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 19 

Abstract: Evaporation is the key to the basin’s water cycle. Agricultural irrigation has 20 

resulted in a significant variation of regional potential evaporation (Epen). The 21 

spatiotemporal variation of Epen and the influencing factors in the natural, agricultural, 22 

and desert areas in different developmental stages of irrigation in the Heihe River Basin 23 

(HRB) from 1970 to 2017 are comparatively analyzed in this study. This work focused 24 

on the correction effect of irrigation on the variation of Epen. The agricultural water 25 

consumption in HRB significantly varied around 1998 due to the agricultural 26 

development and water policy. Under the influence of irrigation, the annual variation 27 

of Epen in the agricultural, natural, and desert areas was significantly different. From 28 

1970 to 1998, the annual trend slope of Epen in the natural area only reduced by 1 mm 29 

decade-1, while that in the agricultural area significantly decreased by 39 mm decade-1. 30 

After the implementation of water-saving irrigation, the Epen in the natural and 31 

agricultural areas increased by 11 and 54 mm decade-1, respectively, from 1998 to 2017. 32 

In contrast with the natural and agricultural areas, Epen in the desert area decreased by 33 

80 mm decade-1 from 1970 to 1998 and continuously decreased by 41 mm decade-1 34 

from 1998 to 2017. However, the regulatory effect of irrigation on Epen in the desert 35 

area started to manifest due to the expansion of the cultivated land area in the desert 36 

area from 2010 to 2017. Irrigation has a significant regulatory effect on the variation of 37 

Epen in HRB. The regulatory effect is mainly reflected on the aerodynamic term (Eaero). 38 

The analytical results of the main meteorological factors affecting Epen in different 39 

regions indicated that the main meteorological factors influencing the variation of Epen 40 

in each region are the wind speed 2 m above the surface (U2) and the water vapor 41 

pressure difference (VPD). 42 
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1. Introduction 47 

Evaporation is an important component of the hydrological cycle. The 48 

development of large-scale and water-saving irrigation in nonhumid areas has caused 49 

significant changes in evaporation. The effect of irrigation on regional evaporation 50 

should be understood to strengthen the regional water management and evaluate crop 51 

growth (Niles & Mueller, 2016; Wang et al., 2016; Zipper et al., 2016). The climate 52 

system of farmland, regional, and global scales has been affected by irrigation due to 53 

the rapid development of irrigation. Many people prefer the regulatory effect of 54 

irrigation on regional climate and evaporation (Han et al., 2014a, 2018; Decker et al., 55 

2017). Irrigation changed the division of the regional surface energy (Lei et al., 2015), 56 

and irrigation expansion increased the latent heat flux and decreased the sensible heat 57 

flux (Zhang et al., 2017). The comparison results of the meteorological factors between 58 

the irrigated and the nonirrigated areas indicated that the air humidity (Boucher et al., 59 

2004; Sridhar & Anderson, 2017), rainfall (Wei et al., 2013; Harding et al., 2015; Yang 60 

et al., 2017), water vapor pressure (Perkins, 2011), and average dew point temperature 61 

(Mahmood et al., 2008) in the irrigated area increased, while the U2 decreased (Mcvicar 62 

et al., 2012; Han et al., 2016; Vautard et al., 2010). The regional “cooling effect” (Nocco 63 

et al., 2019; Shi et al., 2014; Xu et al., 2017; Vahmani & Hogue, 2015) increased with 64 

the increase in the irrigation area. By contrast, irrigation reduction promoted the 65 

reversed transformation of the above-mentioned variations. For example, the “cooling 66 

effect” of irrigation began to slow down after the completion of irrigation expansion in 67 

California (Bonfils and Lobell, 2007). The “cooling effect” of irrigation slowed down, 68 

similar to that in California. The air humidity near the ground decreased, and the 69 
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reference evaporation increased after the reduction of irrigation diversion in the Awati 70 

irrigation area in Xinjiang (Han et al., 2017). 71 

Scholars worldwide have conducted a substantial amount of research to further 72 

clarify the main control factors of regional evaporation. Studies have shown that the 73 

main reason for the decrease in Epen in the Tarim Basin in Xinjiang is the decrease in 74 

wind speed and the increase in relative humidity (Han & Hu, 2012). The increase of 75 

