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Elevation-dependent changes in reference evapotranspiration due to climate change: The case of the Hengduan Mountains, China
[bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK17][bookmark: OLE_LINK18]Abstract: The Food and Agriculture Organizations’ (FAO) PenmanMonteith reference evapotranspiration (ET0) index is a key parameter in hydrological and meteorological studies. Temporal and spatial variations in ET0 from 1981–2017 were investigated in the topographical rapid change zone in the Hengduan Mountains, China. The results showed a change point around the year 2000 in the area-averaged annual ET0 series. ET0 decreased and increased significantly by 3.103 mm/year (p < 0.05) from 1981–2000 and by 3.591 mm/year (p < 0.05) from 2001–2017, respectively. The contribution analysis shows that reduction in wind speed (WS) was the primary driving force for the decrease in ET0 during 1981–2000 in spring, autumn, and winter, and annually, while net solar radiation (RN) was the dominant force in summer. Reduction in relative humidity (RH) was responsible for the increase in ET0 in all seasons and for the annual scale in 2001–2017. The sensitivity analysis shows that ET0 was most sensitive to RN, followed by RH, and air temperature (TA) was the least sensitive of the variables. The trends of ET0 were found to increase with elevation; we denote this as the elevation-dependence of ET0 changes. The elevation-dependence was also noted for the trends of WS, RH, and RN, with higher elevations showing larger changes in these parameters. In addition, the sensitivities of RN, RH, and TA decreased with elevation, while that of WS increased with elevation. A comprehensive investigation into the trends of these climatic variables and their sensitivities revealed complex trends of ET0 along the elevation gradient, with typical increases with elevation over the annual scale despite the large differences in seasons. A more detailed exploration of the mechanisms causing this pattern is required.
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1 Introduction
Evapotranspiration (ET) is a central component of global hydrological processes (Good, Noone, & Bowen, 2015). As the nexus of water balance and energy balance, ET is the most important indicator reflecting climate change and hydrological processes (W. Wang et al., 2012; S. Xu, Yu, Yang, Ji, & Zhang, 2018). As actual evapotranspiration (ETa) is affected by multiple factors such as the regional climate and underlying surface conditions (Zhang, Ren, Yin, Lin, & Zheng, 2009), ETa is always considered as the most complex component of the global water cycle. However, it is difficult to measure this parameter directly.
[bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK74]Reference evapotranspiration (ET0) denotes the evaporation capacity of the atmosphere at a specific location and time without consideration of crop characteristics and soil factors. ET0 is always considered as an important parameter associated with the calculation of ETa or water balance studies, and it is also an integral input to hydrologic models. Most importantly, ET0 is easy to obtain using routine meteorological data series and mathematical estimation models (Allen, Pereira, & Smith, 1998) The Penman–Monteith method recommended by the Food and Agriculture Organization (FAO) is considered to be the universal standard for ET0 estimation (Allen et al., 1998) and is widely used in areas with different environments (Dong et al., 2019; Xiaomang Liu & Zhang, 2013; S. Xu et al., 2018). Earth has experienced a temperature increase in the past few decades, mainly due to the rise in greenhouse gas emissions, and this trend is likely to continue (IPCC 2014). The evaporation capacity of the atmosphere is expected to increase with global warming (Roderick & Farquhar, 2002). However, ET0 has reportedly declined over most of the world in the past few decades (McVicar et al., 2012), and this finding is known as the “evaporation paradox” (Brutsaert & Parlange, 1998; Roderick & Farquhar, 2002; Xing et al., 2016). Nonetheless, a downward-upward trend in evaporative demand was reported in recent studies (Dong et al., 2019; Jiang et al., 2019; Stephens, McVicar, Johnson, & Marshall, 2018; Xing et al., 2016).
Many efforts have been made to quantify the impacts of climate change on the variation in ET0, but the reason for the same remains a source of debate. Some studies show that the reduction in wind speed (“stilling”) is responsible for the decrease in ET0 (Dinpashoh, Jhajharia, Fakheri-Fard, Singh, & Kahya, 2011; Dong et al., 2019; McVicar et al., 2012; S. Xu et al., 2018), while others consider the decrease in sunshine duration or solar radiation (“global dimming”) to be the predominant factor leading to the decrease in ET0 (Jhajharia, Dinpashoh, Kahya, Singh, & fakheri fard, 2012; Maček, Bezak, & Šraj, 2018; Q. Wang et al., 2015; C.-y. Xu, Gong, Jiang, Chen, & Singh, 2006). The relative importance of the climatic variables affecting ET0 varies spatially and temporally (McVicar et al., 2012). Thus, a comprehensive analysis of ET0 changes and the dominant factors at a regional scale is essential to help us obtain insights into the response of ET0 to climate change.
[bookmark: OLE_LINK75][bookmark: OLE_LINK76]Altitude, one of the most important elements of topography, plays a crucial role in regional meteorology. The trends of certain climatic variables always show elevation-dependent changes. For example, the literature demonstrates that air temperatures experience more violent variations in higher-elevation regions compared to those at lower elevations (Xiaodong Liu, Cheng, Yan, & Yin, 2009; Qin, Yang, Liang, & Guo, 2009), and this phenomenon is called “elevation-dependent warming” (Pepin et al., 2015; Rangwala & Miller, 2012; Yan, Liu, Chen, Kutzbach, & Liu, 2016). Global wind speed (WS) is also reported to experience an elevation-dependent reduction, and WS in higher elevations shows greater changes than that in lower elevations(Guo, Wang, Tian, & Li, 2017; Yang et al., 2011). Moreover, elevation-dependent changes in solar radiation has also been reported. For example, Yan el al. (2016) indicated that higher increases of the net solar flux and net longwave flux at the land surface were found in high elevations compared to lower elevations in the Tibetan Plateau(Yan et al., 2016). However, the response of ET0 to climatic variables with elevation and the sensitivity and contributions of climatic variables to ET0 with altitude remain unclear.
The Hengduan Mountains is situated in the southeast of the Qinghai-Tibet Plateau, the west of the Sichuan Basin, and the northwest of the Yunnan-Guizhou Plateau. The altitude difference exceeds 6000 m over a short horizontal distance, providing the ideal location to explore how ET0 responses to climate change along an elevation gradient. A thorough analysis regarding ET0 and the causes behind the changes to it in the study area will add to the understanding of the water cycle process in this region and provide theoretical guidance for the rational allocation of water resources.
The specific objectives of this study are as follows: (1) to analyze the spatial distribution of seasonal ET0 and annual ET0 in the Hengduan Mountains during 1981–2017, (2) to quantify the respective contributions and sensitivities of climatic factors (particularly the dominant factor) on seasonal and annual ET0 changes, and (3) to explore the response of ET0 to climate change with elevation.
2 Materials and methods 
2.1  Study area
[bookmark: OLE_LINK98][bookmark: OLE_LINK50][bookmark: OLE_LINK53][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK99]The study area is located in the topographical rapid change zone in the Hengduan Mountains (24.24°–34.44°E, 96.79°–104.93°N), covering an area 4.66 ×105 km2. The study area covers the region from the Sichuan Basin to the Yunnan-Guizhou and the Qinghai-Tibet Plateaus, and includes the Minjiang Basin and the middle and lower reaches of the Jinshajiang Basin (Figure 1). The elevation decreases gradually from west to east and from north to south, with the digital elevation model ranging from 252–6921 m. The study area has a complicated topography, resulting in a vertical vegetation and climate belt along the altitudinal gradient. The annual average temperature and annual precipitation were 11.01 C and 864.12 mm, respectively, from 1981–2017 according to the meteorological data. The area with an altitude of less than 1000 m is mainly located at the edge of the Sichuan Basin, in the eastern part of the study area. The Location of the study area is shown in Figure 1. 
2.2 Meteorological data
[bookmark: OLE_LINK24][bookmark: OLE_LINK23][bookmark: OLE_LINK28][bookmark: OLE_LINK56]Daily meteorological data were provided by the National Meteorological Information Center of the China Meteorological Administration (http://data.cma.cn/), and covered the averaged air temperature, maximum air temperature, minimum air temperature, relative humidity (RH), WS at 10 m, sunshine duration. The period from 1981–2017 was examined in this study. The locations and distribution of the meteorological stations are shown in Figure 1. The meteorological stations are well distributed in space and can reflect the climatic characteristics of the study area. 
                                                                                                                                                                                                                                                                                             
