
1.  INTRODUCTION

Pan-evaporation, an important indicator of atmo -
spheric evaporative demand, is a combination of
complex meteorological interactions that is critical
for agricultural irrigation planning and drought mon-
itoring (Roderick et al. 2007, Cong et al. 2009, Wang
et al. 2012). Changes in pan-evaporation affect the
hydrological cycle and energy balance. This is more
important in energy-limited conditions when evapo-
transpiration approaches the level of pan-evaporation
(evaporative demand) (Ertek et al. 2006, Kahler &

Brutsaert 2006). Research conducted over recent de -
cades has widely reported that  pan-evaporation has
decreased while air temperature has increased
worldwide, which is known as the ‘Evaporation Para-
dox’ (Brutsaert & Parlange 1998, Roderick & Far-
quhar 2002, Ren & Guo 2006). The causes of the pan-
evaporation decrease have been hotly discussed and
associated with climate change (Milly & Dunne 2001,
Moratiel et al. 2010). An acceptable interpretation is
that reductions in wind speed and solar radiation
conributed to the decrease in pan-evaporation (Rod-
erick & Farquhar 2002, Rayner 2007, McVicar et al.
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2012). However, increases in pan-evaporation have
been detected in certain re gions since the 1990s, pri-
marily due to the sharply increasing air temperature
(Espadafor et al. 2011, Liu et al. 2011). Large water
bodies (e.g. lakes and reservoirs) likely affect the
water-heat balance in certain regions (Norton &
Bolsenga 1993). Nevertheless, investigations of the
influence of large water bodies on the hydrological
cycle have been scarce. Liu (2010) found that the
diurnal change in air temperature near Dongting
Lake was smaller than that away from Dongting
Lake. Wan et al. (1993) indicated that the lake effect
on air temperature became weaker with distance
away from Poyang Lake, and the effect had a range
of approximately 10 to 40 km.

Poyang Lake, which is located in the middle reaches
of the Yangtze River, is the largest freshwater lake in
China. It is also the largest natural reservoir of the
Yangtze River, which is important to the flood and
drought control of the Yangtze River (Shankman et
al. 2006). The lake and its surrounding catchments
have suffered from frequent droughts and floods
since the 1980s (Sun et al. 2012, Ye et al. 2013). Eva -
potranspiration in the Poyang Lake Basin influences
the streamflow into Poyang Lake. In this basin, eva -
potranspiration is proportional to (or approaches)
pan-evaporation (Kahler & Brutsaert 2006, Liu et al.
2012). Moreover, Poyang Lake is approximately
3278 km2 when the water level at Hukou station is
21.71 m. This large water body likely influences pan-
evaporation near this location. Studies of the dynam-
ics of pan-evaporation in the Poyang Lake Basin and
the influence of Poyang Lake are useful for irrigation
planning and water management, which are not
addressed in the current literature. In addition, only
16 national  reference climatic stations and basic
meteorological  stations of the China Meteorological
Administration (CMA) are located in the Poyang
Lake Basin, and pan-evaporation observation was
terminated in 2001 (e.g. Liu & Zeng 2004, Chen et al.
2005, Gao et al. 2006, Ren & Guo 2006, Xiong et al.
2012, Li et al. 2013). In this study we used a recent
dataset from the Jiangxi Meteorological Bureau con-
taining observations of 76 meteorological stations
from 1959 to 2012. A dense distribution of meteoro-
logical stations can be helpful for understanding the
hydrometeoro logy in the Poyang Lake Basin. There-
fore, this study sought to (1) characterize the changes
in  pan-evaporation in the Poyang Lake Basin from
1959 to 2012; (2) determine the causes of the changes
in pan-evaporation over the past 54 yr; and (3) inves-
tigate the influence of Poyang Lake on the changes
in pan-evaporation.

2.  STUDY AREA AND DATA

2.1.  Study area

The Poyang Lake Basin (24 to 30° N, 114 to 119° E)
is located in the middle reaches of the Yangtze River
and contains the largest freshwater lake in China.
Five major rivers flow across the basin and then
 discharge into Poyang Lake, which is the largest
 natural reservoir in the Yangtze River Basin (Fig. 1).
The drainage area of this basin is approximately
162 200 km2, which occupies 9% of the Yangtze River
Basin and 97% of Jiangxi province. The Poyang Lake
Basin is hilly, and the mean elevation is approxi-
mately 242 m. It belongs to the wet subtropical mon-
soon climate zone. The mean annual temperature
was approximately 18.5°C from 1960 to 2010. The
maximum monthly temperature ranges from 33.4
to 38.9°C in July, whereas the minimum monthly
 temperature ranges from −7.5 to −0.4°C in January.
The annual precipitation is approximately 1638 mm.
Water resources are rich in this basin. The annual
streamflow is approximately 15 250 million m3, which
accounts for 16.3% of the Yangtze River Basin. The
basin’s freshwater ac counts for 10% of the national
total, while the area only occupies 1.5% of China’s
total landmass.
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Fig. 1. Sketch of the study area



