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Data from eleven meteorological stations in the  Tianshan mountains and the north slope of west 

Kunlun mountains, and eighteen meteorological stations in the Kaidu- Kongque river, Akesu river, Kashiger river and Yankant river oases were examined to assess the differences in changes in potential 

evaporation from 1960 to 2006 in the mountainous and oasis regions of the Tarim basin and the relationships of these changes to meteorological factors. The decreasing trends in potential evaporation 

were primarily due to the decrease in the aerodynamic terms in both the mountainous and oasis regions, but the trends in the oasis regions were more pronounced. Based on the complementary relationship between potential and actual evaporation, the decreasing trends in potential evaporation appeared to be related to the increasing trends in precipitation in the mountainous regions and the increasing trends in water consumption in the oasis regions, thus reflecting the different impacts of 

natural changes and anthropogenic influences. 

potential evaporation, Tarim basin, climate change, anthropogenic influence 

Potential evaporation is an important index in the study 

of climate change and is related to several meteorological variables including radiation, air temperature, relative humidity and wind speed. Against a background of 

global warming, obvious trends towards decreases in 

potential evaporation have been found

[1―5]

, which have 

prompted many studies to find the causes of these decreases

[5―7]

. Most of these studies have been conducted 

in either regions without obvious human activities, such 

as the Tibetan plateau

[6]

, or regions with substantial human activities, such as irrigation districts in arid or 

sub-arid areas

[8]

. The decreasing trends in potential 

evaporation can be influenced by natural large-scale 

factors such as radiation, wind speed, etc.

[7,9]

, but can 

also be a result of an increase in actual evaporation related to changes in the regional hydrological cycle influenced by human activities

[10]

.  

In the last 50 years, significant trends in potential 

evaporation have been found in the largest inland river 

in China, the Tarim basin. Studying the trends in potential evaporation and their  contributions will provide 

useful insights for ecological environment protection 

and studies on the interactions of climate, hydrology 

cycle and human activities. Nevertheless, large differences in hydrometeorological features as well as in human activities are found between the mountainous regions and plain oases of inland river basins in arid regions

[11,12]

. The Tarim basin shows significant changes in 

the climate and hydrology characteristics in the surrounding mountains and oases, as well as anthro pogenic 
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Trends in potential evaporation and their contributions 

are also clearly different

[13]

. 

In this study, the different changes in potential evaporation in the Tarim basin were examined and their origins in the mountainous and oasis regions were evaluated. The influences of air temperature, radiation, relative humidity and wind speed on potential evaporation 

were also analyzed to determine the different impacts of 

natural changes versus anthropogenic influences. 

1  Study area and trend analysis method 

1.1 Study area 

Located in the east longitudes 71°39′―93°45′ and north 

latitudes 34°20′―43°39′, the Tarim basin covers the 

entire southern part of Xinjiang in western China. As the 

largest inland river in China, the Tarim river consisted 

historically of nine drainage systems although today there 

are only three. The largest anabranch, the Akesu river, 

originates from the Tianshan mountains in the northwest 

of the basin, the Hotan river flows from the Kunlun 

mountains and is located in the southwest of the basin, 

while the Yarkant river is located between the Hotan and 

Akesu rivers. 

At the north end of the basin is the Tianshan mountain range and on the south is Kunlun mountain range, 

and below the mountain range are alluvial plain oasis 

areas and the Taklimakan desert. The characteristics of

terrain, land cover, climate and hydrology are distinctly 

different in the mountainous and the oasis regions. In the 

north and west mountainous regions, at altitude from 

2000 to 5400 m, the land cover is mainly wasteland and 

natural vegetation, while in the alluvial plains, at altitude 

from 1000 to 1400 m, irrigated agricultural land is common in many oases. The oasis regions are extremely arid, 

with annual precipitation less than 50 mm and pan 

evaporation more than 2100 mm. A progressive increase 

in precipitation to more than 400 mm and a progressive 

decrease in pan evaporation to less than 1500 mm are 

found at distance away from the oases and towards the 

mountains. Rainfall-runoff is the primary hydrologic process in the mountainous regions, while runoff-evaporation is 

the mainly hydrologic process in the oasis re- gions

[14,15]

. 

