed an upward trend, with the annual growth rate of 1.4 ± 1.2 mm·a−1, the upward trend of GL and QML passed the significance chi-squared-test (p > 0.05). The higher increase rate of PET in GL and QML reached 3.4 ± 1.0 and 2.3 ± 1.0 mm·a−1, respectively. The PET shows a decrease trend in XH and YS, and the annual average descent rate of −1.5 ± 1.4 mm·a−1 and −0.6 ± 1.6 mm·a−1, respectively. The annual mean value of PET calculated by the Penman-Monteith method is 1,107.1 mm·a−1 of 14 weather stations in the TRH region, and the spatial distribution has showed regional differences.
(2) PET is higher in spring and summer, but lower in autumn and winter. PET is higher in the eastern area of the TRH region, while lower in the western area. PET ranges from 799.9 mm·a−1 in ZD to 1,352.6 mm·a−1 in NQ. The areas with higher PET are in XH, YS, NQ and BM with annual mean value above 1,200 mm·a−1. The PET reaches the highest value in summer, while in winter is the lowest throughout the year.
(3) The observation of wind speed at all stations were less than GLDAS output. The wind speed of GLDAS is above 4 m·s−1 in all stations, while the most observation of wind speed is below 2.5 m·s−1, except WDL, XH, TTH, and MD (4.1, 3.6, 3.6, and 2.9 m·s−1, respectively). This may be the main reason why calculated PET is less than GLDAS output.
(4) High-resolution GLDAS data were used to analyze the precipitation, PET and aridity index K in TRH. It was found that PET was lower in the southern part of TRH where precipitation exceeded 1,000 mm·a−1. The spatial distribution of aridity index K of the whole area is consistent with the spatial distribution of precipitation. From 2000 to 2018, the index K of the TRH region increased from southeast to northwest gradually. The annual average precipitation and ET showed an upward trend from 2000 to 2018, and the precipitation showed an obvious upward trend after 2018, leading to a downward trend in the aridity index K of the whole region. The M-K test was carried out on precipitation, PET and aridity index K. It is found that after 2003, the average annual precipitation increased gradually, and the abrupt change occurred in 2018. The precipitation has abrupt increase in 2018, which is 1.5 times of the yearly averaged precipitation and the aridity index K also changed abruptly around 2018.
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