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Abstract Reference evapotranspiration (ETp) is a key
parameter in hydrological and meteorological studies. In
this study, the FAO Penman—Monteith equation was used to
estimate ET),, and the change in ET, was investigated in
China from 1960 to 2011. The results show that a change
point around the year 1993 was detected for the annual
ET, series by the Cramer’s test. For the national average,
annual ET, decreased significantly (P < 0.001) by
—14.35 mm/decade from 1960 to 1992, while ET, increased
significantly (P < 0.05) by 22.40 mm/decade from 1993 to
2011. A differential equation method was used to attribute
the change in ET, to climate variables. The attribution
results indicate that ET, was most sensitive to change in
vapor pressure, followed by solar radiation, air temperature
and wind speed. However, the effective impact of change in
climate variable on ET, was the product of the sensitivity
and the change rate of climate variable. During 19601992,
the decrease in solar radiation was the main reason of the
decrease in ET, in humid region, while decrease in wind
speed was the dominant factor of decreases in ET) in arid
region and semi-arid/semi-humid region of China. Decrease
in solar radiation and/or wind speed offset the effect of
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increasing air temperature on ET), and together led to the
decrease in ET, from 1960 to 1992. Since 1993, the rapidly
increasing air temperature was the dominant factor to the
change in ET) in all the three regions of China, which led to
the increase in ETy. Furthermore, the future change in ET)
was calculated under IPCC SRES A1B and B1 scenarios
with projections from three GCMs. The results showed that
increasing air temperature would dominate the change in
ETy and ET, would increase by 2.13-10.77, 4.42-16.21 and
8.67-21.27 % during 2020s, 2050s and 2080s compared
with the average annual ET, during 1960-1990, respec-
tively. The increases in ET, would lead to the increase in
agriculture water consumption in the 21st century and may
aggravate the water shortage in China.

Keywords Reference evapotranspiration -
Climate change - Trend - GCMs

1 Introduction

Reference evapotranspiration (ET,) is a representation of
the environmental demand for evapotranspiration under a
certain underlying surface, which is an important parameter
for agricultural activities and hydro-meteorological studies,
such as design of irrigation and drainage systems, water
resources management and irrigation scheduling (Ganji
et al. 2006; Sentelhas et al. 2010; Zhang et al. 2011;
Nazemi and Elshorbagy 2012). Changes in ET, are of great
significance for agricultural water use planning and irri-
gation system management. One of the expected conse-
quences of the global warming is that the increasing
surface temperature should lead to the increase in evapo-
rative demand. However, in the last decades, both observed
pan-evaporation and reference evapotranspiration were
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Fig. 1 The spatial distribution
of the 653 meteorological
stations in China. China was
divided into three regions by the
arid index
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reported to have decreasing trends in different regions of
the world (Brutsaert and Parlange 1998; Roderick and
Farquhar 2002; Liu et al. 2004; Roderick et al. 2007; Zheng
et al. 2009), which is known as “Evaporation Paradox”
(Brutsaert and Parlange 1998).

The reasons of decreasing pan-evaporation and/or ET,
have been widely discussed, and changes in climate vari-
ables such as air temperature, wind speed, solar radiation
and vapor pressure were employed to explain the changes
in pan-evaporation and/or ET,. Some researchers revealed
that decreasing wind speed was the dominating factor for
decreasing ET, in many regions of the world, such as
Australian (Roderick et al. 2007), Iran (Dinpashoh et al.
2011), Canada (Burn and Hesch 2007), Tibetan Plateau
(Shenbin et al. 2006; Zhang et al. 2007; Liu et al. 2011) and
the Haihe River basin (Zheng et al. 2009). Meanwhile,
other researchers investigated that decreasing solar radia-
tion was the main contributor to the decreasing ET, in
Ireland (Stanhill and Mdller 2008) and the Yangtze River
basin (Xu et al. 2006; Wang et al. 2007). Water vapor and
air temperature were also demonstrated as the dominating
climate variable to the decreasing ETj in limited regions
(Chattopadhyay and Hulme 1997; Speranskaya et al. 2001;
Tabari et al. 2011).

