
Introduction

Evaporation is a key link in the processes of global water 
cycle and energy cycle [1]. Terrestrial evapotranspiration 
contributes to 2/3 of annual precipitation, or the 
equivalent amount of twice of total surface runoff [2-3]. 
Potential evapotranspiration is the theoretical limit and 
the calculation basis of actual evapotranspiration, and is 
widely used in water resource research [4]. At the same 

time, evapotranspiration plays an important role in the 
global energy budget [5]. Therefore, changes of potential 
evapotranspiration have a great impact on global 
hydrological and energy cycle [6].

Global warming has become an indisputable fact 
over the past century. According to the IPCC 5th report, 
the surface temperature of the earth increased 0.85ºC 
over 1880-2012 [7]. And it could be expected that global 
warming tends to result in an increase in evaporation, 
and this increase would cause water cycle intensified 
[8-9]. However, much research had shown that the rate 
of potential evapotranspiration had been consistently 
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Abstract

Global warming has become an indisputable fact over the past century, while much research has 
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over the past 50 years. This phenomenon is called the “evaporation paradox.” In this study we tested the 
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streamflow. The conclusions include: 
1) The potential evapotranspiration of the Lijiang watershed is significantly decreased at the 0.1 confidence 
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and precipitation decreased 7.65%.
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were a 10.83% decrease and 1.67% increase, respectively.
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decreasing throughout the world over the past 50 years 
[10]. The contrast between temperature increase and 
potential evapotranspiration decrease is called the 
“evaporation paradox” [11].

This phenomenon was first reported by Peterson et al. 
(1995) [12], who tested the pan evaporation of America 
and the former Soviet Union in 1950-1990, and found a 
decreasing trend. Now the evaporation paradox has been 
a hot issue in evaporation study, similar trends have been 
found to be widely present in many regions and countries 
[13-17]. Under the background of global warming, what 
caused the decrease in potential evapotranspiration? Many 
researchers have suggested that, under the condition of 
not considering other factors, temperature increase must 
cause potential evapotranspiration increase, but the fact 
proves that the other factors played bigger contrary roles 
[18]. 

Precipitation and potential evapotranspiration are 
the most important meteorological variables influencing 
the changes of streamflow, and the partitioning of 
precipitation into streamflow and evaporation can be 
regarded as the key issue for understanding the response 
of hydrological processes to climate change at the basin 
scale [19]. Different methods were used to quantitatively 
separate the impacts of climatic variation on streamflow. 

Among these methods, the climate elasticity method  
[20-21] was widely used in different regions of the 
world [22-25]. The climate elasticity method considers 
precipitation and potential evapotranspiration as the 
representative indicators to estimate the impacts of 
climatic variation on streamflow.

In this study, based on the daily meteorological data 
of the Lijiang watershed, we compare and analyze the 
variation of potential evapotranspiration, temperature, 
and precipitation, and try to explore whether there is 
the phenomenon of evaporation paradox in the Lijiang 
watershed. The sensitivities of precipitation and potential 
evapotranspiration on streamflow are also identified by 
the climate elasticity method. The purpose of this study 
was to investigate the evaporation paradox in the Lijiang 
watershed, and to further understand the effects of climate 
change on streamflow.

Materials and Methods

Study Area

Lijiang watershed is located in northeastern Guangxi, 
bounded by 24º38’-25º54’N and 110º7’E-110º43’E. The 

Fig. 1. Location of the study area.
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region has a total area of 5,306 km2. The topography is 
characterized by low mountains and hilly landscapes, 
and is higher in the north (elevation 900-1,100 m) and 
lower in the south (elevation 100-600 m). This region 
has a subtropical humid monsoon climate. The annual 
temperature is about 17~20ºC, annual precipitation is 
about 1,400~2,600 mm, and annual evaporation is about 
1,350~1,850 mm, raining and hot during the same period. 
Vegetation is subtropical typical evergreen broad-leaved 
forest, like Pinus massoniana, Phyllostachys pubescens, 
and so on.

