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Detecting climate variability impacts on reference and
actual evapotranspiration in the Taohe River Basin, NW
China
Linshan Yang, Qi Feng, Changbin Li, Jianhua Si, Xiaohu Wen
and Zhenliang Yin

ABSTRACT
Analysis of the impacts of climate variability on evapotranspiration (ET) is of great importance in
understanding climate variability and its effect on hydrological aspects. In this study, temporal and
spatial variations in reference evapotranspiration (ET0) and actual evapotranspiration (AET) were
comprehensively detected in the Taohe River Basin from 1981 to 2010. The spatial distributions of
annual sensitivity of ET0 and AET to climatic variables were investigated. The quantitative
contributions, the possible causes and dominant controlling factors were analyzed. The results
suggested the following. (1) Considerable changes in ET0 occurred due to climate variability in the
Gannan Plateau area (GPA) and Loess Plateau area (LPA) by 3.54 mm/yr and 3.39 mm/yr from 1981 to
2010, respectively. (2) Net solar radiation was the most sensitive factor on ET0. The dominant factor
was air temperature leading to increase in ET0 due to high sensitive coefﬁcient to ET0 and also
exhibited signiﬁcant increasing magnitude. (3) Precipitation (PPT) was the most sensitive factor for
AET. AET in the GPA is controlled by air temperature and in LPA is controlled by PPT. This study
provides a beneﬁcial reference to agriculture, water resource and eco-environment management
strategies in this region for associated policymakers and stakeholders.
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INTRODUCTION
Evapotranspiration (ET) is an essential component of the

variability is the major force and increasing air temperature

hydrological cycle (Kite ; Mackay et al. ) and

leads to higher evaporation rates and enables the atmos-

strongly inﬂuenced by climatic factors, soil characteristics,

phere to transport higher amounts of water vapor, which

vegetation, and many other underlying surface factors,

will accelerate the hydrological cycle and cause uneven dis-

such that the controls on ET are very complex (Katul et al.

tribution of water resources (Piao et al. ; Jung et al.

; Yang et al. ). ET accounts for some 60% of terres-

). Understanding the changes in ET due to climate varia-

trial precipitation and can approach 100% of annual

bility impact is crucial to understand the inﬂuence of climate

rainfall in water-limited ecosystems, with transpiration

variability on the eco-hydrological processes of complex

often a dominant term in numerous vegetated landscapes

landscapes (Matin & Bourque ), and may help to elimin-

(Teuling et al. ; Huo et al. ). In China, climate

ate threats and enhance water resource management (Liu
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et al. ) in order to assess and manage the water budget

regional long-term average annual actual evapotranspiration

for agricultural purposes (Liu and Luo ).

(AET) from ET0 by analyzing a time-series of climatic data at

The Penman–Monteith (P-M) method, recommended by

catchment scale based on the complementary relationship

the Food and Agriculture Organization (FAO), combines the

coupled water-energy balance (Budyko ; Wang et al.

radiometric and aerodynamic parameters and reﬂects the

). This was deﬁned as the Budyko hypothesis. In order

combined effect of climate factors and terrestrial processes

to emphasize the inﬂuence of soil and landscape properties

(Liu and Luo ), as a standard for estimating potential

on AET, Fu () added an analytical expression to the

evaporation (ET0), and is widely acknowledged as the

Budyko

most accurate method for both arid and humid climate

between actual and potential evapotranspiration correlated

areas (Allen et al. ). In recent years, considerable

via precipitation, which is derived phenomenologically

research efforts have been made in the ﬁeld of the potential

mathematically provides a complete picture of the evapor-

inﬂuence of climate variability on ET0 (Liu et al. ; Cheng

ation mechanism (Zhang et al. ). Using Fu’s equation,

et al. ; Matin & Bourque ; Peng et al. ). Brutsaert

the AET could be estimated (Yang et al. ; Jiang et al.

() found a decreasing pan evaporation trend of 4.57 mm

). Based on the Budyko hypothesis, the sensitivity and

per year and an increasing terrestrial evaporation trend of

dominant controlling factors of AET can be discussed.

hypothesis.

The

complementary

relationship

0.7 mm per year from 1966 to 2000 in the Tibetan Plateau.

China’s Taohe River Basin (TRB), a transition basin

Huo et al. () conﬁrmed the signiﬁcant declining trend

between the Qinghai-Tibet Plateau and the Loess Plateau,

of ET0 with a mean value of approximately 3 mm per year

stretches across the eastern Tibetan Plateau (Zhang et al.

over the last 50 years in the arid regions of China. However,

) and southwestern Loess Plateau (Yang et al. ).