Zhang et al.: Pan-evaporation changes in the Poyang Lake Basin 31

2.2.  Data

This study employed a recent dataset provided
by the Jiangxi Meteorological Bureau, recorded
from 76 meteorological stations in the Poyang Lake
Basin from 1959 to 2012 (Fig. 1). This dataset in -
cludes daily air temperatures (Ta) and vapor pres-
sure (VP) recorded at a height of 2 m, wind speed
recorded at a height of 10 m, sunshine duration
(SD), and pan-evaporation. Wind speed (U) was
adjusted to a height of 2 m using the wind profile
relationship from Allen et al. (1998). Pan-evapora-
tion (EPan, named ϕ20 in China) was measured
using a 10 cm × 20 cm metal pan that was installed
70 cm above the ground. The analysis in this study
was based on annual values. The annual EPan data
was the accumulated amount of all the daily
records. If the data for a station included <300 ob -
servations in a particular year, then the value for
that year was interpolated from near by stations
using linear regression. In addition, the evaporator
and the location of meteorological stations experi-
enced changes during the study period, which
would result in unavoidable inhomogeneity in the
time series. In our study, 37 inhomogeneous  values
were verified by the Pettitt test, and inhomo -
geneous values were then also interpolated from
nearby weather stations using linear regression
(Wijn gaard et al. 2003). Land-use datasets with a
 resolution of 1 × 1 km for the Poyang Lake Basin
 corresponding to 1980, 1995, 2000, and 2005 were
obtained from the Institute of Geographic Sciences
and Natural Resources Research, Chinese Academy
of Sciences.

To investigate the influence of Poyang Lake on
EPan, 2 groups were defined (near and away from the
Lake: <50 km and 50–100 km from Poyang Lake,
respectively), each including 10 stations. All the
selected stations were located in the plains region of
the basin, and the elevations were lower than 100 m.
The 2 groups had comparable topographies; thus, the
influences of latitude and altitude can be ignored.

3.  METHODS

3.1.  Statistical analysis

The sequential version of the Mann-Kendall test
was conducted to analyze the change point of the
hydro-climatic series (e.g. Mann 1945, Kendall 1975,
Partal & Kahya 2006, Samdi & Zghoul 2006, Liu et
al. 2011, Zhang et al. 2012). Given a data series com-

posed of x1, x2, … xk … xn for each element, the
Mann-Kendall rank (dk) is calculated as the summa-
tion of mi, which is the number of the terms in the
series whose values exceed xi, where

(1)

The mean (E [dk]) and variance (var[dk]) of dk are
calculated as  follows:

(2)

The sequential values of u(dk) are then calculated
as follows:

(3)

The terms u(dk)(1≤k ≤n) constitute a forward se -
quence curve (C1). The same method is then applied
to the invested series, which results in a backward
sequence (C2). The intersection of C1 and C2 located
within the confidence intervals is the time when a
change occurred.

EPan and climatic variable trends were determined
using linear regression, and t-tests were conducted
to determine whether the slopes were significant.

3.2.  Reference evapotranspiration estimation

The Penman-Monteith reference evapotranspira-
tion (ETRef, mm d−1) is defined as ‘evapotranspiration
from a hypothetical reference crop with an assumed
crop height of 0.12 m, a fixed surface resistance of
70 s m−1 and an albedo of 0.23, closely resembling
the evapotranspiration from an extensive surface
of green grass of uniform height, actively growing,
well-watered and completely shading the ground’
(Allen et al. 1998), which is expressed as follows:

(4)

where Rn is the net radiation at the reference surface
(MJ m−2 d−1), G is the soil heat flux density (MJ m−2

d−1), Ta is the daily air temperature (°C), U is the wind
speed at 2 m height (m s−1), VPs is the saturated vapor
pressure (kPa), VP is the actual vapor pressure (kPa),
Δ is the slope of vapor pressure curve versus temper-
ature (kPa °C−1), and γ is the psychrometric constant
(kPa °C−1). G can be ignored in annual time scales.
Rn is the difference between net shortwave radiation
(Rns) and net long-wave radiation (Rnl), which can be
written as follows:
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Rn = ƒ(Rs,Ta,VP) (5a)

Rs = ƒ(Ra, SD) (5b)

where Rs is solar radiation and Ra is the extraterres-
trial radiation intensity (MJ m−2 d−1).

A clear relationship exists between ETRef and EPan

(e.g. Zheng et al. 2009, Liu et al. 2011), which can be
written as follows:

EPan = kc ETRef +b (6)

where kc is the pan coefficient, and b is the linear
regression constant.