Data

The streamflow data were obtained from the 
Hydrological Yearbook of the People’s Republic of 
China, mainly from 4 hydrological stations: Lingqu, 
Guilin, Chaotian and Yangshuo. Meteorological data 
were obtained from the China Meteorological Data 
Sharing Service System (www.cma.gov.cn), and involved 
daily precipitation, average temperature, maximum 
temperature, minimum temperature, relative humidity, 
wind speed, and sunshine duration. The location of all 
hydrological and meteorological stations can be seen in 
Fig. 1.

Methods

Potential Evapotranspiration Calculation

And the potential evapotranspiration data are 
calculated based on the FAO model [26], derived from the 
process-based Penman-Monteith ET equation assuming a 
hypothetical well-watered grass that has a 0.12m canopy 
height, a leaf area of 4.8 m2/m2, a bulk surface resistance 
of 70 s/m, and an albedo of 0.23. Briefly:
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… where:
Ep = daily potential evapotranspiration (mm)
∆ = slope of the saturation water vapor pressure versus air 
temperature T (kPa.ºC-1)
Rn = total net radiation (MJ/m2)
G = total soil heat flux (MJ/m2, assumed zero in this study)
γ = psychrometric constant (kPa.ºC-1)
es = saturation vapor pressure (kPa)
ea = actual vapor pressure (kPa)
µ2 = mean wind speed at 2m height (m/s)
C = unit conversion factor with a value of 900

Mann-Kendall Test

Mann-Kendall test is one of the most widely used 
non-parametric tests to detect significant trends of 
climatic variables in time series [27-28]. The presence of 
a statistically significant trend is evaluated using the Z 
value. The test statistic Z is as follows:
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…where xi and xj are 2 generic sequential data values of 
the variable, and n is the length of the data set.

The statistic S (Var(S)) can be calculated as:
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Sensitivity Analysis Method

The sensitivity coefficient (ε) represents the 
proportional change in streamflow (Q) divided by the 
proportional change in a climatic variable (X), such as 
precipitation or potential evapotranspiration [29], and is 
expressed as:
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The sensitivity coefficient of streamflow to 
precipitation (εp) can be derived [30] as:
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An analogue coefficient for the sensitivity to Ep can be 
easily derived by combining both coefficients [31]: 
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Results and Discussion

Climate Change

The Change Trends of Climate

Temperature and potential evapotranspiration are the 
most obvious indicators to reflect climatic characteristics. 
The mean annual potential evapotranspiration was 
calculated by the method of Penman Monteith Equation 
for the national weather station within the study watershed 
from long-term (1976-2015) meteorological data.

Trend analysis is useful for understanding dynamics 
and behaviors of hydrological and climatic variables over 
a long-term period. The Mann-Kendall test was applied 
to detect the change trend of climate over the study 
period 1976 to 2015. Annual potential evapotranspiration 
in Lijiang watershed presents a decreasing trend from 
1976 to 2015. Based on the Mann-Kendall test results, 
the Z statistic of Ep was -1.34. And that suggested, over 
the whole study period from 1976 through 2015, that the 
annual potential evapotranspiration showed a downward 
trend at the 0.1 confidence level. The long-term variation 
of air temperature showed an obvious increasing trend, 
no matter the daily average temperature, daily maximum 

temperature, or daily minimum temperature. Their 
Z statistics of Mann-Kendall test were 4.81, 3.39, and 
5.11, respectively. And that means the air temperature 
increased over the period from 1976 to 2015, and was at 
the 0.01 confidence level. 

Evaporation Paradox in Lijiang Watershed

The long-term variations of potential evapotranspi-
ration (Ep) and temperature (T) of the Lijiang 
watershed are shown in Fig. 2. And the mean annual Ep 
was 937.14 mm.

Over the past 40 years from 1976 to 2015, a climate 
warming trend was obvious in Lijiang watershed.  
Annual average of daily mean air temperature was 
increasing at a rate of 0.323ºC per decade. Over the 
same period, potential evapotranspiration appeared as 
a decreasing trend. Annual potential evapotranspiration 
was decreasing at a rate of 6.537 mm per decade. 
Therefore, we conclude that the evaporation paradox does 
exist in our study area of Lijiang watershed.