Changes in potential evaporation in the Tianshan 

mountains and the north slope of west Kunlun mountains, and in the oases along four anabranches have been 

evaluated using meteorological data from 1960 to 2006 

in the present study. Monthly meteorological data from 

eight gauges in Tianshan mountain area (Baluntai, Bayinbuluk, Xiaoquzi, Daxigou, Tianci, Xinyuan, Zhaoshu 

and Tekesi), one gauge (Aheqi station) on the south 

slope of Tianshan mountain, one gauge (Tashikuergan 

station) on the north slope of the west Kunlun mountains 

and one gauge (Tuerhute station) on Pamirs plateau were 

collected and used to represent the climate conditions in 

mountainous regions of the Tarim basin

[13,16]

. The data 

of the four gauges (Hesuo, Yanqi, Kuerle and Weili) in 

the Kaidu-Kongque river basin, three gauges (Akesu, 

Awati and Aler) in the Akesu river basin, seven gauges 

(Yinjisha, Kashi, Yuepuhu, Jiashi, Atushi and Aketao) in 

the Kashiger river basin, and five gauges (Yecheng, 

Zepu, Shache, Maigaiti and Bachu) in the Yarkant river 

basin were used to represent the climate conditions in 

oases. A sketch map of the study area in Tarim basin is 

shown in Figure 1. 

1.2  Trend analysis 

The non-parametric Mann-Kendall test was used to investigate possible trends in potential evaporation, meteorological variables and stream flows. In this test, it is

assumed that the observed data are serially independent. 

However, certain meteorological and hydrological time 

series may frequently display statistically significant se- 

rial correlations and these correlations will increase the 

probability that the Mann-Kendall test will detect a significant trend

[17]

. In order to limit the influence of serial 

correlations on the Mann–Kendall test, a trend-free 

pre-whitening method proposed by Yue et al.

[18]

 was 

used to remove this component.  

In the analysis, the magnitude of the trend is given as 
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When |ZMK|＞Z(1−α/2)

, where Z(1−α/2)

 is the standard normal deviation and α /2 is the significance level for the 

test, the hypothesis that there is no trend in the time se 
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ries will be rejected. For example, when α =0.05 (or P=

0.05), the trend is significant when |ZMK|＞1.96. In eq. (2), 

the Mann-Kendall’s statistic S is given by 
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2  Trends in potential evaporation 

2.1  Difference in trends in potential evaporation 

Different definitions and calculation methods exist for 

the study of potential evaporation

[19,20]

. Among these, 

the Penman potential evaporation is most widely 

used in hydrology, agro-ecology and meteorology, as 

it takes into consideration both the bulk mass transfer 

and the energy budget for evaporation

[21,22]

. The Penman-Monteith method to estimate potential evaporation 

for hypothetical reference grassland is also widely used

[22]

, 

and its value is well-correlated with the potential evaporation

[23]

. In this study, the Penman potential evaporation is used to evaluate both the bulk mass transfer and energy budget influencing the trends in potential 

evaporation. The long-term pan evaporation is also analyzed. 

The Penman potential evaporation contains a 

radiation term and a drying power term: 
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where E0 is the Penman potential evaporation, Erad and 

Eaero are the radiation term and the drying power term, 

respectively, Δ is the slope of the saturation vapor curve 

at the temperature of the surface which evaporates at a 

potential rate, γ is the psychrometric constant, Rn is the 

net radiation, G is the ground heat flux,  and ea are the 

saturated and actual vapor pressures of the air, respectively, and f (u) is the function of the wind speed at the 

reference level U2. The radiation is the key to calculating 

potential evaporation, and is usually calculated as follows: 

*
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where Rs

 is the shortwave radiation,  n/N is the relative 

sunshine duration, Ra is the TOA radiation, as

 and bs

 are 

parameters which are calibrated using the observed data 

for each month at the radiation stations in the study area. 

In the study of Penman potential evaporation, several 

parameters and wind speed functions are calibrated in 

different regions, while the equation modified by the 

FAO in 1979 is used in this study. 