ET0 has increased in the semi-arid regions (Tabari ;

Due to the heterogeneity of the climate and underlying sur-

Tabari & Marofi ). The results of these analyses can

face conditions, the eco-hydrological processes of the TRB

allow determination of the accuracy required when using cli-

show signiﬁcant spatial-temporal heterogeneity and it is one

matic variables to estimate ET0. As it is affected by water and

of the most sensitive regions to climate variability in China.

energy conditions and to understand the impact of key

From the upstream reaches in the west to the downstream

meteorological variables on evapotranspiration, it is necess-

reaches in the northeast, the dominant climate variability

ary to conduct sensitivity analyses. The sensitivity of ET0 to

from an alpine cold humid and sub-humid climate to a tem-

different climatic factors varies in different regions. Huo

perate semi-arid climate, and the terrestrial vegetation

et al. () reported that wind speed was the most sensitive

shows signiﬁcant heterogeneity, ranging from alpine grass-

meteorological factor for ET0 in arid regions of China, and

lands and forests in the upstream regions to arid woodlands

Gong et al. () found relative humidity had the greatest

and grasslands in the downstream regions (Li et al. ).

inﬂuence on ET0 in the humid Yangtze River Basin of

The objectives of this study are: (1) to calculate reference

China. Liu et al. () suggested that in the Yellow River

evapotranspiration using the P-M method and actual evapo-

Basin, ET0 is most sensitive to solar radiation followed by

transpiration with the Fu’s equation of Budyko hypothesis;

relative humidity, air temperature, and wind speed. Goyal

(2) to analyze the spatial distribution of the annual ET0 and

() reported that ET0 is sensitive to air temperature and

AET trends and their sensitivities to climatic variables; and

net solar radiation in arid regions of India. Xu et al. ()

(3) to quantify the inﬂuence of climate variability on ET0 and

introduced a method by removing trends of each meteorolo-

AET, and to investigate the dominant controlling factors driv-

gical variable series and quantiﬁed the impact of ET0. These

ing the changes in different climatic regions of TRB, China.

studies could improve the understanding of the inﬂuence of
climate variability on ET0. However, characterizing and
quantifying the inﬂuence of climate variability on AET,

STUDY AREA AND DATA DESCRIPTION

and examining the dominant controlling factors remain an
ongoing and important problem. Budyko (, ) pro-

The Taohe River originates from the north of Xiqing Moun-

posed a semi-empirical expression for estimating the

tain and covers a total drainage area of 25,527 km2 between
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101 360 E and 104 200 E, and 34 060 N and 36 010 N (Figure 1),

annual precipitation decreases from 600 mm to 300 mm

with a total runoff of 46.9 × 108 m3 per year. The river ﬂows

from west to east. From upstream regions in the west to

through the eastern Tibetan Plateau and southwestern Loess

downstream regions in the east, the dominant climate

Plateau and ﬁnally reaches the LJX Reservoir, which is

varies from an alpine cold humid and sub-humid climate

located in the main stream of the upper Yellow River. In

to a temperate semi-arid climate, while the terrestrial veg-

the eastern Tibetan Plateau area (Gannan Plateau area,

etation ranges from alpine grasslands in the upstream

GPA), the land cover and topography change from forests

regions to forest and arid grasslands in the downstream

and mountains to grasslands and open valleys. In the south-

regions (Li et al. ).

W

W

W

W

western Loess Plateau area (Longxi Loess Plateau area,

Daily meteorological data collected in and around the

LPA), the vegetation cover is low (average of 22% vegetative

TRB were provided by the National Climatic Centre of

cover), which causes severe soil erosion due to summer rain-

the China Meteorological Administration from January

storms and the crude soil characteristics of this region (Yang

1981

et al. ). The mean annual air temperature increases from

daily minimum, maximum and mean air temperature,

W

1 C in the Gannan Plateau at elevations ranging from 4,562
W

to

December

2010. The data

sets

included

relative humidity, wind speed at 2 m, sunshine hours,

to 2,800 m a.s.l, to 9 C in the southwestern Loess Plateau, at

and precipitation. The station information is presented

elevations ranging from 2,800 to 1,731 m a.s.l. The mean

in Table 1.

Figure 1

|

Location of the TRB and the meteorological stations used in this study. The elevation zone was divided from 1,731 m to 4,562 m. The Taizi Mountain serves as a boundary to
divide the TRB into two regions, the Gannan Plateau in the upper and middle stream and the Longxi Loess Plateau in the low stream region.
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Geographic characteristics of the stations selected in this study
W

Stations

Longitude (dec. deg.)

Latitude (dec. deg.)

Elevation (m a.s.l)

T ( C)

PPT (mm/year)

ET0 (mm/year)

Henan

101.60

34.73

1,350.0

0.23

561.7

627.7

Hezuo

102.90

35.00

2,910.6

2.84

527.7

665.9

Lintao

103.87

35.40

1,893.8

7.51

489.2

731.6

Linxia

103.18

35.58

1,917.2

7.33

489.9

715.9

Maqu

102.08

34.00

3,471.4

1.87

590.9

714.3

Minxian

104.07

34.47

2,315.0

6.14

556.2

665.9

Yuzhong

104.15

35.87

1,874.4

6.99

367.9

812.0

METHODOLOGY

follows:

Reference evapotranspiration (ET0)

Rn ¼ Rns  Rnl

The daily reference evapotranspiration (ET0) in the TRB

where Rns is the incoming net shortwave radiation (MJ/m2)

was calculated using the P-M equation (Allen et al. ).