The evaporation paradox had been observed in  
many regions around the world. Although many 
researchers have tried to figure out its mechanism, we still 
do not have a unified understanding about it. What caused 
the decrease in potential evapotranspiration? Some 
possible reasons have been discussed by Peterson et al. 
(1995) and Roderick et al. (2002), who thought the reason 
was the sunlight decrease due to the increase in cloud 
coverage [11-12]. Stanhill et al. (2001) also thought the 
reason was the sunlight decrease while due to the increase 
in aerosol concentration [32]. Chattopadhyay et al. (1997) 
wrote that it was attributable to vapor pressure deficit 
decrease, which is due to increasing air humidity [33]. 
And Cohen et al. (2002) thought that it was attributable 
to wind speed decrease, which was due to the monsoon 
change [34]. Decreasing in solar radiation or sunlight, 
referred to as global dimming, could be the primary 
cause, but this trend changed to the reverse direction in 
the 1980s [35-36].

Correlation Ep Pa T Tmax Tmin RH W S

Ep 1

Pa 0.204 1

T -0.097 -0.345* 1

Tmax 0.078 -0.185 0.928** 1

Tmin -0.265 -0.345 0.926** 0.762** 1

RH -0.163 0.139 -0.542* -0.548* -0.438* 1

W 0.248 0.255 -0.528* -0.423* -0.584* 0.313* 1

S 0.769** 0.358* 0.094 0.347* -0.124 -0.359* 0.06 1
**Correlation is significant at the 0.01 level
*Correlation is significant at the 0.1 level

Table 1. The correlation between Ep and other weather factors.

Fig. 2. Long-term variations of potential evapotranspiration and 
air temperature.
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Relations between Potential Evapotranspiration 
and Other Weather Factors

A correlation analysis was conducted between 
potential evapotranspiration (Ep) and other weather 
factors such as atmospheric pressure (Pa), mean daily 
air temperature (T), max daily air temperature (Tmax), 
min daily air temperature (Tmin), relative humidity 
(RH), wind (W), and sunshine duration (S). Correlation 
coefficients based on records in different periods are 
shown in Table 1, and the bivariate correlation statistics 
was used to analyze the significance for potential 
evapotranspiration of independent variables.

As shown in Table 1, we got a positive correlation 
between potential evapotranspiration and sunshine 
duration, which is reasonable as radiation is an energy 
source for evaporation. Results showed that the correlation 
coefficient was 0.769 and was significant at the 0.01 level. 
Based on the Mann-Kendall test results, the Z statistic 
was -0.8738. And that suggested, over the whole study 
period from 1976 through 2015, that the sunshine duration 
showed a downward trend.

And for other weather factors, the Mann-Kendall test 
results of relative humidity and wind speed showed that 
the Z statistics were -3.9031 and -4.8352, respectively. 
That means the relative humidity and wind speed in 
Lijiang watershed were significantly decreased. While 
they were not so related to potential evapotranspiration, 
the correlation coefficients were -0.163 and 0.248, and the 
coefficients of other factors were also very small. So in this 
study watershed, the evaporation paradox phenomenon 
may be caused by sunshine duration decrease.

In this study, we described the phenomenon of 
evaporation paradox in the Lijiang watershed, and the 
relationships between potential evapotranspiration 
and other weather factors showed that it had a positive 
correlation with sunshine duration, while other factors 
were not so related to it. And the results showed that in  
our study watershed the evaporation paradox  
phenomenon may be caused by sunshine duration 
decrease, and were similar to a previous study. Sunshine 
duration is one of the most important meteorological 
factors, and researchers have found that many regions 
in china had a decreasing trend in 1961-2000 – similar 
to the trend in other regions of the earth [37-38]. And 
in Guangxi Province (the location of the study area), 
sunshine duration also showed a decreasing trend of 
-35.1h/10a [39]. 

Effects of Climate Change  
on Streamflow 

The Changes of Streamflow and Precipitation

Based on our study period of 1976-2015, we test  
the annual streamflow in the first decade of 1976-1985  
and the last decade of 2006-2015. And the comparison 
results showed that the streamflow of Lijiang watershed 
had a decreasing trend (Fig. 3). The mean annual 

streamflow in 1976-1985 was 1,215.29 mm and the 
streamflow in 2006-2015 was 1,112.64 – a decrease of 
8.48%. 