2.3 Methods
2.3.1 [bookmark: OLE_LINK46][bookmark: OLE_LINK47]FAO Penman–Monteith Method
The Penman–Monteith method is physically based with both physiological and aerodynamic parameters, and has been recommended as the sole standard for ET0 estimation by FAO. It has also been used in many climate conditions due to its reliability(Dong et al., 2019; Xiaomang Liu & Zhang, 2013; Zhang et al., 2009). The Penman–Monteith is also used in this study to calculate ET0, and. it can be calculated using the following formula:

[bookmark: OLE_LINK3]		   (1)
where ET0 (mm day-1) is the reference evapotranspiration, Δ(kPa ℃-1) is the slope of the saturated vapor pressure related with air temperature, TA (℃) is the mean air temperature, RN (MJ m-2 day-1)is the net radiation, which can be calculated form sunshine duration hour, G (MJ m-2 day-1)is the soil heat flux, γ(kPa ℃-1) is the psychrometric constant, WS(m s-1) is the wind speed at 2 m, which is calculated from the wind speed at 10 m from the meteorological stations, es is the saturation vapor pressure (kPa), ea (kPa) is the actual vapor pressure, (es-ea) (kPa)is the saturation vapor pressure deficit. Details about the calculation can be found from Allen et al. 1998.Statistical analysis
All the climatic variables were spatially averaged across the study area using the Kriging method with a spherical semivariogram based on ArcGIS 10.2 software, given its good performance in meteorological interpolations (C.-y. Xu et al., 2006). Linear least squares regression was conducted to analyze the overall slopes of ET0 and the climatic variables.
2.3.2 Contribution and sensitivity analyses
A simple but effective method was used to calculate the contributions of the four climatic variables (TA, WS, RH and RN) on the changes of ET0. First, four climatic variables were detrended, following which ET0 was recalculated using the detrended data series. The other variables were calculated as per the original data series. The differences between the original and the recalculated ET0 series were regarded as the influence of the variable in question on the changes in ET0.
To fully understand the impact of climatic variables on the ET0 trends, a simple sensitivity analysis was conducted. Five scenarios for each climatic variable were tested using the following formula:

	(2)
where X(t) is the climatic variable, t denotes time, and ΔX = 0, ±10%, or ±20% of X(t).
The new climatic variables for the different scenarios were used to reconstruct ET0 and other variables were calculated as per the original data series The relative changes between the original and recalculated ET0 series were regarded as the sensitivities of the climatic variables to ET0.
3 Results
3.1 [bookmark: OLE_LINK2][bookmark: OLE_LINK1] Spatial–temporal distribution of ET0
The spatial distribution of mean seasonal and annual ET0 from 1981–2017 is shown in Figure 2. The mean annual ET0 was 969 mm/year in the study area, varying from 668–1399 mm/year. Seasonally, the mean values of ET0 for the study area were 290, 316, 216, and 148 mm/year for spring, summer, autumn, and winter, respectively. ET0 increased from west to east, while it appeared to follow the variation in the elevation from north to south. For the whole study area, the highest value occurred in summer, followed by spring, and winter showed the lowest ET0. In the south, however, higher values were observed in spring than in summer.
3.2 Trends of ET0 and climatic variables
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK32][bookmark: OLE_LINK31]According to the results of the moving average trend analysis, the area-averaged annual ET0 did not show a single change in trend from 1981–2017. The ET0 series underwent a sudden change in 2000 (Figure 3); the area-averaged ET0 showed a significant negative trend during 1981 and 2000 (p < 0.05), the slope being −3.103 mm/year. Thereafter, the area-averaged annual ET0 presented a significant positive trend from 2001–2017 (p < 0.05), the slope being 3.591 mm/year.
The results of the trend analysis suggest that most grids (92%) witnessed decreased annual ET0 from 1981–2000. Moreover, 75% of the grids showed significant decreases (p < 0.05) (Figure 4). Ninety-three percent of the total area showed a decreasing trend, with 64% of the total area recording a significant decrease (p < 0.05) during 2001–2017 (Figure 4). It is worth noting that three special regions existed in the study area. Region 1, located in the Sichuan Basin, showed a continuous increase in ET0 during the study period, the slope being 0.588 and 2.345 mm/year from 1981–2000 and 2001–2017, respectively. Regions 2 and 3 experienced a continuous decrease in ET0 throughout the study period. The slopes for Region 2 were −3.357 and −1.741 mm/year from 1981–2000 and 2001–2017, respectively. The corresponding slopes for Region 3 were −1.624 and −0.727 mm/year, respectively.
The annual ET0 time series from 1981–2017 averaged over the whole region is presented in Table 1. ET0 showed different variations for the two periods. For 1981–2000, the area-averaged ET0 presented positive trends in all four seasons and at the annual scale, with slopes of −3.4, −4.371, −1.919, and −2.689 mm in spring, summer, autumn, and winter, respectively. The decrease trends of ET0 for the summer and the annual-averaged value were significant at the 95% confidence level. For 2001–2017, the area-averaged annual ET0 presented a negative trend at the 95% confidence level, the slope being 3.591 mm/year. The results show that the maximum changes in ET0 occurred in summer, the slopes being −4.371 and 5.47 mm/year for 1981–2000 and 2001–2017, respectively. The changes in ET0 were at their lowest in autumn, the slopes being −1.919 and 2.828 mm/year from 1981–2000 and 2001–2017, respectively.
In order to analyze the main causes for the ET0 trends, same trend analysis was also performed on the major climatic factors used to calculate ET0, namely Ta, WS, RH, and RN. The results of the trend analysis are shown in Table 1. The four climatic variables showed totally different trends in both periods. The area-averaged annual values for WS showed a significant negative trend from 1981–2000, but a significant positive trend was noted from 2001–2017, the slopes being −0.024 and 0.011 m/s, respectively. RH showed completely opposite trends in the two periods, with significant positive and negative trends for 1981–2000 and 2001–2017, respectively, and the maximum change was observed in winter, the slopes being 0.197% and −0.274%. TA showed positive trends in both periods, and the slope for 1981–2000 was larger than that for 2001–2017. Specifically, the greatest warming occurred in autumn for both periods.
Overall, the analysis indicates that the trends of the climatic variables varied temporally, and a sudden change occurred around 2000, although both the warming and the dimming was continuous throughout the whole period. The negative trend for WS and the positive trend for RH were observed before 2000, and opposite trends were noted for WS and RH after 2000.
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16]To test the sensitivity of the elevation-dependent changes in ET0 and the four climatic variables, the trends of the four variables were regressed with elevation for 1981–2000 and 2001–2017 (Table 2). The averaged values of pixels within each 100 m elevation interval was calculated before calculation (The same process was used in Figure 8 and Figure 10). Larger climatic changes are found in high-elevation areas, such as reductions in WS and RN, a rise in RH. For TA, however, high elevations experienced larger increases and lower increases from 1981–2000 and 2001–2017, respectively, compared to low elevations. The linear regression coefficients between the ET0 trend and elevation for 1981–2000 were found to be −0.185, −0.324, −1.123, −0.521, and −0.595 mm/year/km in spring, summer, autumn, winter, and on the annual scale, respectively. The corresponding coefficients for 2001−2017 were 0.304, 0.281, −0.334, 0.564, and 0.304 mm/year/km.