Epen in East Asia is mainly caused by the increase in temperature (Hulme et al., 1994). 76 

The increase of reference evaporation in the Apulian Tavoliere irrigation district in 77 

southern Italy is mainly due to the increase in temperature and the decrease in rainfall 78 

(Palumbo et al., 2011). The significant decrease of reference evaporation in the Platte 79 

River Basin in Nebraska, USA is caused by the significant increase in rainfall (Irmak 80 

et al., 2012). The variation in the relative humidity is the main reason for the increase 81 

in reference evaporation in the Canary Islands in Africa (Vicente-Serrano et al., 2016). 82 

The reference evaporation in Greece from 1950 to 2001 was mainly affected by the 83 

effective sunshine hours (Papaioannou et al., 2011; Kitsara et al., 2017). Ozdogan and 84 

Salvucci (2004) qualitatively explained that the increase of actual evaporation caused 85 

by irrigation was the reason for the rapid decline of potential evaporation in the 86 

irrigation district of southern Turkey. Liu et al. (2016) pointed out that wind speed is 87 

the main factor affecting the variation of reference evaporation in Southwest China. 88 

Sun et al. (2017) thought that the main factor in the east of Southwest China is net 89 

radiation, and that beyond the east of Southwest China is the wind speed or vapor 90 

pressure difference (VPD), and the factor varies in different months. 91 

In conclusion, the factors driving the variation of regional evaporation are temporal 92 

and spatial (Han et al., 2014b; Ozdogan et al., 2006; Han et al., 2012; Zheng & Wang, 93 

2015; Fan et al., 2016). Existing research mainly focuses on the effect of irrigation on 94 
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evaporation and local climate in the agricultural area. However, existing work lacks the 95 

synchronous research about the effect of irrigation expansion and water-saving 96 

irrigation on that for different underlying surfaces, such as natural, agricultural, and 97 

desert areas. 98 

The HRB is the second largest inland river basin in China, traversing arid and 99 

semiarid areas. The irrigation area is concentrated in the middle reaches of the basin. 100 

The amount of water in different regions in HRB significantly varied due to agricultural 101 

development. The irrigation water per unit area in the agricultural area in HRB has 102 

undergone a significant variation of first increasing and then decreasing. In 2015, the 103 

effective irrigation area of the oases located in the middle reaches of HRB increased by 104 

38% compared with that in 1980. The surface water diversion increased by 53% 105 

compared with that in 1980. However, the amount of water diverted to the middle oasis 106 

in 2015 decreased by 24% compared with that in 1998 after the implementation of 107 

large-scale agricultural water-saving projects. Studies have shown that Epen decreased 108 

with the increase in irrigation diversion and water consumption (Han et al., 2009; Zhang 109 

et al., 2017). However, the variation of Epen after the implementation of water-saving 110 

irrigation and the influencing mechanism of meteorological factors on Epen for different 111 

underlying surfaces are not clear at present. 112 

This work takes HRB as the study area and Epen as the research target and selects 113 

three hydrological stations and ten meteorological stations in the basin as the data 114 

sources. The study area is divided into natural, agricultural, and desert areas according 115 

to the main landscape within 4 km of the meteorological stations (Han & Yang, 2013). 116 

This study aims to clarify the following issues: (1) How large-scale irrigation influences 117 

the spatiotemporal variation of Epen in HRB; (2) How water-saving irrigation influences 118 

the spatiotemporal variation of Epen; and (3) Quantify the contribution of meteorological 119 
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factors to regional Epen. This study will provide a theoretical basis for the research of 120 

irrigation–climate effect in HRB. 121 

2. Materials and methods 122 

2.1 Overview of the study area 123 

The HRB (37°43′N–42°41′N, 97°23′E–102°72′E) ranges with an elevation of 716–124 

5583 m and covers approximately 143,000 km2. The characteristics of the underlying 125 

surface in HRB are significant and can be divided into natural, agricultural, and desert 126 

areas from upstream to downstream. The natural area originates from the Qilian 127 