Clear changes in the potential evaporation and pan 

evaporation were found in the Tarim basin over the past 

nearly 50 years. The trends and the significances of the 

pan and Penman potential evaporation in the mountainous and oasis regions from 1960 to 2006 are listed in 

Table 1, with the focus on analysis of the middle and  
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1960―2006  1960―1980  1995―2006 

Epan E0 Epan E0 Epan E0

ZMK −1.65  −1.67  0.42  0.88  1.71  0.93 

Middel 

Trends  −16.88  −4.63  21.12  15.85  124.48  25.79 

ZMK −2.59  −2.35  0.55  2.69  −1.25  2.96 

Sorthwest

a)

Trends  −57.31  −13.50  3.89  41.88  −108.15  92.72 

ZMK −3.75  −2.40  0.68  1.59  1.56  1.56 

Mountainous region 

Average 

Trends  −39.32  −7.68  25.61  22.75  100.21  51.46 

Kaidu-  ZMK −5.40  −6.65  −4.19  −2.95  1.71  2.34 

Kongque  Trends  −97.89  −39.98  −177.03  −34.24  255.27  64.55 

ZMK −2.39  −5.64  −3.08  −1.78  2.80  1.56 

Akesu 

Trends  −30.23  −32.06  −173.62  −9.36  169.37  45.51 

ZMK −6.70  −6.25  −3.15  −0.94  −0.62  1.25 

Karsh 

Trends  −135.16  −41.98  −160.98  −8.50  10.73  84.80 

ZMK −3.52  −6.14  −0.36  0.68  1.56  0.93 

Yarkant 

Trends  −46.94  −38.38  −40.94  10.18  185.33  48.07 

ZMK −5.42  −6.53  −3.73  −1.65  0.78  2.02 

Oases region 

Average 

Trends  −78.79  −36.68  −127.26  −8.96  185.13  52.71 

 a) The Epan trends are only for Tashkuergan station, as Epan data in the other gauges are unavailable.

southwest of the mountainous regions, and the oases 

along the Kaidu-kongque river, Akesu river, Yarkant 

river and the Karshiger river. Decreasing trends in pan 

evaporation (Epan) and potential evaporation (E0) are 

found in both the mountainous and the oasis regions, but 

the decreasing trends in pan evaporation (78.79 mm/10a 

averaged over all oasis stations) and potential evaporation (36.68 mm/10a) over oasis regions are more obvious. The trends in mountainous regions (39.32 mm/10a 

and 7.68 mm/10a averaged over all mountainous stations) were not nearly as pronounced. 

The station averaged annual pan evaporation and potential evaporation anomaly from 1960 to 2006 in the 

mountainous and the oasis regions are shown in Figure 2. 

The time series of the pan evaporation and potential 

evaporation are similar in both regions and the calculated 

correlations between the pan evaporation and the potential evaporation are 0.82 and 0.90 for mountains and oases, respectively. Therefore, only the changes in potential 

evaporation were evaluated further. In the mountainous 

Figure 2  Annual variations in anomaly of averaged potential evaporation and pan evaporation in (a) mountainous regions and (b) oasis regions of the 

Tarim basin.
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the potential evaporation decreased continuously to the 

middle of the 1990s, and it increased slightly to 2006. In 

contrast, the change of average potential evaporation in 

the oases regions is more obvious, decreasing continuously to the middle of the 1990s, followed by a more 

obvious increase from the middle of the 1990s to 2006.

In order to compare the trends in E0 in the mountainous and oasis regions further, the trends in E0 for different stations are plotted with annual mean precipitation in 

Figure 3. Although E0 decreased at most of the stations 

in the mountainous regions, significant trends were 

found only at three stations, while decreasing trends in 

the oases regions are more obvious. The significance of 

the tests for most stations is  P＞0.05, while slight increasing trends were only found at Akesu station, and no 

obvious trend was found at Bachu station. 

Figure 3  Plots of trends in E0 with respect to annual mean precipitation 

for stations in the mountainous and oasis regions of the Tarim basin. 