In recent years, the changes in pan-evaporation and/or
ET, were reported to have new dynamics. The increasing
trends in pan-evaporation and/or ET, were detected in
some regions in the world since 1990s. Zuo et al. (2011)
detected that there was an abrupt change for annual ET),
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series in the Wei River basin of China around 1993, and
ET, became to increase since 1993. Shadmani et al. (2012)
found that increasing ET, was investigated in some cities in
Iran in 1990s. Papaioannou et al. (2011) examined the
trend in ET, in Greece, and found that annual ET, showed a
declined trend from 1950 to the early 1980s and began to
increase since the early 1980s.

In China, irrigation plays an important role in food
security and roughly four fifths of grain harvest comes
from irrigated land (Brown 2011; Gao et al. 2010). Con-
sidering the importance of changes in ET, for agricultural
water use planning, the recent dynamics in ET, in China
should be investigated, which was not available in the lit-
erature. The Penman—Monteith method recommended by
Food and Agriculture Organization (FAO) is widely used
to calculate ET} in China. The objectives of this study are
(1) to characterize the changes in Penman—Monteith ET, in
China from 1960 to 2011; (2) to investigate the reasons of
changes in Penman—Monteith ET, in China; (3) to predict
the responses of ETj to climate change from 2011 to 2099
under IPCC SRES A1B and B1 scenarios with projections
from three GCMs.

2 Data

Daily meteorological records of 653 national meteorolog-
ical stations during 1960-2011 in China from the National
Climatic Centre of China Meteorological Administration
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(http://cdc.cma.gov.cn) were used in the study (Fig. 1). The
data included daily precipitation, daily air temperatures (7,)
at 2 m height, wind speed measured at 10 m height, vapor
pressure (VP) at 2 m height and sunshine duration. Wind
speed (U) was adjusted to 2 m height using Allen et al.
(1998) wind profile relationship to calculate ET,. Sunshine
duration of a day is defined as the sum of hours for which
the direct solar irradiance exceeds 120 W/m?> (WMO 1996).
China was divided into three climatic regions based on the
distribution of arid index (¢), which is the ratio between
annual mean potential evapotranspiration and annual mean
precipitation. The three climatic regions include arid region
(¢ > 4.0), semi-arid/semi-humid region (4.0 > ¢ > 1.0)
and humid region (¢ < 1.0) (Ponce et al. 2000).

The WCRP (World Climate Research Programme)
CMIP3 (Coupled Model Intercomparison Project) Multi-
model data (monthly) was employed to predict the change
in ET, from 2011 to 2099. Three consecutive 30 year,
including 2011-2039(2020s), 2040-2069(2050s) and
2070-2099(2080s), were used to estimate the change in
climate variables and ET, in the future. Two scenarios
(SRES A1B and B1) were chosen for representing the dif-
ferent development patterns of the world. Three GCMs
outputs were used as different future changes in climate
variables: UKMO_HadCM3 with a resolution of 2.5° x
3.75°, MPI_ECHAMS with a resolution of 2.8° x 2.8° and
CCCMA_CGCM3.1 with a resolution of 3.7° x 3.7°
(Meehl et al. 2007). All of the data was interpolated to
2.5° x 2.5° using inverse distance weighting. The GCM
data were averaged over all grid cells whose centers lay in
China.

3 Method
3.1 Statistical analysis

Cramer’s test is performed to examine the stability of a
record in terms of a comparison between the overall mean

of an entire record and the means of certain parts of the
record (e.g., Tiirkes 1996). Cramer’s test statistic #; is
calculated as:

n(N —2)

=4 ———————- 1
ANy m
_ _ k+n
Xy —X _ 1 1
Tk = y Xk = — Xiy X = = Xi (2)

X and s are the mean and standard deviation of the entire
period of N years, respectively, and x; is the mean of the
sub-period of n years to be compared with x. The test
statistic #; is distributed as Student’s ¢ with (N-2) degrees of
freedom. The null hypothesis of no significant difference
between the mean of a sub-period and the mean of a whole
period is rejected with the two-tailed test for large values
Of|l‘k‘.