Mountains in Qinghai Province. This area is humid and cold all year round and is the 128 

main runoff-generation area in the basin. The agricultural area is dry and rainless all 129 

year round, and the water requirement of crops is mainly met by irrigation. The 130 

irrigation is mainly satisfied by surface water supplemented by groundwater. The 131 

irrigation water consumption in HRB accounts for approximately 84% of the total water 132 

resources (Ge et al., 2013). The desert area is located in the lower reaches of HRB, and 133 

the climate is extremely dry. The water supply for the lower reaches is insufficient due 134 

to the excessive water diversion in the agricultural area, thereby resulting in the river 135 

cutoff, lake disappearance, and serious desertification (Yi, 2015). The hydrological 136 

stations of Yingluo Gorge, Zhengyi Gorge, and Langxin Mountain are distributed along 137 

the trunk stream of the Heihe River. These stations are important water conservancy 138 

control hubs that regulate and control the water input or output in natural, agricultural, 139 

and desert areas. The geographical location and regional characteristics of HRB are 140 

shown in Fig. 1 and Table 1, respectively. 141 

-------------------------------------------Fig.1---------------------------------------------- 142 

------------------------------------------Table.1--------------------------------------------- 143 

2.2 Data acquisition and methods 144 
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In this study, 10 meteorological stations in HRB were selected as the research 145 

objects, including three stations in the natural area, six stations in the agricultural area, 146 

and one station in the desert area. The distribution of the stations is shown in Fig. 1. 147 

This study calculated the proportion of cultivated land area within 4 km of the 148 

meteorological stations on the basis of the land use with a resolution of 1 km in 2015 149 

provided by the National Platform for Basic Conditions of Science and Technology – 150 

National Earth System Science Data Center (http://www.geodata.cn). The results are 151 

shown in Table 2. The aforementioned table demonstrates that the proportions of 152 

cultivated land area in the natural area is less than 5%, that in the agricultural area is 153 

more than 30%, and that in the desert area is about 5%. 154 

-------------------------------------------Table 2---------------------------------------------- 155 

2.3 Data analytical method 156 

(1) Calculation of potential evaporation 157 

In this study, Penman formula is used to calculate Epen of the 10 meteorological 158 

stations in HRB from 1970 to 2017. The Epen includes radiation (Erad) and aerodynamic 159 

(Eaero) terms. The calculation formulas are as follows: 160 
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where   is the slope of the saturation vapor curve at the temperature of the surface 161 

that evaporates at a potential rate, kPa C−1;   is a psychrometric constant, kPa C−1; 162 

Rn and G are the net radiation and ground heat flux, respectively, MJ kg−1; e* is the 163 

saturated air vapor pressure, kPa; Ta is the air temperature, °C; RH is the relative 164 

humidity, %; and f(U2) is the function of U2, m s−1 (Penman, 1948). 165 

(2) Variation trend and significance analysis 166 

The trend slopes of the meteorological factors, namely, Epen, Erad, and Eaero, are 167 

evaluated by the method of Theil–Sen (Thiel, 1950; Sen, 1968) (Eq. [5]). The 168 

significance level of the trend slopes is calculated by using the Mann–Kendall method 169 

(Mann, 1945; Kendall, 1948) (Eqs. [6–9]). Mann and Kendall pointed out that when 170 

n≥8, the test statistic S can be standardized to obtain the standardized statistic Z. 171 
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where Xj and Xi are the time series data, respectively; and β is the trend slope. When β 172 

is greater than zero, then the factor shows an increasing trend. Meanwhile, when β is 173 

less than zero, the factor shows a decreasing trend. 174 

At a given level of α confidence, if (1 /2)Z Z 
, then the original assumption is 175 

unacceptable. Specifically, the time series data show an obvious upward or downward 176 

trend at the level of α confidence. 177 

(3) Water balance analysis 178 

The water balance method was used to analyze the water variation in the natural, 179 

agricultural, and desert areas in the HRB. 180 

Natural area in out outP Q E S Q R    
, (10) 

Agricultural area in outI P Q E S Q    
, (11) 

Desert area in in outR P Q E Q S    
, (12) 

where Rout is the water flowing out of the area; P is the rainfall; I is the irrigation volume; 181 