2.2  Factors influencing changing potential evaporation 

The changing potential evaporation is related to several 

meteorological variables, including radiation, cloudiness, 

air temperature, wind speed, relative humidity, etc. Among 

these, shortwave radiation is the main factor influencing 

the radiation term, while the wind speed and relative 

humidity are the main factors influencing the aerodynamic term. The change of  E0 in the Tarim basin is 

strongly influenced by changes in these meteorological 

variables.  

The trends and significance in averaged air temperature, precipitation, short wave radiation, relative humidity, and wind speed for the mountainous and oasis regions are listed in Table 2. The pan evaporation paradox 

with increasing air temperature and decreasing pan 

evaporation (or potential evaporation) exists in both the 

mountainous and oasis regions, while the trends in air 

temperature and precipitation are in accord with that in 

northwest China. Decreasing trends in radiation and 

wind speed at 2 m, and increasing trends of relative humidity exist in the mountainous and oasis regions. 

However, the increasing trends of air temperature, daily 

temperature difference and precipitation are more significant in the mountainous regions than in oasis regions. 

On the other hand, in the oasis regions, the trends of 

relative humidity and wind speed are more obvious. 

The trends and significance of the radiation (Erad) and 

aerodynamic (Eaero) terms of E0 for the mountainous and 

oasis regions are also listed in Table 2. The trends of the 

aerodynamic term in the mountainous and oasis regions 

are both clear, but the slope in the oases regions is 

steeper than that for the mountainous regions. In contrast, 

there is no significant trend in the radiation term in the 

mountainous regions, and the slope of the radiation term 

in the oasis regions is much smaller than that of the 

aerodynamic term. 

In order to analyze the influences of changes in meteorological variables on the potential evaporation, the 

correlation coefficients between  E0,  Erad and  Eaero with

air temperature (Ta), radiation (Rs

) and relative humidity 

(RH) and wind speed (U2) are listed in Table 3. High 

correlations between  E0 and  Rs

,  U2 and  RH are found. 

These correlations suggest that Rs

 and RH are the major 

environmental factors controlling  E0 in mountainous 

regions, while U2 and RH are the major environmental  

Table 2   Trends of averaged meteorological variables related to potential evaporation from 1960 to 2006 in the mountainous and oasis regions of the 

Tarim basin  

Ta (℃/10a) ΔTa (℃/10a) P (mm/10a) Rs

 (W/(m

2

.10a)) RH (%/10a) U2 

(m/(s.10a)) Erad (mm/10a) Eaero (mm/10a)

Mountainous  ZMK 3.86  −6.38  2.58  −4.62  3.24  −5.66  0.06  −3.12 

region  Trends  0.27  −0.27  12.28  −1.42  0.66  −0.08  0.68  −8.49 

ZMK 3.71  −4.15  2.29  −2.67  3.48  −8.92  3.2  −6.97 

Oases region 

Trends  0.22  −0.17  6.19  −0.98  1.01  −0.24  4.4  −41.7 

Note: Ta is air temperature, ΔTa and P are average daily temperature differences and precipitation, respectively, and RH is relative humidity. 
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Region  Parameter  Ta Rs RH U2

Erad 0.57 0.50 −0.42 0.03

Mountainous region Eaero 0.00 0.83 −0.82 0.63

E0 0.17 0.82 −0.78 0.51

Erad 0.59  0.45 0.36  −0.56 

Oasis region Eaero −0.30  0.29 −0.73  0.96 

E0 −0.21  0.40 −0.72  0.93 

factors in oasis regions. 

To quantify the influence of Rs

, U2, Ta and RH on the 

decreasing trend in  E0, a recovered stationary series 

method

[6,7]

 was applied. Trends in  Rs

,  U2,  Ta and  RH

were removed to obtain stationary time series, and  E0

was calculated from the detrended data series. E0 values 

from the stationary and original time series were compared in Figure 4. The decreasing trends in E0 over the 

mountainous and oasis regions are both more significant

in the recovered stationary series by  Ta, which means 

that the increasing trends in Ta will increase E0, and the 

influence is more obvious for the mountainous regions. 