The rank-based non-parametric Mann—Kendall statisti-
cal test (Mann 1945; Kendall 1975) has been commonly
used for trend detection due to its robustness for non-nor-
mally distributed data, which are frequently encountered in

Table 1 Trend in associated climate variables and ET} in regions

Region ETy, T, U VP Rg
Period: 1960-1992
Nation —14.35%%*% 0.11*  —0.07*%%* —0.01 —0.21%%*
Arid region —11.66* 0.23%*  —(.09%*%* 0.04 —-0.04
Semi-arid/Semi- —9.82% 0.16%  —0.06%* 0.03  —0.14%**
humid
Humid region —19.33%%+ 0.01 —0.08#**  —0.06 —0.33%**
Period: 1993-2011
Nation 22.40% 0.50%*  —0.06%** 0.00 —0.04
Arid region 35.34%*%  (0.66%* 0.01 —0.09 0.06
Semi-arid/Semi- 10.94 0.44*  —0.10%%%* 0.01 —0.16*
humid
Humid region 28.02%*  0.50*%* —0.04* 0.01 0.04

Slope is the linear trend estimated by the linear regression. The slope unit of
ETy, T,, U, VP and Rg is mm/decade, °C/decade, m s~ /decade, kPa/decade
and MJ m~? day~'/decade. *P < 0.05; **P < 0.01; ***P < 0.001
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hydro-climatic time-series (e.g., Zheng et al. 2009; Liu and
Zhang 2012). By assuming a normal distribution at the
significant level of P = 0.05, a positive Mann-Kendal
statistics Z larger than 1.96 indicates an significant
increasing trend, while a negative Z lower than —1.96
indicates a significant decreasing trend. Critical Z values
of +1.64, £2.58 and +3.29 were used for the probabilities
of P = 0.1, 0.01 and 0.001, respectively. The trend of ET,
and climate variables from the 1960 to 2011 was deter-
mined by linear regression while the Mann—Kendall test
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was conducted to determine
regression line is significant.

whether the slope of the

3.2 Reference evapotranspiration

The Penman—Monteith ET, formula (Allen R et al. 1998) is
expressed as:

0.408A(R, — G) + 7
To =

900

22U - (VP — VP)
A+ (1 +0.340)
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where R, is net radiation at reference surface (MJ m—>
day "), Gis soil heat flux density (MJ m~* day "), 7, is daily
mean temperature (°C), U is the wind speed at 2 meters height
(m sfl), VPq is saturated vapor pressure (kPa), VP is actual
vapor pressure (kPa), 4 is the slope of vapor pressure curve
versus temperature (kPa °C™") and y is psychrometric con-
stant (kPa °C™"). R, represents the difference between net
shortwave radiation (R,,;) and net long-wave radiation (R,;).
R,; was estimated by a function of temperature, actual vapor
pressure and sunshine duration (Allen R et al. 1998).
Regional averages of ET, and climate variables were first
calculated by averaging the values of stations included in the
region. Temporal trends and change points of the average ET,
and climate variables were then quantified by the linear
regression and the Cramer’s test, respectively.

3.3 Sensitivity coefficient

Sensitive coefficient was defined as the ratio of change rate

of ET, and change rate of meteorological factor in this

study (McCuen 1974):

AET()/ETO - aETQ % Xi
Axi/x,- o ax,- ETO

S(x;) = 1
(xi) Aif}i»(

(4)

where x; is the meteorological factor; §,; is the sensitivity
coefficient of ET), related to x; which is a non-dimensional
form. This pattern can be easily used for comparison of
different meteorological factors. Essentially, a positive/
negative sensitivity coefficient of a meteorological factor
indicates that ET, will increase/decrease with the

meteorological factor increasing. The larger absolute value
of the sensitivity coefficient, the larger effect a given
meteorological factor has on ET).

3.4 Attribution assessment

For attribution, the change in ET, can be approximately
estimated by the following differentiating equation (Zheng
et al. 2009):
dET _ OET dR;
di ~ OR, dt

OETdU OET dVP

OETdT,  OETdU  OETdVP
oU dt OVP dt

oT, dt

(5(a)
or simplified as:
L_(ETy) =C_(Ry)+C_(T,)+C_(U)+C_(VP)+
(5(b))

where L_(ET)) is the calculated long term trend in ET, by
linear regression. C_(R,), C_(T,), C_(U) and C_(VP) are
individual contributions to the trends in ET, due to the
change in R, T,, U and VP, respectively. The sum of
C_(Ry), C(T,), C_(U) and C_(VP) is simplified as
C_(ETy). 6 is the error item between L _(ET,) and
C_(ETy). Furthermore, the individual relative contribution
of climate variable to the trend in ET, can be estimated as:
C_(x:)

RC_(x;) = L ET, x 100% (6)
where RC_(x;) is the relative contribution of the climate
variable x;.
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Table 2 Sensitivity coefficients