Rin is the water flowing into the area; ΔS is the variation of soil water storage, which 182 

can be ignored on annual or multiyear time; Qin is other water supply (such as 183 

groundwater recharge); Qout is other water loss (such as deep percolation); and E is the 184 

actual evaporation. The agricultural area in the HRB is dry and rainless all year round, 185 

thereby resulting in its inability to form an effective runoff, and most rainfall is directly 186 

used for evaporation. The side seepage of the river and groundwater has a slight 187 

influence on the regional evaporation. The actual evaporation of the agricultural area 188 

accounts for 52% of irrigation and effective rainfall; the deep percolation and canal 189 

conveyance losses account for 22% and 25%, respectively(Jiang, 2017). 190 

3. Results and discussion 191 

3.1 Variation characteristics of agricultural water diversion in different regions 192 
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Heihe River is the main source of water for agriculture, industry, and life in the 193 

HRB. The measured runoff of the Yingluo Gorge, Zhengyi Gorge, and Langxin 194 

Mountain hydrological stations from 1970 to 2017 is shown in Fig. 2. The agricultural 195 

area can be divided into two parts according to the source of water supplied there in 196 

HRB: (1) Upstream of the agricultural area. This area is an important grain production 197 

base in the HRB, and the water diversion is controlled by the hydrological stations of 198 

Yingluo Gorge and Zhengyi Gorge. The variation of water diversion in this region 199 

around 1998 is shown in Fig. 2. The cultivated land area accounts for approximately 200 

64% of the total cultivated land area in the agricultural area. The agricultural water 201 

diversion is from Heihe River and accounts for approximately 39% of the Mountain 202 

Runoff of Heihe River. (2) Downstream of the agricultural area. The agricultural water 203 

diversion is mainly from Heihe River, supplemented by water from other river systems 204 

in the west and central part of HRB, such as Hongshuiba and Fengle Rivers. The water 205 

diversion from Heihe River is regulated by Zhengyi Gorge and Langxin Mountain 206 

hydrological stations, thereby accounting for approximately 29% of the Mountain 207 

Runoff of Heihe River. The water diversion from Hongshuiba and Fengle Rivers is still 208 

obscured due to the lack of data. Thus, this section only analyzes the variations of water 209 

supply from Heihe River to different regions. 210 

Fig. 2 demonstrates that the runoff of Yingluo Gorge significantly increases from 211 

1970 to 2017. The total amount of agricultural water diversion increased by 212 

approximately 660 million m3 from 1970 to 1998. The amount of water diversion in the 213 

upstream of the agricultural area significantly increased by 610 million m3. In 1998, the 214 

average irrigation quota in the agricultural area reached by 967 mm. The increase of 215 

water diversion in the agricultural area led to a significant decrease in the discharge of 216 

Langxin Mountain hydrological station. After the implementation of water-saving 217 
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irrigation, the water diversion, especially in the upstream of the agricultural area, 218 

significantly decreased by 250 million m3 from 1998 to 2017. The average irrigation 219 

quota in 2017 decreased by 34% compared with that in 1998. The discharge of Langxin 220 

Mountain hydrological station increased by 750 million m3 in 2017 after the 221 

implementation of water-saving irrigation, which provided a water source guarantee for 222 

ecological restoration in the downstream. 223 

-------------------------------------------Fig.2------------------------------------------------- 224 

3.2 Spatiotemporal variations of Epen, Erad, and Eaero 225 

The annual trend slopes and spatial distributions of Epen in the HRB and its terms 226 

are shown in Table 3 and Fig. 3. In the natural area, Epen continuously increased from 227 

1970 to 2017. Epen increased by only 1 mm decade-1 from 1970 to 1998 and then 228 

significantly increased by 11 mm decade-1 from 1998 to 2017 (Table 3). The trend 229 

slopes of Erad and Eaero are opposite. Erad increased by 7 mm decade-1, and Eaero 230 

decreased by 7 mm decade-1 from 1970 to 1998. Meanwhile, Erad decreased by 2 mm 231 

decade-1, and Eaero increased by 12 mm decade-1 from 1998 to 2017. 232 

In the agricultural area, Epen significantly decreased by 39 mm decade-1 from 1970 233 

to 1998 and significantly increased by 54 mm decade-1 from 1998 to 2017. The variation 234 

trend of Erad is opposite to that of Epen with small trend slopes, while that of Eaero and 235 