and Rnl is the outgoing net longwave radiation (MJ/m2). The

The ET0 represents a hypothetical crop that closely

incoming net shortwave radiation is estimated as the bal-

resembles the evaporation of an extensive surface of

ance between the incoming and reﬂected solar radiation:

(2)

green grass that is actively growing and adequately watered
with an assumed uniform height of 0.12 m, a surface resist-

Rns ¼ (1  α)Rs

(3)

ance of 70 s/m, and an albedo of 0.23. The equation has
been used to calculate daily reference evapotranspiration

where α is the albedo (ranging from 0 to 1) and the solar

ET0 (mm/d) for a wide range of locations and climates

radiation Rs is calculated using an empirical equation:

(Liang et al. ; Pirkner et al. ; Huo et al. ).
The P-M equation is:

ET0 ¼

0:408Δ(Rn  G) þ γ(900=(T þ 273))U2 (es  ea )
Δ þ γ(1 þ 0:34U2 )

(1)


n
Ra
Rs ¼ as þ bs
N

(4)

where as and bs are the regression constants that are calibrated
using the measured solar radiation data; in our study, we used

where ET0 is the potential evapotranspiration or evapotran-

the recommended values, i.e., as ¼ 0.25 and bs ¼ 0.5 (Allen

spiration capacity (mm), Δ is the slope of the saturation

et al. ; Liu et al. ); n is the actual sunshine duration,

W

vapor pressure–temperature relationship (kPa/ C), Rn is
2

the net radiation at the surface (MJ/m ), G is the soil
2

heat ﬂux (MJ/m ), T is the mean air temperature at a

N is the maximum possible sunshine duration, Ra is the extraterrestrial solar radiation (MJ/m2). The net longwave outgoing
radiation is calculated using the following equation:

W

height of 2 m ( C), es represents the saturation vapor
pressure (kPa), ea represents the air vapor pressure (kPa),
γ is the psychrometric constant (kPa/ C), and U2 represents
W

the average wind speed at a 2-m height above the surface
over a 24-hour period (m/s).

!
(Tmin þ 273:2)4 þ (Tmax þ 273:2)4
Rnl ¼ σ
(0:34
2


pﬃﬃﬃﬃﬃ
Rs
 0:14 ea ) 1:35
 0:35
Rso

(5)

The key radiation component of the P-M equation was
estimated using the following procedures: in this study, we

where σ is the Stefan–Boltzmann constant (4.903 × 109 MJ/

estimated the net radiation with a daily time scale as

(K4m2d)), Tmin and Tmax are the minimum and maximum air
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temperatures ( C), respectively, and Rso is the clear-sky solar
radiation (MJ/m2).
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Observations of the annual terrestrial surface water balance
demonstrate a tight and relatively simple functional dependence of evapotranspiration on the atmospheric water
supply (precipitation) and demand (potential evaporation) at
the surface (Lintner et al. ). Through dimensional analysis
and mathematical reasoning, Fu added a parameter on the
Budyko hypothesis to emphasize the inﬂuence of soil and landscape properties as (Fu ; Yang et al. ; Xu et al. ):

(6)

where AET is the actual evapotranspiration (mm), PPT is the
precipitation (mm), ET0 is the reference evapotranspiration
(mm), and ϖ is a nondimensional constant of integration ran-

|

2017

where
8
< 1 xi < xj
0 xi ¼ xj
a ij ¼ sgn xj  xi ¼
:
1 xi > xj

Actual evapotranspiration (AET)



 1=ϖ
AET
ET0
ET0 ϖ
¼1þ
 1þ
PPT
PPT
PPT

Hydrology Research

(8)

As can be seen from Equation (8), the test statistic S only
depends on the ranking of the observations, rather than
their actual values, resulting in a distribution-free test statistic, which has the advantage that its power and
signiﬁcance are not affected by the actual distribution of
the data (Khaled ). This is based on the assumption
that the data are independent and identically distributed,
with the mean and variance given by:
E(S) ¼ 0

(9)

Var(S) ¼ n(n  1)(2n þ 5)=18


n
X

ti (ti  1)(2ti þ 5)=18

(10)

i¼1

ging from 0 to ∞. Yang et al. () applied Fu’s equation
together with the parameter ϖ estimated by the empirical for-

where ti denotes the number of ties of extent i. The signiﬁ-

mula, have shown that Fu’s equation can predict both long-

cance of the trends can be tested by comparing the

term mean and annual value of actual evapotranspiration

standardized variable Zc with the standard normal variable

accurately and reasonably for 108 catchments including the

at the desired signiﬁcance level α, given by:

Tibetan Plateau, Loess Plateau, Haihe River Basin, and

Statistical tests for trend analysis

8
S1
>
>
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ S > 0
>
>
>
< var(s)
Zc ¼
0
S¼0
>
>
Sþ1
>
>
>
: pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ S < 0
var(s)

Mann–Kendall trend test

where Zc denotes the test statistics, when |Zc| > Z1-α/2, in

inland river basins of China. We selected a value of 2.1 for ϖ
based on Yang et al.’s () study in TRB.