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK49]Using the results of the linear regression coefficients between the variables and elevation, it follows that elevation-dependence is responsible for the changes in ET0 and the climatic variables of WS, RN, and RH in the past few decades. In addition, elevation-dependence of TA was not observed in this region.
3.3 Contribution of climatic variables to ET0 changes
3.3.1  Area-averaged ET0
To quantify the impacts of meteorological variables on ET0 changes, ET0 was recalculated using the detrended climatic variables The annual original climatic variables, the detrended data series, and their trends are presented in Figure 5. The trends of the observed time series could be identified and removed after detrending, and the detrended time series became stationary.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]By recalculating the ET0 with the detrended variables, the impact of the trends of the climatic variables can be isolated (Figure 6). The differences between the original ET0 and recalculated ET0 can be identified to reveal the contributions of the meteorological variables on the changes in ET0. From 1981–2010, these changes were positively related with WS, RN, and RH, and negatively related with TA. This indicates that ET0 decreased with a decrease in RN and WS, and increased with a decrease in RH and an increase in TA. From 1981–2000, removal of the WS trend resulted in a large positive trend in the recalculated ET0; that is, the differences between the original ET0 and recalculated ET0 with the detrended WS data revealed the large contribution of WS to the ET0 trend. During 2001–2017, removal of the trends of RH, WS, and TA resulted in the recalculated ET0 with a negative trend, and it is evident that RH and WS made the largest and second largest contributions, respectively, to the change in ET0. TA also showed a small negative impact on the change in ET0. 
The contribution analysis of the area-averaged annual climatic variables showed that all the variables had an integrated impact on the variation in ET0, the decrease in WS was the primary cause for ET0 reduction in 1981–2000, and the decrease in RH was the biggest contributor to the rise in ET0 in 2001–2017. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]The seasonal contribution analysis is plotted in Figure 7. From 1981–2000, the decreasing trend of WS continued to be the main reason for the decrease in ET0 in spring, autumn, and winter. The slight decrease in RN, however, was likely to be responsible for the ET0 reduction in summer. In 2001–2017, the decrease in RH was the primary reason for the increase in ET0 in all seasons. It is notable that the effect of the increase in WS was still remarkable.
3.3.2 Spatial distribution of the contributions of the four climatic variables
Based on the annual and seasonal contributions of each factor to ET0 changes, we can determine the dominant factor in each grid, and the percentage of grids dominating the ET0 trends are shown in Table 3. In 1981-2000, WS was the main driving factor, accounting for 50.9% of the grids, and mainly located in the north and south of the study area on the annual scale, while RN followed closely responsible for 48.21% of the grids and mainly exists in the middle of the region. WS was the largest driving factor covering 88.56% of the study area in spring, while net radiation made the primary contribution in summer and autumn, accounting for 79.24% and 59.22% of the total grids, respectively. Relative humidity, however, is the main driving factor in spring, covering 39.76% of the grids and even larger that WS (37.42%). In 2001-2017, RH is the primary factor that influences ET0 changes on annual scale, accounting for 71.91% of the grids, while WS and Rn dominate 14.97% and 13.01% of the grids. RH is also the dominant factor on seasonal scale, responsible for 60.69%, 45.29%, 78.6% and 46.38% in spring, summer, autumn and winter, respectively. It is worth to notice that WS is also responsible for 44.76% of the grids in winter, following RH closely.
TA, however, always showed little influence on the changes in ET0, dominating less than 10% of the total grids in all seasons throughout the study period. As to individual factors, different variables exerted varying levels of influence across the four seasons. For example, the largest percentage of grids was dominated by RN, and WS always played the dominant role in summer and winter.
3.3.3 Contributions of climatic variables along the altitudinal gradient
We also examined the annual and seasonal contributions of the climatic variables with the altitudinal gradient (Figure 8). From 1981–2000, WS continued to be the main factor affecting the changes in ET0 with elevation in spring, autumn, and winter, and on an annual scale. Typically, the contribution of WS increased with elevation in autumn, winter, and at the annual scale. Moreover, it was evident that WS was the major contributor in winter. During 2001–2017, RH, closely followed by WS, was the primary factor affecting the change in ET0 with elevation on the annual scale. The changes in the contributions with elevation were very complex on the seasonal scale. Despite the fluctuations of the contributions with elevation, the contributions of RH, TA, WS, and RN generally increased with elevation on an annual scale.                                                                                                                                                                                                                                                   
3.4 Sensitivity of ET0 to climatic variables