Epen was similar.  236 

In the desert area, Epen, Erad, and Eaero continuously decreased from 1970 to 2017. 237 

The variation trends of Epen and Eaero were significant from 1970 to 1998 and that of 238 

Epen and Erad were significant from 1998 to 2017. 239 

Fig. 3 shows that the spatiotemporal variations of Epen, Erad, and Eaero in the natural 240 

area are relatively small, while that in the agricultural area are significant. The Epen, Erad, 241 

and Eaero of Shandan are much smaller than those of other stations. In the desert area, 242 
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the variations of Epen, Erad, and Eaero were significant. The comparison result of the trend 243 

slopes of Epen, Erad and Eaero demonstrates that the trend slopes of Epen are mainly 244 

influenced by Eaero. 245 

-------------------------------------------Table 3--------------------------------------------- 246 

-------------------------------------------Fig.3----------------------------------------------- 247 

3.2.1 Relationship between the spatiotemporal variation of Epen and irrigation 248 

Fig. 4 (a–c) show the annual variations of the averaged Epen, Erad, and Eaero in the 249 

natural, agricultural, and desert areas in the HRB. The variations among Epen, Erad, and 250 

Eaero in different areas and the corresponding regional runoff or water diversion (Section 251 

3.1) are examined. The result showed that Epen and its terms in natural area are almost 252 

not affected by irrigation because of its location, which is in the runoff-generating area. 253 

Figs. 4 (a) and (c) demonstrate that the variations of Epen and Eaero in the agricultural 254 

area were negatively correlated with the variation of water diversion. Epen and Eaero 255 

significantly decreased before 1998 due to the increase in water diversion. After 1998, 256 

the water-saving measures promoted the increase of Epen and Eaero. The correlation 257 

between the annual variation of Erad and the regional water diversion is relatively weak 258 

(Fig. 4[b]). 259 

Section 3.1 indicated that Epen and Eaero in the desert area significantly decreased 260 

from 1970 to 1998 with the decrease in water diverted to the desert area; meanwhile, 261 

Epen and Eaero began to slowly recover from 1998 to 2009 with the increase in water 262 

diversion (Figs. 4 [a] and [c]). Statistics show that the average cultivated land area in 263 

the desert area only accounted for 0.33% from 1995 to 2005. However, the area has 264 

reached 2.48% since 2010, and the water diversion increased by 225 million m3. The 265 

intensified irrigation activities contributed to the decrease of Epen and Eaero from 2009 266 

to 2017 in the desert area. 267 
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In conclusion, irrigation has a significant regulatory effect on Epen in the HRB. 268 

Specifically, the increase of irrigation can significantly reduce the regional Epen. The 269 

regulatory effect is mainly realized through the aerodynamic term. 270 

-------------------------------------------Fig.4------------------------------------------------- 271 

3.2.2 Relationship between the variations of potential and actual evaporation 272 

The annual E, Epen, and Erad in the agricultural area from 1970 to 2017 are compared 273 

in Fig. 5. The aforementioned figure demonstrates that the annual variation trend 274 

between Epen and E is opposite from 1970 to 2017, while no significant variation of Erad 275 

is observed. Epen decreased with the increase in E before 1998; however, the variation 276 

trend reversed after 1998. The trend was consistent with the study of Zhang et al. (2020), 277 

who simulated the variation of E with rainfall by means of WRF model in the HRB. 278 

The complementary relationship of evaporation (Bouchet, 1963) can be used to explain 279 

the influence of actual evaporation variation caused by irrigation on Epen on the basis of 280 

the interaction between the land and the atmosphere above land. Water-saving irrigation 281 

does not necessarily lead to the increase of Epen, only when the agricultural water 282 

diversion and actual evaporation decreased with water-saving irrigation (Han et al., 283 

2017). The variation of Epen in the agricultural area in the HRB is consistent with the 284 

situation described above. 285 

-------------------------------------------Fig.5------------------------------------------------- 286 

3.3 Analysis of meteorological factors affecting potential evaporation  287 

3.3.1 Relationship between meteorological factor variations and irrigation 288 

Table 4 shows the trend slopes and significance of the main meteorological factors, 289 

including Tmean, U2, VPD, and Rn, for the different stations from 1970 to 2017 in the 290 