(11)

which Z1-α/2 are the standard normal deviates and α is the
The Mann–Kendall test, recommended by WMO, is also

signiﬁcance level for the test (Khaled & Rao ).

called Kendall’s tau test according to Mann () and Kendall (). This test is used to assess the signiﬁcance of a

Sen slope

trend based on a non-parametric test and is widely used in
hydrometeorological trend detection studies. For a time-

The change magnitudes of meteorological variables in this

ordered sample of data xi (i ¼ 1, 2, … , n), xi is independent

study were estimated using the Sen slope method. This

and identically distributed. The test statistic S is given by:

method calculates the slope as a change in the measurement

S¼

X

per change in time, with advantages of allowing missing
aij

i〈j
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errors or outliers (Sen ), and the impact of missing data

any perturbation in the variable concerned; if the sensitivity

or anomalous trends can be eliminated by using the median

curve is non-linear, the coefﬁcient will change with the per-

of the series of slopes as the judgmental basis. The

turbation of the respective variable, which depends on the

expression is given by (Zuo et al. ):

degree of non-linearity of the curve. The smaller the variable
perturbation, the more accuracy of the coefﬁcient (Liu et al.

β ¼ Median

(xj  xi )
, ∀j > i
(j  i)

(12)

).
The procedure used to detect the factors inﬂuencing the
ET0 trends and to execute the quantitative evaluation is as

where β is a robust estimation of the slope. A positive value

follows: ET0 was recalculated by making a ±10% change

of β indicates an ‘increasing trend’, and a negative value indi-

in each meteorological factor (Rn, Tmax, Tmin, Rh, U2) assum-

cates a ‘decreasing trend’. For a time series of annual values,

ing other factors were ﬁxed; the sensitivity coefﬁcient (Sv)

β represents the annual increment under the hypothesis of a

was calculated from Equation (13); and the ET0 change

linear trend. This estimator provides the real slope of the

induced by one variable was indicated by multiplying the

tendency, which can differ slightly from the slope of the

relative change of the variable by its Sv (Yin et al. ).

trend line obtained by linear regression (Espadafor et al.

For example, a sensitivity coefﬁcient of 0.2 for a given vari-

).

able means that when the variable increases by 10%, all
other variables remain constant, but the ET0 may increase
by 2%. In our study, sensitivity coefﬁcients were estimated

Sensitivity analyses and their coefﬁcients

based on a daily time series. Yearly average sensitivity coefﬁcients were obtained by averaging the daily values.

For multi-variable models such as the P-M equation, different variables have different dimensions and ranges.

Quantifying the inﬂuence of changes in climate

Consequently, it is difﬁcult to compare the sensitivity of

variables

each dependent variable with respect to ET0 using partial
derivatives. McCuen () and Beven () recommended

The method to estimate the contributions of key climate

a mathematical deﬁnition equation of a sensitivity coefﬁ-

variables to the change trends of reference and actual evapo-

cient to describe the sensitivity characteristics with a non-

transpiration is similar to Xu et al. (). The steps include

dimensional form, which is widely used in evapotranspira-

three parts, as follows. (1) Converting the temperature, wind

tion studies (Gong et al. ; Liu and Luo ; Huo

speed, humidity, and solar net radiation into a stationary

et al. ):

time series by removing their change trends using the


Svi ¼ lim

ΔVi!0

ΔET0 =ET0
ΔVi =Vi



@ET0 Vi
¼

@Vi ET0

detrend equation (Huo et al. ):
(13)

Vdetrend,i ¼ Voriginal,i  S × i (i ¼ 1, 2, . . . N)

(14)

where Svi is the sensitivity coefﬁcient of the ith variable (Vi).

where Vdetrend,i is detrended variable series, Voriginal,i is the

A positive or negative sensitivity coefﬁcient indicates that

original series, S is the change trend of the given variable,

the ET0 will increase or decrease, respectively, with

i is the number of times, and N is the length of variable

increases in the given variable. The larger the coefﬁcient

time series. (2) Recalculating the evapotranspiration (ET0

of a variable, the more sensitive the ET0 to the variable,

or AET) using only one detrended climate factor data

i.e., the larger the impact the given variable has on ET0. In

series and using the original data for the other climate vari-

theory, the coefﬁcient is the tangent slope of the sensitivity

ables. (3) Contrasting the recalculated evapotranspiration

curve. In practice, however, the coefﬁcient is represented

with the original value. The difference is considered to be

by a given ‘linear range’ around the origin. If the sensitivity

due

curve is linear, the coefﬁcient remains constant regardless of

evapotranspiration.
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(precipitation minus runoff) to validate the AET calculated
by Fu’s equation. The evapotranspirable water and the

Validating the calculated ET0 and AET

results simulated using Fu’s equation is presented in Figure 3,
for which the correlation coefﬁcient is 0.73 and the Nash–