It is notable that climatic variables with insignificant slopes may make large contributions to the ET0 trend, while those with significant slopes may make smaller contributions. To fully understand the mechanism of how meteorological variables affecting the variations in ET0, a sensitivity analysis (see Section 2.2.3) was conducted with RN, TA, WS, and RH on the annual and seasonal scales (Figure 9). For a specific relative change, the larger the relative change in ET0, the more sensitive the climatic variable being analyzed. Figure 9 shows that RN, WS, and TA had positive effects on ET0, while RH showed a negative correlation with the ET0 trend. This indicates that ET0 increased with increasing RN, WS, and TA, and decreased with increasing RH. 
On the annual scale, RN was the most sensitive climatic variable, closely followed by RH, while TA was the least sensitive variable. RN was the most sensitive variable in spring, summer, and autumn, while RH was the most sensitive variable in winter. Moreover, TA was not always the lowest contributor in all reasons, while WS was the lowest contributor in summer and autumn. On the seasonal scale, the sensitivities of RN and TA peaked in summer and dropped to their respective minimums (energy-related) in winter, while WS and RH showed minimum sensitivity (airflow-related) in summer.
The sensitivity of each variable was also found to differ along the altitudinal gradient. For the purpose of illustration, we changed the climatic variables by 30%, and the results are presented in Figure 10. Despite some seasonal differences, the overall sensitivities of RH, TA, and RN decreased with increasing altitude, while that of WS increased slowly with increasing altitude. This shows that the impacts of changes in RH, TA, and RN on ET0 at low altitudes are larger. 
4 Discussion
4.1 Patterns of ET0 and climatic variables
Area-averaged ET0 experienced an increasing trend after 2000, although it showed a significant negative trend from 1981–2000 in the study region. This contradicts the expectation that evaporation capacity should increase with global warming, that is, the evaporation paradox (Brutsaert & Parlange, 1998; Marty, Philipona, Fröhlich, & Ohmura, 2002). The evaporation paradox has been widely reported over the past several decades (Fan & Thomas, 2013; McVicar et al., 2012; Z. Wang et al., 2017), but downward-upward trends have also been reported recently (Dong et al., 2019; Jiang et al., 2019; Xiaomang Liu & Zhang, 2013; Stephens et al., 2018; Xing et al., 2016). For example, Dong et al. (2019) found ET0 had a downward-upward trend with a change point in 1993 in Xinjiang. Li et al. (2014) and Jiang et al. (2019) also indicated that annual ET0 showed an increasing trend after a decrease in southwest China, with the respective change points occurring in 2000 and 1997, respectively. Li et al. (2016) reported a change point around 1990 in the Loess Plateau for the annual ET0 series, wherein the annual ET0 decreased and increase significantly by 1.22 mm/year (p < 0.05) from 1960−1990 and by 1.15 mm/year (p < 0.001) from 1991−2013, respectively. Wang et al. (2013) indicated that the average ET0 series of the temporal regional could be represented by an upward-downward-upward trend with change points in 1973 and 1993 in the Tibetan Plateau. 
Liu et al. (2013) found the ET0 series experienced a uptrend since the year 1993 after decrease in northwest China. These findings are consistent with our results. Although the change point for ET0 appears at different times due to the differences in the time series, method, and study region, it is mainly concentrated around the 1990s. In addition, certain reports of the evaporation paradox are based approximately at the end of 2000, and the time series is not long enough to detect if the decline in ET0 continued into the 21st century.
[bookmark: OLE_LINK77][bookmark: OLE_LINK80][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK102][bookmark: OLE_LINK103]Typically, the study area experienced continuous warming and dimming throughout the whole period, while WS and RH showed downward-upward and upward-downward trends during 1981–2017, respectively. RN showed a decreasing trend, while TA exhibited an increasing trend. The continuous increase in TA during the whole study period is concordant with the global warming. Kaiser et al. (2000) found that air pollution is likely to be responsible for the decrease in sunshine duration in China, which leads to a reduction in solar radiation. 
[bookmark: OLE_LINK27][bookmark: OLE_LINK39]WS showed a decreasing trend during 1981–2000, but a gradually increasing trend was reported after 2001. A similar change for WS was also noted by Jiang et al. (2018), Li et al. (2014), and Fu et al. (2010). Lin et al. (2013) also found that WS declined from the late 1960s until the early 2000s, but it seems to have recovered in recent years. Researchers offer different opinions for the reasons behind the changes in WS. For example, a weakened atmospheric circulation has been proposed as being responsible for the reduction in WS by Zhang et al. (2009) However, Shi et al. (2017) suggested that the increasing surface roughness should be responsible for the decline in WS. Therefore, the spatial inhomogeneity of global warming or cooling may significantly change the surface WS regionally via thermal adaption. McVicar et al. (2012) noted that global attribution of WS changes remains a huge difficulty, because the dominant factor causing WS trends may vary between different locations and periods. In addition, RH increased before 2000, but showed a significant decrease thereafter. The decrease in RH is consistent with the global observations (Simmons, Willett, Jones, Thorne, & Dee, 2010).