In the recovered stationary series by radiation, relative 

humidity and wind speed, the decreasing trends in E0 are 

weaker, while it is more obvious by radiation over 

mountainous regions and by wind speed in the oases 

region. The decreasing trends in  Rs

,  U2 and increasing 

trend in RH were successively the causes of the decrease 

of E0 over the mountainous regions, while the decreasing trends in  U2,  Rs

 and increasing trends in  RH were 

successively the causes of the decrease of E0 over oasis 

regions. The influence of the decreasing trend in wind 

speed is more obvious than the other two factors. 

The different influences of meteorological variables 

on E0 in the mountainous and oasis regions were evaluated in terms of the different impacts of the natural 

changes and the anthropogenic influences on potential 

evaporation. The annual variations in five-year anomaly 

of E0 and U2 over the mountainous and oasis regions of 

the Tarim basin are compared with the average value 

over the whole of China in Figure 5. The variations of E0

and  U2 in the mountainous regions are similar to that 

over the whole of China, while the variations in oasis 

regions are clearly different. It could be concluded that a 

change in E0 in the mountainous regions is more related 

to natural changes at a large scale, while the change in 

E0 over the oasis regions is related as well to natural 

changes through local climate changes caused by human 

activities such as irrigation. 

The decreasing trend in U2 over the mountainous regions in the Tarim basin is 0.08 m/(s·10a). This is close 

to the trends in  U2 over the Tibetan plateau

[6]

 and 

Yangze river basin

[24]

, as well as many other regions 

reported by Roderick

[7]

. However, the decreasing trend 

in  U2 over oases in the Tarim basin is much larger, at 

0.24 m/(s·10a). Similar trends in E0 were also found by 

Alpert and Mandelin in Israel

[25]

, as well as Ozdogan and 

Salvucci in Turkey

[8]

. Ozdogan and Salvucci concluded  

Figure 4  Annual variations in the original annual potential evaporation (E0) and E0 recalculated from detrended environmental variables over (a) the 

mountainous regions and (b) oasis regions. 

1986 HAN SongJun et al. Sci China Ser E-Tech Sci | Jul. 2009 | vol. 52 | no. 7 | 1981-1989Figure 5  Annual variations in five-year anomaly of E0 and U2 over the mountainous and oasis regions in the Tarim basin and over the whole of China. 

two possible reasons for the obvious decline in U2 over 

oases with the expansion of irrigation. First, irrigated 

crops will change surface roughness, and decrease wind 

effects. The second explanation is that irrigation can 

influence local circulation though the “oasis effect”, 

which may change both the direction and magnitude of 

wind

[26]

. Du and Maki

[27]

 found in Turpan in Tarim basin 

that wind speed in the oasis is smaller than in the desert 

because of “oasis effect”, and crops, especially the 

Shelter forest, prevent wind. In the oases of Tarim basin, 

irrigation areas have been enlarged over the past 50 

years, and the decreasing trend in U2 may be a result of 

the joint influence of the above two reasons. 

3  Reasons for the different changing 

potential evaporations 

Because of the interaction between land surface and atmosphere, the changes in actual evaporation are influenced by changes in potential evaporation. These, in turn, 

will influence the changes in potential evaporation. The 

interaction between actual and potential evaporations could 

be evaluated by the complementary relationship

[10,28]

, 

which states that as the surface dries, without changes in 

available energy, the actual evaporation decreases and 

potential evaporation increases with increases in latent 

heat. As the dominant hydrological process in the mountainous region is rainfall-runoff, the variation in actual 

evaporation is closely related with the change in precipitation

[29]

. In contrast, the changes in actual evaporation in oasis regions are clearly influenced by irrigation

[14,15]

. Therefore, the different reasons for changes in 

potential evaporation could be evaluated by coupling the 

complementary relationship and the different hydrological processes in the mountainous and oasis regions, 

respectively. Han

[30,31]

 derived a dimensionless form of 

the complementary relationship in which the ratio of 

actual evaporation to Penman potential evaporation is 

expressed as a function of the proportion of radiation 

term in Penman potential evaporation, i.e., E/E0 = f (Erad

/E0).  

In the Budyko hypothesis

[32,33]

, the ratio of actual 

evaporation to Penman potential evaporation is expressed as a function of the ratio of annual precipitation 

to potential evaporation, i.e., E/E0 = f (P/E0).  