: : Region S(T)  SW)  S(R) S(VP)  S(T)  SW) SR  S(VP)
of ETy to climate variables Period: 1960-1992 Period: 1993-2011
Nation 037 018 042  —070 037 019 042  —063
Arid region 014 027 027  —047 015 027 029  —042
Semi-arid/Semi-humid 020 020 036  —063 021 021 036  —058
Humid region 061 012 051  —08 059 013 051  —075

4 Results
4.1 Changes in ET,

Figure 2a shows the variation of annual ET, averaged by
the 653 meteorological stations in China from 1960 to 2011.
A change point for annual ET, series was detected around
the year 1993 by Cramer’s test (Fig. 2b). Annual ET),
decreased significantly (P < 0.001) by 14.35 mm/decade
from 1960 to 1992, while ET, increased significantly
(P < 0.05) by 22.40 mm/decade from 1993 to 2011. For the
three climatic regions, change points for annual ET, were
also identified by Cramer’s test around 1993 (Table 1). In
arid region, annual ET, decreased significantly (P < 0.05)
by —11.66 mm/decade before 1993 while increased
significantly (P < 0.01) by 35.34 mm/decade after 1993. In
semi-arid/semi-humid region, annual ET, decreased
significantly (P < 0.05) by —9.82 mm/decade before 1993
but increased insignificantly (P > 0.1) after 1993. In
humid region, ET, decreased significantly (P < 0.001) by
—19.33 mm/decade before 1993 while increased signifi-
cantly (P < 0.01) by 28.02 mm/decade. Figure 3a shows
the spatial distribution of trends in annual ET) at the 653
meteorological stations before and after 1993. During the
period 1960-1992, annual ET, showed a decreasing trend at
487 stations and the decreasing trends were significant
(P <0.05) at 252 stations. During the period 1993—
2011(Fig. 3b), annual ET, increased at 479 stations and the
increasing trends were significant (P < 0.05) at 216
stations.

4.2 Changes in climate variables

Figure 4 and Table 1 show the variations of climate vari-
ables in China from 1960 to 2011. T, increased significantly
(P < 0.05) by 0.11 °C/decade from 1960 to 1992, while T,
increased significantly (P < 0.01) by 0.50 °C/decade from
1993 to 2011 for the China average. The similar trends in 7,
were also found in the three climatic regions, and the
increasing trend in 7, from 1993 to 2011 was about 50 times
as that from 1960 to 1992 in humid region. U decreased
significantly (P < 0.001) by —0.07 and —0.06 m s~ '/dec-
ade before and after 1992 for the China average. The change
in U was spatially uneven, the decreasing trends in U slowed
in arid and humid regions while accelerated in semi-arid/
semi-humid region since 1993. R, decreased significantly
(P < 0.001) by —0.21 MJ m~* day ™~ '/decade from 1960 to
1992, while T, decreased insignificantly (P > 0.1) from
1993 to 2011 for the China average. 7, even showed
increasing trend in arid and humid regions from 1993 to 2011
(termed ‘from dimming to brightening’). The changing trend
in VP was not significant (P > 0.1) both from 1960 to 1992
and from 1993 to 2011.

4.3 Sensitivity of ET, to climate variables

Sensitivity coefficients were calculated by Eq. (4) and the
results was shown in Table 2. During the period
1960-1992, the mean annual sensitivity coefficients of ET)
to T,, U, R, and VP for China average were 0.37, 0.18, 0.42
and —0.70, respectively. It indicates that 10 % increase in

Fig. 5 Comparison between the (a) 15 4 (b) 20+
calculated ET, trend C(ET,) and 1 1
the detected ET), trend L(ET)) 10 15 4
by linear regression in China 1 10 _
a from 1960 to 1992 b from 5 ]
1993 to 2011 —~ 5
= 0 4 :o i
_ £ 04
5 4 ]
-5
10 4 Y=X line 104 Y=X line
(R*=0.98,n=653) ] (R=0.97,n=653)
-15 T T T T T T 1 '15 T T T T T T T T T T T T T 1
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Table 3 Contributions of climate variables to the long term trend in ET,