Based on the observed pan evaporation from 1987 to 2005

Sutcliffe efﬁciency is 0.66 for the whole TRB. The respective

at the Minxian meteorological station, we validated the

correlation and Nash–Sutcliffe efﬁciency coefﬁcients are

value calculated by the P-M method. A comparison between

0.78 and 0.62 for the Ganan Plateau and 0.64 and 0.81 for

observed pan evaporation and P-M ET0 is presented in

the Loess Plateau. For high PPT-R values, the simulated

Figure 2. P-M ET0 is consistent with the corresponding

AET was underestimated based on a comparison with the

value of pan evaporation and the correlation coefﬁcient is

evapotranspirable water and the corresponding points

0.96, which indicates that the calculated evapotranspiration

plotted above the 1:1 line in the scatterplots, especially in

based on the P-M equation is reliable and can represent the

the Gannan Plateau. For low PPT-R values, the AET was

real condition of TRB.

mainly overestimated based on the evapotranspirable

Due to a lack of eddy covariance or other available

water and the corresponding points plotted below the 1:1

measured actual evapotranspiration data in our study area,

line in the scatterplot, especially in the Loess Plateau.

we used the evapotranspirable water estimated by PPT-R

According to the results of the ﬁeld investigation, not all
of the evapotranspirable water was consumed by evapotranspiration and some was partially stored in the soil as soil
water. The difference from estimated AET to PPT-R reﬂects
the reservoir function of the underlying soil. Generally, at a
higher PPT-R, relatively more water is stored in the soil. The
precipitation is heavy with low intensity, water is intercepted by the canopy and some stored in the soil pore as
soil water, little water ﬂows out as runoff, which leads to
the estimated AET smaller than PPT-R. Therefore, the
underestimated AET in the Gannan Plateau is reasonable,
especially in 2003. The AET was overestimated in the
Loess Plateau mainly due to the evapotranspirable water

Figure 2

|

The correlation between the value of ET based on pan evaporation and the P-M
equation, using the Minxian meteorological station as an example.

Figure 3

|

(PPT-R) and soil water was consumed by vegetation evapotranspiration through capillary action and root hydraulic lift

Comparison of annual AET and PPT-R values: (a) time series contrast (1981–2010), (b) scatterplots between PPT-R and AET.
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in order to meet the needs of evapotranspiration ability,

by 3.66 MJ/m2 per year (P < 0.05) in the GPA and

which leads to the estimated AET being larger than PPT-R.

2.01 MJ/m2 per year (P < 0.1) in the LPA. The decreasing

This is consistent with the characteristics of the hydrological

trends of Rh in the GPA and increasing trends of U2 in

cycle in this area, such as in 2009. Overall, statistics show

the LPA were also remarkable during the last 30 years.

that the average annual PPT-R was 396 mm and the esti-

The increase in Rn and air temperature and decrease in

mated AET was 381 mm in the TRB. The relative error is

Rh led to an increase in ET0. The IPCC () reported an

therefore approximately 1.77%. This indicates that the per-

increase in global average surface temperature of approxi-

formance results were within the acceptable bounds and

mately 0.85 C from 1880 to 2012, which very likely has

the simulated series are stable and reliable without systema-

resulted from the increase in human-induced emission of

tic error, which means the method of estimating AET using

greenhouse gases. Our study showed a remarkable increase

Fu’s equation based on the Budyko hypothesis was suitable

in air temperature, which is consistent with other studies in

for the TRB. We used Fu’s equation to estimate the AET

semi-arid and semi-humid regions of China. Although the

and its spatial and temporal variability in the TRB.

annual PPT decreased without signiﬁcance, it had an impor-

W

tant inﬂuence on evapotranspiration in this water-limited
Changes in climate variable trends

region. Solar radiation is the fundamental energy source
on Earth. Long-term records of surface radiation measure-

We further divided the annual data into four seasons: winter

ments suggest that surface solar radiation increased in

(December to February), spring (March to May), summer

TRB. It was quite different to other studies that surface

(June to August), and autumn (September to November)

solar radiation decreased in many regions during this

for seasonal analyses. In this way, we detected the variability

period (Xu et al. ; Liu et al. ; Peng et al. ). It

of meteorological variables in different seasons. The seaso-

is called ‘From Dimming to Brightening’. The changes in

nal trends and magnitudes of several key climatic variables

cloud cover, aerosol emissions, and air pollution associated

from 1981 to 2010 are summarized in Table 2. Considerable

with economic developments are widely considered to be

changes occurred due to climate variability in both the GPA

responsible for a substantial part of ‘From Dimming to

and the LPA. In the past 30 years, the trend of maximum air

Brightening’ (Cheng et al. ; Matin & Bourque ).

temperature (Tmax) and minimum air temperature (Tmin)

Different change trends and magnitudes of climatic vari-

increased with signiﬁcant magnitude in the four seasons.

ables have been reported for different eco-geographical

The increase in Tmax and Tmin is much more evident in the

regions around the world (Liang et al. ; Pirkner et al.

cooler than in the warmer seasons in the two plateau

; Huo et al. ).

areas. The greatest rate of increase in Tmax and Tmin happened in winter at 0.083 and 0.077 C per year (P < 0.01)
W