HRB. Table 4 illustrates that Tmean at different stations continuously increased, except 291 

Yeniugou. The trend slopes of the other meteorological factors are different. 292 
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In the natural area, the annual U2 at different stations first decreased and then 293 

increased with trend slopes of −0.24–0.15 m s-1 decade-1. The trend slopes of the annual 294 

VPD are almost 0 kPa decade-1, except Tuole and Qilian, where the VPD increased by 295 

0.01 kPa decade-1 and 0.03 kPa decade-1, respectively, from 1998 to 2017. The annual 296 

Rn at the stations increased in varying degrees, except Qilian, where the Rn decreased 297 

by 131 MJ m-2 d-1 decade-1 from 1998 to 2017. 298 

In the agricultural area, a significantly negative correlation exists between the 299 

annual variation of U2 and the water diversion. The annual variation of U2 is significant 300 

with trend slopes of −0.77–0.5 m s-1 decade-1. The VPD continuously increased from 301 

1970 to 2017 other than Gaotai, where the VPD decreased 0.01 kPa decade-1 from 1970 302 

to 1998. The trend slopes of VPD from 1970 to 1998 are smaller than those from 1998 303 

to 2017, which is related to the decrease of irrigation from 1998 to 2017. The 304 

spatiotemporal variation of Rn is significant. However, no significant relationship exists 305 

between the variation and irrigation. 306 

In the desert area, the annual U2 continuously decreased. However, the trend slope 307 

became weak from 1998 to 2017. Section 3.2.1 illustrates that this phenomenon may be 308 

related to the increase in the roughness of the underlying surface caused by the 309 

enhancement of irrigation in the region.  310 

In conclusion, the annual variation of Tmean and Rn in HRB is almost not affected 311 

by the agricultural water diversion. The annual variation trend of U2 between the natural 312 

and the agricultural area is the same, but it is affected by irrigation. The variation in the 313 

agricultural area is significantly greater than that in the natural area. Statistics show that 314 

the average reduction in wind speed in the agricultural area is 3.8 times that in the 315 

natural area from 1970 to 1998. The average increase in wind speed in the agricultural 316 

area is 2.2 times that in the natural area from 1998 to 2017. This finding indicates that 317 
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irrigation can change the roughness of the underlying surface and then change the near-318 

ground wind speed (Mcvicar et al., 2012; Han et al., 2016; Vautard et al., 2010). 319 

-------------------------------------------Table 4------------------------------------------- 320 

3.3.2 Relationship between meteorological factor variations and Epen 321 

The correlation analysis between Epen, Erad, and Eaero and Tmean, U2, VPD, and Rn 322 

in different regions in the HRB shows that Tmean and Rn have a good correlation with 323 

Erad. Meanwhile, U2 and VPD have a good correlation with Eaero. The increase of Tmean 324 

and Rn will cause the increase of Erad. Meanwhile, the increase of U2 and VPD will 325 

cause the increase of Eaero. The variations of Epen, Erad, and Eaero during different times 326 

(Table 5) were compared with the variations of meteorological factors (Table 4), and 327 

the results are as follows: 328 

In the natural area, the contributions of Tmean and Rn to the variation of Erad are 329 

spatiotemporally different. The contribution of Tmean to the variation of Erad at Tuole 330 

from 1970 to 1998 is significant. The contribution of Tmean to the variation of Erad at 331 

Yeniugou from 1998 to 2017 is significant. Meanwhile, the contribution of Rn to the 332 

variation of Erad at Qilian from 1998 to 2017 is significant. U2 significantly contributed 333 

to the variation of Eaero at Yeniugou and Qilian from 1970 to 1998. 334 

In the agricultural area, Tmean greatly contributed to the variation of Erad at Dingxin 335 

from 1970 to 1998. Meanwhile, Rn greatly contributed to the variation of Erad at 336 

Zhangye and Shandan from 1998 to 2017. VPD substantially contributed to the 337 

variation of Eaero at Dingxin from 1970 to 1998. During the same time, U2 considerably 338 

contributed to the variation of Eaero at Jinta, Jiuquan, Zhangye and Shandan. 339 

In the desert area, Rn greatly contributed to the variation of Erad at Ejina from 1970 to 340 