Region C_(T,) Cc_(U) Cc_(vP) C_(Rg) C_ETy L_E,., € 0(e)(%)
Period: 1960-1992
Nation 0.14 -0.73 -0.02 -0.77 —1.38 —1.44 —0.04 291
Arid region 0.55 —1.55 —0.04 —0.05 —1.09 —1.17 -0.07 6.34
Semi-arid/Semi-humid 0.37 —0.68 —-0.24 —0.40 —0.95 —0.98 -0.02 248
Humid region —-0.21 —-0.49 0.17 —1.36 —1.89 —-1.93 —0.05 2.38
Period: 1993-2011
Nation 2.99 -0.37 -0.23 -0.17 222 2.24 0.03 1.20
Arid region 3.36 0.31 —-0.24 0.12 3.55 3.53 -0.02 —0.61
Semi-arid/Semi-humid 2.68 —0.80 -0.12 —0.63 1.13 1.09 —0.03 —2.37
Humid region 3.13 —-0.23 —0.31 0.13 2.72 2.80 0.09 3.24

T,, U and R, would result in 3.7, 1.8 and 4.2 % increase in
ET,, while 10 % increase in VP could result in 7.0 %
decrease in ET,. The sensitivity coefficients of ET) to cli-
mate variables from 1993 to 2011 nearly kept the same as
that from 1960 to 1992. In the past 50 years, ET, was most
sensitive to change in VP for China average, followed by
R, T, and U. For the three climatic regions, the order was
VP, R, U and T, in arid region and semi-arid/semi-humid
region, while it was VP, T,, R; and U in humid region.

4.4 Attribution of changes in ET),

The contributions of climate variables to the change in ET)
were estimated according to Egs. (5) and (6). As shown in
Fig. 5, the calculated ET, trends C_(ET),) fitted well with
the detected ET, trends L_(ET)) by linear regression with
R? = 0.98 and 0.97 before and after the 1993 respectively.
Table 3 shows the contribution of each climate variable to
the trend in annual ET). During the period 1960-1992, the
change in T,,, U, R, and VP could have led to change in ET)
by 0.14, —0.73, —0.77 and —0.02 mm/a, respectively. The
combined effects of the four climate factors results in a
decrease in ET, by —1.39 mm/a, and the absolute and
relative error compared to the detected ET, trend was
—0.04 mm/a and 2.91 % respectively. The increasing T,
would lead to the increase in ETj, but the effect has been
offset by the decreasing U and R; from 1960 to 1992.
During the period 1993-2011, the change in T, U, R, and
VP could have led to the change in ET, by 2.99, —0.37,
—0.17 and —0.23 mm/a, respectively. The combined
effects of the four climate variables resulted in an increase
in ET, at 2.21 mm/a. The absolute and relative error
compared to the detected ET, trend was 0.03 mm/a and
1.20 %, respectively. The increase in 7, was the dominant
factor for the increase in ET, from 1993 to 2011. Due to the
large amplitude of increased 7, the positive effect of T,
offset the negative effect of U, R; and VP to ET).

For the three climatic regions, the decreasing U was the
dominant factor for the decrease in ET) in arid region and
semi-arid/semi-humid region, while decreasing R, was the
dominant factor in humid region from 1960 to 1992
(Table 3). During 1993-2011, increasing 7, was the
dominant factor for the increase in ET, in all the three
regions. Figure 6 shows the spatial distribution of domi-
nating climate variable for the change in ET, at the 653
stations in China before and after 1992. From 1960 to
1992, T,,, U and R, were the dominant factor for the change
in ET, at about 22, 33 and 41 % stations, respectively;
while VP was the dominant factor at only about 4 % sta-
tions. Spatially, U was the dominant factor at most stations
in arid region and semi-arid/semi-humid region, while Ry
was the dominant factor in humid region from 1960 to
1992. From 1993 to 2011, T, was the dominant factor
leading to the change in ET, at about 62 % stations, and
U was the dominant factor at about 24 % stations which
mostly located in semi-arid/semi-humid region. VP and R,
were the dominant factor at about 11 and 3 % stations,
respectively.

4.5 Responses to climate change in the future

To predict the ET, trend in the future, the relative change in
ET, for the periods 2020s, 2050s and 2080s was estimated
by the product of the sensitivity and the change rate of
climate variable based on the outputs of three GCMs under
IPCC SRES A1B and B1 emission scenarios, which should
not adjust the differences between the observed data and
the modeled data (Fig. 7; Table 4). The results show that
changes in T, and VP would be significantly, and changes
in T, and VP would dominate the change in ET,. However,
changes in U and R, would be not significantly and the
effects are not obvious. During 2020s, T,, would increase
by 14.46-48.86 %, which would lead to the increase in ET),
by 5.36-18.10 %. VP would increase by 14.46-48.86 %,
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Fig. 6 Spatial distribution of (a) ' .
dominating factor in China
during the period
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which would lead to the decrease in ET, by 2.86-6.62 %.
The four climate factors together would lead to the increase
in ETy by 3.15-10.77 % during 2020s.