Changes in the ET0 and AET trends

in GPA and 0.084 and 0.061 C per year (P < 0.01) in
W

LPA, respectively. Net solar radiation (Rn) and wind speed

The distribution of ET0 was interpolated using station-based

(U2) increased with different levels of signiﬁcance during

ET0 and a kriging method in the TRB (Figure 4). As the kri-

the four seasons in the GPA and LPA, except for the

ging method has the highest correlation coefﬁcient

decreasing trend of Rn in autumn in the LPA. Relative

calculated from the cross-validation test (Liu et al. ), it

humidity (Rh) and precipitation (PPT) decreased in the

was selected for interpolating yearly ET0 and AET in this

GPA in all the seasons except autumn; in LPA, Rh

study. The annual average ET0 of the TRB is 691 mm.

decreased in spring and summer and PPT decreased in all

From the upstream to downstream regions, the ET0 gradu-

seasons except autumn, with different levels of signiﬁcance.

ally increased, ranging from 633 mm to 789 mm. The ET0

It was noted that annual Tmax and Tmin signiﬁcantly

in the downstream region of the LPA was generally higher

W

increased in the GPA by 0.066 and 0.054 C per year,
W

than in the upstream region of the GPA, i.e., 743 mm

which is higher than in the LPA, i.e., 0.063 and 0.024 C

versus 673 mm. The Sen slope statistics showed an increas-

per year (P < 0.01), respectively. Rn signiﬁcantly increased

ing annual ET0 trend in the TRB, at a rate of 3.43 mm per
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Trend analysis results of climate variables based on Sen slope and the M-K test

GPA
Seasons

Spring

Variables

β

Z
2

Rn (MJ/m )
W

Tmax ( C)
W

Tmin ( C)
Rh (%)
U2 (m/s)
PPT (mm)
Summer

Rh (%)
U2 (m/s)
PPT (mm)
Autumn

Rh (%)

LPA
Signiﬁc.

β

Z

Signiﬁc.

1.78

1.199

þ

1.46

0.944

3.71

0.080

**

3.53

0.087

**

3.50

0.041

**

3.28

0.048

**

3.00

0.002

**

2.00

0.002

0.50

0.002

1.32

0.007

1.28

0.658

0.50

0.183

1.32

1.143

3.07

0.050

**

1.50

1.399

3.18

0.070

3.57

0.065

**

3.43

0.054

2.78

0.001

**

2.18

0.002

1.36

0.005

2.82

0.015

0.57

0.802

1.14

1.460

0.762

þ

0.21

0.138

0.064

**

2.25

0.053

*

2.25

0.044

*

1.86

0.024

þ

0.46

0.000

1.36

0.001

1.25

0.004

2.46

0.010

0.29

0.343

0.04

0.079

U2 (m/s)
PPT (mm)
Annual

Rh (%)
U2 (m/s)
PPT (mm)

**

1.89

PPT (mm)

Rh (%)

*

3.35

U2 (m/s)
Winter

*

0.88

0.146

2.68

0.083

**

3.47

0.077

**

0.51

0.001

*

0.13

0.042

2.76

0.084

**

3.10

0.061

**

0.13

0.000

1.29

0.007

2.04

0.011

0.62

0.099

1.29

0.138

2.36

3.661

*

1.89

2.014

þ

4.28

0.066

**

3.71

0.063

**

4.25

0.043

**

1.21

0.001

4.17

0.054

2.11

0.001

**
*

1.00

0.005

1.82

0.010

0.68

1.308

0.93

1.465

*

þ

Note: Positive values in the table indicate an increase and negative values indicate a decrease.
þ Indicates a signiﬁcance level of 0.1.
*Indicates a signiﬁcance level of 0.05.
**Indicates a signiﬁcance level of 0.01.

year over the 30 years from 1981 to 2010. Compared with

The AET was calculated using Fu’s equation and com-

the increased magnitudes in the downstream region of the

bining

LPA, the magnitude in the upstream region of the GPA is

distribution of annual AET showed distinct spatial hetero-

slightly lower. The former is 3.54 mm per year, and the

geneity in the two regions. The annual AET in the Gannan

latter is 3.39 mm per year.

and LPAs was 398 mm and 345 mm, respectively. The
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highest AET occurred in the south, and the lowest value

hypothesis rather than precipitation. However, in arid and

occurred in the north of the TRB. The AET in the GPA is

semi-arid regions, changes in AET are dominated by

higher than in the LPA, where the water is limited. The

changes in precipitation rather than ET0. AET and ET0 are

results from the Sen slope statistics suggested a slight

correlated by a complementary relationship via precipi-

increasing trend with a moderate magnitude occurred in

tation. In this study, the underlying climate factors causing

the GPA, while in the LPA the AET changed at a consider-

the changes in ET0 and AET in the whole basin are dis-

able rate and a unique decrease occurred in this region. The

cussed in the following sections.

annual AET trend change in the Gannan Plateau increased
by 0.54 mm per year compared with a decrease of 0.06 mm