Annual precipitation increased and potential evaporation decreased in the past nearly 50 years in the mountainous regions, the wetness index P/E0 increased clearly. 

An increasing trend was also found in Erad /E0. The close 

relationship between the changes in precipitation and 

potential evaporation is reflected by the similar variations of P/E0 and Erad /E0 from 1960 to 2006 (Figure 6) 

and similar phenomena have also been found in 

non-humid regions in China by Yang

[34]

.  

For the oasis regions with scarce precipitation, irrigation is the dominant water supply and the changes in 

actual evaporation primarily result from the changes of 

irrigation. The trends and significance of the annual inflow to the four oases in Tarim basin, and the annual 

runoff of Alar station are listed in Table 4. The inflow 

for all the four oases increases, but the inflow to the 

main stream (runoff in Alar station) noticeably decreases, 

and significant increasing trends for actual evaporation 

are observed in the Kaidu-Kongque, Akesu, Yankant, and 

Kash oases

[12,35]

. Therefore, it can be concluded that the 

changes in potential evaporation in oasis regions are 

related to the changes in irrigation. Taking Akesu oasis, 

for example, the relationship between the changes in 

irrigation and potential evaporation can be analyzed. 

With the annual runoff from Xidaqiao station as the  

HAN SongJun et al. Sci China Ser E-Tech Sci | Jul. 2009 | vol. 52 | no. 7 | 1981-1989 1987Figure 6  (a) Variations of annual Erad 

/E0 and P/E0 in the mountainous region; (b) variations of annual Erad 

/E0 and (P+Eirr

)/E0 in Akesu oasis. 

Table 4  Trends and significance of the annual inflow of the four oases 

and the annual runoff from Alar station 

Kaidu-Kongque Akesu Kashi Yankant Alar

ZMK 2.84  3.79  1.58  1.95  −1.52

Trend 

(10

8

m

3

)

0.17  0.44  0.10  0.28  −0.19

inflow into Akesu oasis, and the annual runoff from Alar 

as the outflow, the annual water consumption (Eirr

) is 

calculated by the inflow minus the outflow. The similar 

increasing trends of (P+Eirr

)/E0 and Erad 

/E0 in the Akesu 

oasis (Figure 6(b)) shows that the decreasing trend in 

potential evaporation over the Akesu oasis is closely 

related to the increase in irrigation. 

4  Conclusions 

The different changes in potential evaporation from 

1960 to 2006 and their relationships to meteorological 

factors over the mountainous and oasis regions in the 

Tarim basin were evaluated, and the different impacts of 

the natural changes and the human activities on potential 

evaporation were analyzed. The average decreasing trends 

in potential evaporation from the oases (36.68 mm/10a) is 

more apparent than that over the mountainous region 

(7.68 mm/10a). Among the meteorological variables, the 

correlation coefficient between the radiation and potential evaporation is the highest in the mountainous region 

(0.82), while that between the wind speed and potential  

evaporation is the highest in the oases (0.93). The decreasing trends in E0 are weakened the most in the recovered stationary series by radiation over mountainous 

regions and by wind speed in oasis regions. It is concluded that the decreasing in potential evaporation is 

mainly influenced by natural changes such as the decrease in radiation over the mountainous region and is 

closely related to the changes in precipitation. In oasis 

regions, the anthropogenic influences are the most significant, and the changes in potential evaporation are 

closely related to the changes in irrigation.  

The change in potential evaporation is influenced by 

both the natural changes in large scale and local anthropogenic influences. The natural and anthropogenic influences are different in the mountainous and oasis regions of the Tarim basin. However, both factors should 

be considered in the analysis of the trends in potential 

evaporation for other regions. 

Significant impacts of irrigation on potential evaporation are found in oasis regions in Tarim basin. The 

changes in potential evaporation will conversely influence the water demand and water consumption in oasis 

regions. The analysis in this paper is important to understand the oasis effect in arid region and to analyze the 

influences of irrigation on environment, and to analyze 

the influences of irrigation on potential evaporation is 

also very important in water demand prediction and irrigation water management in oasis regions. 
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