During 2050s, increase in T, would lead to the increase
in ET, by 11.81-28.75 %, while increase in VP would lead
to the decrease in ET, by 7.32-11.64 %, and the four cli-
mate factors together would lead to the increase in ET, by
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4.42-16.21 %. During 2080s, increase in 7, would lead to
the increase in ET, by 18.88-37.58 %, while increase in
VP would lead to the decrease in ET, by 10.26-18.41 %,
and the four climate factors together would lead to the
increase in ET, by 8.67-21.27 %. Increase in ET, would be
more significantly under A1B scenario than that under B1
scenario because the increase in T, is more significantly
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Fig. 7 Changes in ET) of three
GCMs in the future under A1B
and B1 scenarios a for the
whole China, b for the arid
region, ¢ for the semi-arid/semi-
humid region and d for the
humid region

( )120—

ET (%)

China
110 |
100 A

= NWhAOOD
[=lelieNelNoe NNl
T R R R B

A

|

YIS

feSls:

70 4
60 4
50 4
40 A
30 4
20—
10«
0

m

Semi-arid/semi-hum

N

d region

|
il

20205 20505 2080s 20205 20505 20808

(b)

ET (%)

(d)

ET (%)

110 +
100
90 4
80
70 4
60 -
50
40
307

i

Arid region

il

]

120 -
110 |
100 A
90 4
80
70
60 4
50
40 -
30 A

20 -
10 4

04
-10

Humid region

ANNNANY S
/]

20205 20508 20805 20205 20505 2080s

V77I CGCM3 XXX ECHAMS <<q HadCM3

Table 4 Changes in climate variables of three GCMs in the future under A1B and B1 scenarios (%)

GCMs Scenario T, U Ry VP C_ (ETy)
Trend C_(T,) Trend Cc_(U) Trend C_(R,) Trend C_(VP)
2020s
CGCM AlB 48.86 18.10 —2.42 —0.45 —0.63 —0.26 10.47 —6.62 10.77
B1 41.95 15.54 —-2.70 —0.50 —-0.32 —0.13 8.33 —-5.27 9.64
ECHAM AlB 17.97 6.66 —0.19 —0.04 —-0.91 —0.38 4.89 —-3.09 3.15
Bl 14.46 5.36 0.10 0.02 —0.92 —0.38 4.52 —2.86 2.13
HADCM AlB 31.20 11.56 —0.88 —0.16 —0.78 —0.32 7.86 —4.97 6.10
Bl 24.33 9.01 0.16 0.03 —0.78 —-0.32 5.63 —-3.56 5.15
2050s
CGCM AlB 77.58 28.75 —3.58 —0.66 —0.56 —0.23 18.39 —11.64 16.21
Bl 58.57 21.70 —2.32 —0.43 —0.63 —0.26 13.41 —8.49 12.52
ECHAM AlB 46.81 17.34 —-2.50 —0.46 1.83 0.76 15.44 —-9.77 7.87
B1 31.88 11.81 —0.60 —0.11 0.09 0.04 11.57 —-7.32 4.42
HADCM AlB 71.20 26.38 —5.12 —0.95 1.89 0.78 17.93 —11.35 14.87
Bl 48.33 17.91 —2.94 —0.54 0.22 0.09 12.89 —8.16 9.30
2080s
CGCM AlB 99.62 36.91 —4.82 —0.89 —0.02 —0.01 23.30 —14.75 21.27
Bl 71.44 26.47 —241 —0.45 —0.06 —0.02 16.22 —10.26 15.74
ECHAM AlB 71.59 26.52 —1.63 —0.30 2.89 1.20 24.70 —15.63 11.79
B1 50.94 18.88 —0.24 —0.05 1.91 0.79 17.30 —10.95 8.67
HADCM AlB 101.44 37.58 —6.44 —1.19 1.56 0.65 29.08 —18.41 18.63
B1 69.68 25.82 —4.22 —0.78 0.94 0.39 19.25 —12.19 13.24
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under A1B scenario. In addition, the increase in annual ET),
predicted by ECHAMS was generally higher than that by
HadCM3 and CGCM3.