Sensitivity analysis of ET0 and AET

per year in the LPA.
Based on the ET0 and AET analyses, we found that ET0

Application of the Beven method resulted in obvious differ-

and AET increased in the semi-humid GPA, while in the

ences of ET0 sensitivity to climatic factors. The spatial

semi-arid region of the LPA ET0 increased and AET

distribution of annual ET0 sensitivity coefﬁcients to ﬁve

decreased over the last 30 years. This is consistent with

key climate variables is shown in Figure 5. The sensitivity

recent studies (Yang et al. , ). In humid and semi-

coefﬁcients of ET0 to net solar radiation varied from 0.66

humid regions, changes in AET are dominated by changes

to 0.77 and were higher in the midstream than in the up-

in potential evapotranspiration based on the Penman

and downstream regions of the TRB. However, the average

Figure 4

|

Spatial distribution of average annual ET0 and AET and their Sen slopes.
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values of sensitivity coefﬁcients of ET0 to Rn in the GPA

> maximum air temperature > minimum air temperature

and LPA were the same, i.e., 0.73. The variability in the

> wind speed for the entire TRB.

spatial distribution of the ET0 sensitivity coefﬁcients to

The spatial distribution of the annual AET sensitivity

maximum and minimum air temperature was similar. The

coefﬁcients of six key climate variables is shown in

sensitivity coefﬁcients increased from the upstream to the

Figure 6. The sensitivity coefﬁcients of Rn varied from

downstream regions. The average sensitivity coefﬁcients

0.34 to 0.19, with an average value of 0.31 in the GPA,

of ET0 to Tmax in the GPA and LPA were 0.30 and 0.32,

which was higher than in the LPA, i.e., 0.23. Rh had a

respectively. The sensitivity coefﬁcient of Tmin was the

negative effect on AET, with negative sensitivity coefﬁ-

same in the two plateaus, i.e., 0.26. The Rh coefﬁcients

cients ranging from 0.13 to 0.27. The negative effect

varied from 0.62 to 0.47, with an average of 0.56 in

of Rh in the GPA was more signiﬁcant with an absolute

the GPA and 0.52 in the LPA. The U2 coefﬁcient in the

higher value of 0.23 compared with 0.15 in LPA. Tmax

GPA was larger than that in the LPA, i.e., 0.14 and 0.11,

and Tmin had a similar effect on AET, with a similar

respectively. Based on the above analysis, we found that

spatial distribution of sensitivity coefﬁcients ranging

the Rn, Tmax, Tmin, and U2 coefﬁcients were positive but

from 0.12 to 0.07. U2 had a small sensitivity coefﬁcient,

the Rh coefﬁcient was negative, which indicates that ET0

which means the lowest inﬂuence on AET. In contrast,

will increase with increases in Rn, Tmax, Tmin, and U2 and

PPT had the greatest inﬂuence on AET with the largest

a decrease in Rh. Despite the different inﬂuences on ET0,

sensitivity coefﬁcients ranging from 2.82 to 3.67; the aver-

we ordered the sensitivity based on the absolute coefﬁ-

age value for the LPA was 3.41 compared with 2.92 for

cients as follows: net solar radiation > relative humidity

the GPA. This means that the inﬂuence of PPT on AET

Figure 5

|

Spatial distribution of ET0 sensitivity coefﬁcients for meteorological variables.
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Spatial distribution of AET sensitivity coefﬁcients for meteorological variables: (a) net solar radiation, (b) relative humidity, (c) maximum air temperature, (d) minimum air
temperature, (e) wind speed, (f) precipitation.

was more signiﬁcant in the semi-arid region than in the

LPA compared with GPA. This is consistent with the

sub-humid region. The sensitivity ranking of the climate

Budyko hypothesis that AET is controlled by PPT rather

factors to AET was precipitation > net solar radiation

than ET0 in water-limited regions (Liu et al. ).

>

relative

humidity

>

maximum

air

temperature

> minimum air temperature > wind speed in the entire

Inﬂuence of climate variability on ET0 and AET

TRB.
The sensitivity of ET0 and AET to meteorological vari-

In order to detect the response of ET0 and AET to climate

ables varies with climate characteristics in different

variability, it is necessary to detrend the climate variables.

regions. Huo et al. () suggested that ET0 is most sensitive

The original and detrended data series for every variable

to wind speed in arid regions of China, while Gong et al.

for the TRB is shown in Figure 7. Distinct differences can

() concluded that relative humidity had the greatest

be observed between the original and detrended data

inﬂuence on ET0 in the humid Yangtze River Basin of

series for the six meteorological factors. Net solar radiation,

China. However, in our study, we found that net solar radi-

maximum and minimum air temperature, and wind speed

ation and relative humidity were the most sensitive ET0

exhibited positive trends, while relative humidity and pre-

variables in the TRB with a semi-arid and semi-humid cli-

cipitation exhibited negative trends. Consequently, the

mate, which is consistent with the conclusion of Liu et al.

detrended data series of Rn, Tmax, Tmin, and U2 were lower

(). The greater impact of relative humidity compared

than the original, and the detrended data of Rh and PPT

with wind speed on ET0 is in agreement with the results pre-

were larger than the original series. In general, climate varia-

sented by Zuo et al. () for a semi-arid region. A

bility contributed to increases in Rn, Tmax, Tmin, and U2, with

comparison of the sensitivity of AET to meteorological fac-

rates of 1.48%, 8.58%, 43.87%, and 11.61%, and decreases

tors indicated that precipitation is the most sensitive

in Rh and PPT, with rates of 1.88% and 2.69%, respect-

factor, and this variable had a higher coefﬁcient in the

ively, during the past 30 years in the TRB.
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Original and detrended series of Rn, Tmax, Tmin, Rh, U2, and PPT from 1981 to 2010 in the entire TRB. Linear ﬁtted trends of the original series are presented for the meteorological
variables.