4.2 Causes for trends of ET0
WS and RN were the main driving factors for the decrease in ET0 from 1981–2000, while RH was responsible for the increase in ET0 from 2001–2017. The results are generally consistent with previous findings. For example, Xu et al. (2006) concluded that the decrease in RN contributed the most to the for the decrease of ET0, while the decrease in WS contributed to a lesser extent from 1960–2000in the Yangtze River Basin. Jiang et al. (2019) showed that sunshine duration hours and WS were responsible for the significant decrease in ET0 during 1961–2006, and the reduced RH and increased TA led to the rise in ET0 from 1997–2016 in southwest China. 
The evaporation paradox (the inverse relationship between the increase in TA and the decrease in evaporation) existed from 1981–2000 in our study area. Although TA consistently increased through 1981–2017, it was never the dominant factor influencing ET0 change. The large negative contribution of RN and WS offset the small positive contribution of the increase in TA from 1981–2000, and the positive contribution of TA was also much smaller than that of RH. Sensitivity analysis indicates that ET0 is most sensitive to RN, followed by RH. In contrast, ET0 is the least sensitive to the average TA (Gao, He, Dong, Bian, & Li, 2015). Sunshine duration was reported as the most sensitive variable after RH in many regions (Jhajharia et al., 2012; Maček et al., 2018; C.-y. Xu et al., 2006), in agreement with our results. 
The different trends of the contributions and sensitivities of the climatic variables with regard to ET0 indicate that sensitivity was not the only factor affecting contribution. The contributions of the climatic variables to the change in ET0 are comprehensive reflections of the respective trends of the meteorological variables and their sensitivities to ET0. For example, the increase in RN was insignificant compared to the trends of the other variables in summer from 1981–2000; on the other hand, it was the most sensitive variable. Thus, its contribution to the decreasing trend of ET0 is much larger than those of the other variables. Furthermore, Ta showed a significant increasing trend during 2001–2017, while it was the least sensitive variable annually. Thus, Ta showed a lower contribution than RN, which exhibited an insignificant trend. 
4.3 Different responses of climatic factors along altitudinal gradient
Elevation-dependent changes in ET0 due to the climatic variables are evident from the results of this study; the trends of WS, RN, RH, and ET0 increased with elevation. The elevation-dependence of the reduction in WS has been previously reported. For example, McVicar et al. (2010) found that near-surface winds experience more rapid reductions at higher elevations compared to the elevations in two mountain regions of China and Switzerland. Yang et al. (2011) highlighted that WS over the Tibetan Plateau has declined to a greater extent than the average WS over China during the previous 30 years. Guo et al. (2017) found that the rate of reduction in WS was amplified with elevation around the Tibetan Plateau, and they suggested that the elevation-dependent warming and the resulting increased surface roughness in higher-elevation environments may contribute to the elevation-dependent reductions in WS. However, the relation between climate warming and elevation is not clear, and thus, our result cannot support the idea that elevation-dependent warming contributes to elevation-dependent reductions in stilling. An elevation-dependent trend for radiation was also found in our study (the trend decreased with increasing elevation). However, this contradicts the results of Marty et al. (2002), who observed that RN tends to decrease with elevation in the Alps. The elevation-dependent trend in RH was also found in our study, but few studies have focused on the changes in RH along the elevation gradient. In addition, the widely reported elevation-dependent warming in the literature (Lau, Kim, Kim, & Lee; Xiaodong Liu et al., 2009; Rangwala, Sinsky, & Miller, 2016; Yan et al., 2016) was not observed in our study. Generally, the trends of ET0 showed elevation-dependency in the study region and were significantly amplified with elevation for both 1981–2000 and 2001–2017.
Furthermore, Thomas et al. (2000) found that the trends of potential evapotranspiration had a positive relation with the altitudes of stations in the mountains of southwest China, which can support our result that ET0, calculated using WS, TA, RH, and RN, showed larger trends at high elevations than at low elevations. However, different ideas also exist about the relationship between the trends of ET0 and elevation. For example,Shenbin et al. (2006) found a negative relation between altitude and the ET0 trend above 4000 m. Li et al. (2014) suggested that the changes in ET0 have a significant positive relationship with altitude in summer and autumn, but no correlation was found in spring, winter, and at the annual scale in southwestern China.
However, the results of this study showed that the sensitivity of ET0 to RH, TA, and RN decreased with elevation at the annual and seasonal scale, which is counterintuitive. This agree with Gao et al. (2015), who showed that 