2017. Meanwhile, U2 substantially contributed to the variation of Eaero during the same 341 

time. 342 
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-------------------------------------------Table 5--------------------------------------------- 343 

3.3.3 Contribution of the meteorological factors to the variation of Epen 344 

The response of Epen at different stations to Tmean, U2, VPD, and Rn is analyzed by 345 

regression method (Han & Hu, 2012), and the regression model is presented as Eq. 13. 346 

Statistics show that the regression effects between Epen and the meteorological factors 347 

at all stations are good, and the multiple correlation coefficients (R) are all above 0.93. 348 

 1 2 2 3 4pen meanE T U VPD Rn        
 (13) 

The partial regression coefficients of the model were used to calculate the 349 

variations of Epen at each station (Eq. [14]) (Han & Hu, 2012). The calculated results 350 

were compared with the trend slopes calculated by the method of Theil–Sen. The 351 

comparison result is shown in Fig. 6. The aforementioned figure demonstrates that the 352 

fitting effect of the two methods is good with R2 both above 0.96. Therefore, the 353 

regression method can be used to calculate the contribution of meteorological factors 354 

to Epen and predict the influence of meteorological factors on Epen in the HRB. 355 

 1 2 2 3 4pen meanE T U VPD Rn           
 

(14) 

 356 

---------------------------------------------Fig.6--------------------------------------------- 357 

The contributions of the meteorological factors to ΔEpen in different regions in the 358 

HRB are shown in Table 6. The table demonstrates that the contributions of Tmean and 359 

Rn to ΔEpen are small. However, the contribution of U2 to ΔEpen is significant. The 360 

contribution is significantly larger in the agricultural and desert areas than that in the 361 

natural area. The contribution of VPD to ΔEpen in different regions greatly varies. The 362 

detailed comparison of the contributions of the meteorological factors to ΔEpen in 363 

different regions is analyzed.  364 
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In the natural area, the decrease of U2 from 1970 to 1998 led to the decrease of Epen, 365 

and the increase of U2 led to the increase of Epen from 1998 to 2017. The range of the 366 

contribution of U2 to ΔEpen is −11–13 mm decade-1. The contribution of VPD to ΔEpen 367 

is generally 0 mm decade-1, except that at Tuole and Qilian from 1998 to 2017. 368 

In the agricultural area, the contribution rule of U2 to ΔEpen is the same as that in 369 

the natural area. However, the range of the contribution is −63–48 mm decade-1 during 370 

which the contribution from 1970 to 1998 is generally greater than that from 1998 to 371 

2017. The range of the contribution of VPD to ΔEpen is −6–43 mm decade-1 during 372 

which the contribution from 1998 to 2017 is generally greater than that from 1970 to 373 

1998. 374 

In the desert area, the contribution of U2 to ΔEpen is −83 mm decade-1 from 1970 to 375 

1998 and −32 mm decade-1 from 1998 to 2017. The contribution of VPD to ΔEpen is 12 376 

mm decade-1 from 1970 to 1998 and 10 mm decade-1 from 1998 to 2017. The 377 

contribution of meteorological factors to ΔEpen is uncertain because only one 378 

meteorological station is present in the desert area. 379 

-------------------------------------------Table 6-------------------------------------------- 380 

4. Conclusion 381 

(1) The annual variation of Epen for the different underlying surfaces in the HRB 382 

exhibits a significant spatiotemporal heterogeneity. Irrigation has a significant 383 

regulatory effect on the variation of Epen in the HRB. Epen is significantly reduced with 384 

the increase in the agricultural water diversion, and the water-saving irrigation 385 

increased Epen. The regulatory effect of irrigation on the Epen is mainly realized through 386 

the aerodynamics. 387 

(2) The development of irrigation has a significant effect on the annual variation of 388 

U2 and VPD in the agricultural area. U2 has a significantly negative correlation with 389 
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agricultural water diversion. U2 in the agricultural area significantly decreased with the 390 

increase in the agricultural water diversion. Meanwhile, VPD increased with the 391 

development of water-saving irrigation. The influence of the meteorological factors on 392 

Epen in different regions is quite different, and U2 and VPD are the main factors that 393 

affect Epen in the HRB. 394 
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