Using the detrended meteorological data series, the P-M

increasing amplitude (þ1%) of net solar radiation, relative

equation and Fu’s equation were used to recalculate the

humidity, maximum air temperature, minimum air temp-

detrended ET0 and AET. The contrast between the

erature and wind speed, the relative increment of ET0

detrended and original value in the two plateaus is shown

due to sensitivity was 0.73%, 0.54%, 0.31%, 0.26%, and

in Figure 8. Considerable changes in ET0 occurred due to cli-

0.13%, respectively. Over the past 30 years, changes in

mate variability in the GPA and LPA, with increased rates of

net solar radiation (1.48%) contributed to the ET0 increase

6.47% and 6.10%, respectively, from 1981 to 2010. How-

by 1.08%, decrease in relative humidity (1.88%) contrib-

ever, the changes in AET were not as obvious. The AET in

uted to increase in ET0 by 1.01%, increase in maximum

the GPA increased at a rate of 1.33% but decreased in

air temperature (8.58%) and minimum air temperature

LPA at a rate of 0.93%. The distribution of the contribution

(48.37%) contributed to increase in ET0 by 2.66% and

of climate variability to ET0 and AET is presented in

12.58%, respectively, and wind speed (11.61%) contribu-

Figure 9. The contribution of climate variability to ET0

ted to an ET0 increase of approximately 1.5%. Despite

ranged from 2.54% to 13.43% with a high percentage in

the fact that the interaction within these variables contrib-

the eastern region of the TRB. The contribution of climate

uted to the increase in ET0, the increase in air temperature

variability to AET varied from 2.05% to 2.48% with a

leading to the increase in ET0 was obviously larger than

low percentage in the eastern region of the TRB over the

other factors in the whole basin. Although ET0 was

past 30 years.

more sensitive to Rn than to other factors, the changes
variables to

in solar radiation were not the dominant factors for the

changes in ET0 and AET was determined based on the

The contribution of meteorological

changes in ET0 in the TRB. The signiﬁcant increases in

relationship between the sensitivity and the meteorologi-

air temperature were the dominant factor in the increase,

cal variables (Equation (13)). We can understand the

because this was not only a relatively sensitive variable,

independent inﬂuence of every meteorological factor on

but also exhibited a signiﬁcant increasing magnitude

ET0 and AET. Calculations showed that given the same

over the 30 years.
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The changes in AET resulted from climate variability,

precipitation amplitude (þ1%), the relative increment in

based on Fu’s equation, mainly from the changes in precipi-

AET was 2.92% in the GPA and 3.41% in LPA due to the

tation and reference evapotranspiration. We detected the

sensitivity analysis. From 1981 to 2010, precipitation

inﬂuences of climate variability on AET, similar to the analy-

decreased in the GPA and LPA with amplitudes of

sis used to determine the inﬂuence on ET0. With the same

2.82% and 3.22%, which led to AET decreases of
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8.23% and 10.98% in the two regions, respectively. How-

humidity, maximum and minimum air temperature, and

ever, we conﬁrmed the AET exhibited an increasing trend

wind speed. The decrease in PPT was responsible for the

in the GPA and a decreasing trend in LPA by Sen slope

decrease in AET in the LPA, which contributed to the

method. This indicated that the increase in AET resulting

decrease in AET by 10.98%, while the effect of ET0 on

from the increase in ET0 completely offset the decrease in

AET offset the effect of PPT on AET in the GPA, which

AET resulting from the decrease in PPT, which subsequently

resulted in an increasing AET due to the increase in ET0.

resulted in an increase in AET in GPA. While, in LPA, the

The results indicated the dominant controlling factor on

increase in AET resulting from the increase in ET0 did not

AET is air temperature in the GPA based on the Penman

completely offset the decrease in AET resulting from the

hypothesis and in the LPA is PPT based on the complemen-

decrease in PPT, and subsequently resulted in a decrease

tary hypothesis.

in AET. Combining with the analyses of climate factors

In addition, the climate factors (Rn, Tmax, Tmin, U2, Rh,

impacts on ET0, AET was controlled by air temperature

and PPT) considered in this study should be independent

rather than precipitation in the semi-humid GPA region

of each other to ensure each factor is represented by its indi-

based on the Penman hypothesis, but was controlled by pre-

vidual contribution. Uncertainties existed in the estimation

cipitation rather than ET0 in the semi-arid LPA region based

of the contributions of climate variables. The errors could

on the complementary hypothesis.

come from the assumption that the six climate variables
were independent in the differential detrend processes.
However, the six climate variables impact each other and

CONCLUSIONS

are not totally independent, leading to uncertainties and
errors.

Analysis of the impact of climate variability on evapotranspiration is of great importance to eliminate threats and
manage the water budget for agricultural purposes. In this
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