the sensitivity coefficients for the maximum and minimum TA and RH have significant negative correlations with elevation. The results for RN and WS were consistent with those of Liu et al. (2012), who found that the sensitivity coefficients of maximum TA and WS have negative relations with elevation in the Yellow River Basin. However, a weak positive relationship was observed for the sensitivity coefficient between global radiation and altitude, which was inconsistent with our results.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK61]The results of the contributions and synthesis of trends and sensitivities showed complex trends at the seasonal scale, but the contributions of climatic variables generally increased with elevation. The trends of contributions were inconsistent with the trends of sensitivity along the elevation in this study. A future study should focus on the quantitative changes in the meteorological variables with elevation.
4.4 [bookmark: OLE_LINK41][bookmark: OLE_LINK42]Uncertainties
[bookmark: OLE_LINK40][bookmark: OLE_LINK45]This study conducted a comprehensive analysis on the effects of climate change on ET0 in an abruptly changing terrain. Some uncertainties remain. There is no consensus on the impacts of increased CO2 concentration on plants. CO2 concentration can affect plant physiology through declining stomatal and canopy conductance. Some studies, however, found that plant stomatal characteristics do not change with varying CO2 concentrations (Reid et al., 1983). In summary, the impacts of CO2 concentration on ET0 remain unclear, and we have to take a transformation of the stomatal conductance value to rising atmospheric CO2 concentrations into consideration when using the Penman–Monteith method to estimate ET0 (Milly & Dunne, 2016)
Uncertainties also arise from the assumption that land surface resistance is a constant ratio (70 s/m), assuming the most suitable condition (no water stress) persists in the Penman–Monteith method. However, this assumption leads one to neglect the impacts of environment conditions on resistance (Allen et al., 1998; Gharsallah, Facchi, & Gandolfi, 2013; Katerji & Rana, 2006, 2014). Land surface resistance can impact crop transpiration and surface evaporation by influencing the evaporative resistance (Allen et al., 1998). However, land surface resistance changes spatially and temporally, with different vegetation types, climate conditions, and so on (Shuttleworth & Gurney, 1990), and a fixed value of land surface resistance may introduce uncertainties in ET0 calculations.
[bookmark: OLE_LINK51][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK48]The value of the land surface albedo also leads to uncertainties regarding the estimates of ET0 in this study. Albedo, however, changes with land use type, vegetation condition, and so on. On the one hand, the vegetation type (including forests, grasslands, farmlands, built-up land, etc.) changes with altitude in the study region. On the other hand, in the recent years, land use type has changed greatly due to the rapid development in China and policies such as Returning Land for Farming to Forestry. Such variations in land use cover have led to different values of albedo. However, the land surface albedo was set to a constant value of 0.23 despite the temporal and spatial variations in this study. We conducted a simple test and found that ET0 decreased by 2.78% for every 10% increase in the land surface albedo. Thus, using a constant value for the land surface albedo results in uncertainties in the ET0 analysis.
Furthermore, the contribution and sensitivity methods caused uncertainties and errors in the results of this work. These uncertainties and errors arose from the assumption that the climatic variables were independent of each other. The four climatic variables, however, are not totally independent from each other
5 [bookmark: OLE_LINK57][bookmark: OLE_LINK64]Conclusion
This study investigated the spatial temporal changes in the Penman–Monteith ET0 from 1981–2017 in the topographically rapidly changing zone of the Hengduan Mountains, which run from the Sichuan Basin to the Qinghai-Tibet Plateau. The annual ET0 displayed a significant reduction of 3.103 mm/year from 1981–2000 and a significant increase of 3.591 mm/year from 2001–2017. WS, RN, RH, and TA were the four climatic variables that affected the ET0 changes. The decrease in WS was the primary reason for the decrease in annual ET0 during 1981–2000, and the increase in RH was the main cause for the increase in ET0 from 2001–2017. RN was the most sensitive variable at the annual scale, followed by RH, and TA was the least sensitive. The results of the contribution and sensitivity analyses indicated that all the studied climatic variables contributed to different extents on the change in ET0 depending on their respective sensitivities and trends. 
To understand the contribution of the climatic variables more comprehensively, trend and sensitivity analyses were conducted. The sensitivities of WS, RH, and RN increased, while that of TA decreased as the altitude increased. However, the contributions of all the climatic variables did not show the same trend, although they increased with increasing altitude. The contributions are the reflections of the trends and sensitivities of the climatic variables.
Data Availability Statement
The data that support the findings of this study are openly available in the National Meteorological Information Center of the China Meteorological Administration at http://data.cma.cn/.
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Tables:
[bookmark: OLE_LINK81][bookmark: OLE_LINK82]Table 1. Seasonal and annual trends of ET0 and climatic variables.
	Periods
	Seasons
	WS
(m/s)
	RNRN
(MJ/m2/day) 
	RH
(%)
	TA
(℃/year)
	ET0
(mm/year)