5 Discussion
5.1 Uncertainties

The differentiation equation method was used to quantify
the contributions of climate variables to trends in ET,. The
errors between C_ ET, and L_ ET, could come from the
assumption that the four climate variables (7, VP, U and Ry)
were independent in the differentiation equation (Eq. (5)).
However, the four climate variables impacted each other
and they were not totally independent. In addition, the
partial derivatives of ET, to climate variables were not
constant but fluctuated during 1960-2011. The mean values
of partial derivatives were used to calculate the contribution
in Eq. (5), which may lead to uncertainties and errors. In
addition, the VP was considered instead of vapor pressure
deficit in our study which was different from Roderick et al.
(2007), because vapor pressure deficit is the difference
between saturation water vapor (VPs) and VP, where VPs is
a function of air temperature.

Uncertainties also exist in the evaluation of changes in
ET, based on the outputs of GCMs. As presented by many
researches, the largest uncertainty of climate projection and
related impact assessment often comes from GCMs due to
model structures (Shackley et al. 1998; Barnett et al. 2006;
Kay et al. 2009). The prediction results calculated by dif-
ferent GCMs outputs had significant differences. For
example, ET, would increase by 10.77 % based on the
results of CGCM model under A1B scenarios, while ET,
would increase by 3.15 % under the result of ECHAM
model.

5.2 Compared with previous studies

The result of this study was compared with the previous
studies in China. Xu et al. (2006) found that the pan evapo-
ration and ET) in Yangtze River basin decreased from 1960
to 2000 which was mainly caused by the decrease in radia-
tion. Cong et al. (2009) concluded that pan evaporation in
China decreased from 1956 to 1985 which was mainly
caused by decreasing radiation and wind speed while pan
evaporation increased from 1986 to 2005 which was caused
by decreasing vapor pressure deficit. Zheng et al. (2009)
found that wind speed was the dominant factor contributing
to pan evaporation decrease from 1957 to 2001 in the Haihe
River basin, China. Most of the previous studies support our
result of the change in ET), for different climatic regions in
China. However, our result was partly different with the
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conclusion of Cong et al. (2009). They indicated that the
decreasing vapor pressure deficit was the dominant factor to
the increased pan evaporation from 1986 to 2005 in China.
This was mainly due to the different estimation method of
ET, and different change point of ET, series, etc.

6 Conclusion

In this study, the temporal change and attribution of climate
variables to ET, were investigated in China based on 653
national meteorological stations during 1960-2011. A
change point for ET series was detected around the year 1993
by Cramer’s test. ET, decreased significantly (P < 0.001) at
—14.35 mm/decade from 1960 to 1992, while ET, increased
significantly (P < 0.05) at 22.40 mm/decade from 1992 to
2011. Before 1993, T, increased significantly (P < 0.05). VP
decreased insignificantly (P > 0.1) while U and R, decreased
significantly (P < 0.001). After 1993, T, increased signifi-
cantly (P < 0.01) and VP increased insignificantly (P > 0.1).
While U decreased significantly (P < 0.001) and Rq
decreased insignificantly (P > 0.1).

Meanwhile, the sensitivity of ET, to climate variables
was analyzed. In the past 50 years, sensitivity coefficients
were relative stable. VP was the most sensitive climate
variable in China, follow by Ry, T,, and U. A differentiation
equation method was used to attribute the change in ET, to
climate variables. The proportional contributions of 7, U,
R, and VP to the trend in ET, were —9.66, 51.07, 53.99 and
1.69 % during the period 1960-1992, respectively. It
meant that the positive effect of 7, had been offset by the
decreasing U and R,. ET, was dominated by R, in humid
region, while dominated by U in arid and semi-arid
regions. However, the proportional contributions of 7, U,
R, and VP to the increased ET, were 133.35, —16.61,
—7.77 and —10.17 % during the period 1992-2011,
respectively. It can be inferred that the increase in 7, was
the dominant factor for the increase in ET, in China.

To predict the change in ET, in the future, ET, was
estimated under IPCC SRES A1B and B1 scenarios by
three GCMs. The results showed that the changing ampli-
tude of climate variables and ET, under A1B scenario
would be larger than under B1 scenario at the same period.
T, and VP would be increasing rapidly in the future which
would be the main factors impacting on ET, would
increase from 9.47 to 26.37, 32.25-72.31 and
43.87-111.96 mm by three GCMs during 2020s, 2050s and
2080s, respectively.
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