Precipitation is the most important factor to affect 
streamflow. The mean annual streamflow in the period 
of 1976-2015 was 1,919.45 mm, and the results of  
Mann-Kendall test showed that the Z statistic of 
precipitation was -0.5476, meaning that the precipitation 
of Lijiang watershed had a decreasing trend. Comparing 
precipitation in the first decade of 1976-1985 and the 
last decade of 2006-2015, the mean annual streamflow 
in 2006-2015 was 1,788.48 mm and in 1976-1985 was 
1,936.60 mm – showing a decrease of 7.65%.

The Sensitivities and Effects of Climate Change 
on Streamflow

The sensitivity of streamflow to precipitation was 
determined by Eq. 8, and the value was 1.4152. This 
result indicated that a 10% decrease in precipitation 
would result in a 14.152% decrease in streamflow. 
Similarly, the sensitivity value of streamflow to  
potential evapotranspiration was -0.4152, and indicated 
that a 10% decrease in potential evapotranspiration  
would result in a 4.152% increase in streamflow. 

Based on a comparison of the first decade of  
1976-1985 and the last decade of 2006-2015,  
precipitation showed a decrease of 7.65%, and for the 
sensitivity value of streamflow to precipitation was  
1.4152, we calculated that the precipitation affected 
streamflow in a 10.83% decrease. Likewise, comparing 
1976-1985 and 2006-2015, the potential evapotranspi-
ration showed a decrease of 4.02%, and for the sensitivity 
value of streamflow to potential evapotranspiration of 
0.4152, the effect of potential evapotranspiration on 
streamflow was an increase of 1.67%.

Many previous studies have shown that precipitation 
(reflecting the available water) is the key variable 
influencing hydrological processes, while the effects 

Fig. 3. Comparison of precipitation and streamflow in different 
periods.
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of potential evapotranspiration (reflecting the energy 
conditions) were smaller, and we got a similar conclusion in 
our study. In Lijiang watershed, the sensitivity coefficients 
of precipitation and potential evapotranspiration on 
streamflow are 1.4152 and -0.4152, respectively. This 
means that streamflow is more sensitive for precipitation 
than potential evapotranspiration, and based on these 
results, the effect of precipitation on streamflow is 10.83% 
– much larger than potential evapotranspiration of a 
1.67% increase.

It is important to highlight that there remains some 
uncertainty in this statistical assessment of climate 
impacts on streamflow. In our study, we used the approach 
of Renner et al. (2012) [30] to estimate the sensitivity  
of streamflow to climate. A problem is that this approach 
is more suitable for applying to an area where precipitation 
and potential evapotranspiration are of similar magnitude 
[30], in other words, aridity is close to one, while in our 
study area precipitation is much larger than potential 
evapotranspiration, meaning that the aridity index is 
smaller than one. That may lead to some error in our 
results, and we would make some modification in future 
research.

Conclusions

Changes in climate and their effects on streamflow 
are important parts of the hydrological cycle and a 
complicated feedback to climate change exists. A better 
understanding of the impacts of climate change on 
streamflow is becoming increasingly important for water 
resource management and planning. In this study, we test 
the change trend of climate, and quantify the sensitivity of 
streamflow to climate. The findings can be summarized 
as follows:
1) The climate of the Lijiang watershed has a significant 

change trend. The Mann-Kendall test results showed 
that potential evapotranspiration is significantly 
decreased at the 0.1 confidence level and temperature 
is significantly increased at the 0.01 confidence level. 

2) An evaporation paradox exists in Lijiang watershed 
while the climate becomes warmer and potential 
evapotranspiration keeps decreasing. This 
phenomenon may be mainly caused by a sunshine 
duration decrease.

3) The annual streamflow and precipitation of 
Lijiang watershed both showed a decreasing trend. 
Comparing the first decade of 1976-1985 and the last 
decade of 2006-2015, streamflow decreased 8.48% 
and precipitation decreased 7.65%.

4) The sensitivities of streamflow to precipitation and 
potential evapotranspiration were 1.4152 and -0.4152, 
respectively. And the effects of precipitation and 
potential evapotranspiration on streamflow were a 
10.83% decrease and 1.67% increase, respectively.
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