	1981-2000
	Annual
	-0.024*
	-0.01*
	0.136*
	0.018
	-3.103*

	
	Spring
	-0.027*
	-0.014
	0.104
	0.035
	-3.4

	
	Summer
	-0.022* 
	-0.026
	0.099
	0.001
	-4.371*

	
	Autumn
	-0.02*
	0
	0.15*
	0.023
	-1.919

	
	Winter
	-0.025*
	0
	0.197*
	0.014
	-2.689

	2001-2017
	Annual
	0.011*
	-0.001
	-0.198*
	0.041*
	3.591*

	
	Spring
	0.007
	-0.004
	-0.136
	0.045*
	2.933

	
	Summer
	0.014*
	0.01
	-0.226*
	0.049*
	5.47

	
	Autumn
	0.012*
	-0.005
	-0.157
	0.053*
	2.828

	
	Winter
	0.009*
	-0.006
	-0.274*
	0.018
	2.951*


Note: * Significant differences for p < 0.05; ** Significant differences for p < 0.01.
Table 2. Linear regression coefficients between trends of variables (WS, TA, RH, RN, and ET0) and elevation.
	Periods
	Seasons
	WS
	RN
	RH
	TA
	ET0

	
	
	(m/s/km)
	(MJ/m2/day/km) 
	(%/km)
	(°C/year/km)
	（mm/year/km）

	1981-2000
	Annual
	-0.000516*
	-0.002535**
	0.049312**
	-0.001507*
	-0.594531**

	
	Spring
	-0.000323*
	-0.002762**
	0.045161**
	0.003062**
	-0.185412*

	
	Summer
	-0.000441*
	-0.0014*
	0.017717**
	-0.002427*
	-0.324222*

	
	Autumn
	-0.000503**
	-0.006291**
	0.060845**
	-0.002822**
	-1.122976**

	
	Winter
	-0.000808*
	0.00028*
	0.074825**
	-0.004061**
	-0.520613**

	2001-2017
	Annual
	0.000858**
	-0.001168**
	-0.02915**
	0.006794**
	0.304035**

	
	Spring
	-0.000246*
	0.001465**
	-0.011767**
	0.00773**
	0.281221**

	
	Summer
	0.000595**
	-0.003325**
	0.00134 
	0.002417*
	-0.334453*

	
	Autumn
	0.001578**
	-0.001629*
	-0.048446**
	0.012425**
	0.564476**

	
	Winter
	0.001547**
	-0.001206*
	-0.059095**
	0.004735**
	0.548021**


Note: * Significant differences for p < 0.05; ** Significant differences
for p < 0.01.
Table 3. Percentage (%) of grids for each climatic variable dominating the changes in ET0 in the study area.
	Periods
	Seasons
	RN
	WS
	RH
	TA

	1981-2000
	Annual
	48.21 
	50.90 
	0.67 
	0.21 

	
	Spring
	21.88 
	37.42 
	39.76 
	0.94 

	
	Summer
	79.24 
	0.48 
	10.69 
	9.59 

	
	Autumn
	59.22 
	6.53 
	31.25 
	3.00 

	
	Winter
	3.65 
	88.56 
	7.66 
	0.13 

	2001-2017
	Annual
	13.01 
	14.97 
	71.91 
	0.10 

	
	Spring
	24.67 
	13.99 
	60.69 
	0.65 

	
	Summer
	45.00 
	1.99 
	45.29 
	7.72 

	
	Autumn
	13.64 
	7.50 
	78.60 
	0.26 

	
	Winter
	8.82 
	44.76 
	46.38 
	0.04 


Figure legends:
Figure 1. Locations of the study area and the meteorological stations
Figure 2. Spatial distribution of mean seasonal and annual reference evapotranspiration (ET0).
Figure 3. Changes in area-averaged annual ET0 from 1981–2017.
Figure 4. Spatial distribution of annual ET0 trends from 1981–2000 and 2001–2017.
Figure 5. Plots of observed series, detrended series, and their trends for climatic variables: (a) and (b) for net solar radiation (RN), (b) and (c) for wind speed (WS), (e) and (f) for mean air temperature (TA), and (g) and (h) for relative humidity (RH).
Figure 6. Annual original ET0 and annual recalculated ET0 using detrended climatic variables.
Figure 7. Seasonal original ET0 and recalculated seasonal ET0 using the detrended climatic variables. 
Figure 8. Contributions of each climatic variable along the altitudinal gradient.
Figure 9. Seasonal sensitivities of climatic variables in the study area.
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK67]Figure 10. Sensitivities of climatic variables along altitudinal gradient.
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