3.3.  Sensitivity analysis

The sensitivity coefficient is defined as the ratio of
the change rate of EPan and change rate of climatic
variables in this study (McCuen 1974):

(7)

Substituting Eq. (6) into Eq. (7), Eq. (7) can be
 written as follows (Table 1):

(8)

where xi is the climatic variable, and S (xi) is the
 sensitivity coefficient of EPan related to xi, which is a
non-dimensional form. This pattern can be used to
compare different climatic variables. Essentially, a
positive/negative sensitivity coefficient of a climatic
variable indicates that EPan will increase/decrease as
the climatic variable increases. A larger absolute
value of the sensitivity coefficient indicates that the
climatic variable has a larger effect on EPan.

3.4.  Attribution of pan-evaporation changes

Combining Eq. (4) with Eq. (6), the changes in
EPan can be estimated using the following differential
equations (Zheng et al. 2009):

(9)

(10)

Alternatively, Eqs. (9) & (10) can be simplified as
follows:
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L(EPan) = C (Ta) + C (Rs) + C (U) + C (VP) + δ (11)

where L(EPan) is the calculated long-term trend in
EPan via linear regression; C(Ta), C(Rs), C(U), and
C(VP) are the individual contributions to the trends
in EPan due to the changes in Ta, Rs, U, and VP, re -
spectively; the sum of C(Ta), C(Rs), C(U), and C(VP)
is simplified as C(EPan); and δ is the error term be -
tween L(EPan) and C(EPan). Furthermore, the indi -
vidual relative contribution of the climatic variable to
the EPan trend can be estimated as follows:

(12)

where RC(xi) is the relative contribution of the trend
in climatic variable xi to the trend in EPan.

4.  RESULTS AND DISCUSSION

4.1.  Relationship between EPan and ETRef

Fig. 2 shows the relationship between the annual
EPan and ETRef in the Poyang Lake Basin from 1959 to
2012. Over the past 54 yr, the annual EPan ranged
from 750 to 2250 mm, and the annual ETRef ranged
from 700 to 1400 mm. The annual ETRef was much
smaller than EPan. The R2 between the annual EPan

and ETRef was 0.78 for all 76 stations in the Poyang
Lake Basin, and the pan co efficient kc was 2.07
(Fig. 2a). For the basin average (Fig. 2b), the annual
EPan varied from 1238 to 1700 mm, where as the
annual ETRef varied from 906 to 1151 mm. The R2 was
0.93, and the pan coefficient kc was 2.01. Change
points for both an nual EPan and ETRef were identified
around 1973 by the Mann-Kendall test (Fig. 3), and
up ward trends in the annual EPan and ETRef were
observed around 1995. The excellent agreement
between EPan and ETRef indicated that the attribution
method for changes in EPan based on ETRef was suit-
able in the Poyang Lake Basin, as previously vali-
dated in other regions (e.g. Wang et al. 2007, Sabzi-
parvar et al. 2010).

4.2.  Changes in EPan and ETRef

The time series of annual EPan and ETRef were di -
vided into 3 periods: 1959 to 1973 (Period I), 1974 to
1995 (Period II), and 1996 to 2012 (Period III), which
were based on the change point around 1973 ac -
cording to the Mann-Kendall test and the upward
trend that began near 1995. During Period I, EPan de-

creased insignificantly (p > 0.1) at a rate of −8.21 mm
yr−2, while ETRef decreased significantly (p < 0.1) at a
rate of −3.93 mm yr−2. During Period II, EPan and ETRef

decreased significantly (p < 0.1) at rates of −5.00 and
−2.09 mm yr−2, respectively. However, sharp up ward
trends were observed with re gard to both EPan and
ETRef during Period III. Compared with Periods I
and II, EPan and ETRef increased significantly during
Period III at rates of 11.48 mm yr−2 (p < 0.01) and
5.79 (p < 0.01) mm yr−2, respectively.

Fig. 4 shows the spatial distribution of the trends in
annual EPan and ETRef for the 76 meteorological sta-
tions in the Poyang Lake Basin from 1959 to 2012.
During Period I (Fig. 4a), EPan decreased at 67 sta-
tions, and increased at 9 stations. The change rate
ranged from −32.8 to 12.00 mm yr−2. During Period II
(Fig. 4b), EPan decreased at 70 stations, while it
increased at 6 stations. The change rate for EPan dur-

= ×( )
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( )
100%RC x

C x
L E

i
i
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Fig. 2. (a) Relationship be tween annual pan-evaporation
(EPan) and annual reference evapotranspiration (ETRef) at
76 stations in the Poyang Lake Basin and (b) time series of
 annual EPan and ETRef for the basin average from 1959 to 2012
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Fig. 4. Trends in annual EPan (top row) and ETRef (bottom row) at the 76 stations in the Poyang Lake Basin for Period I (a,d), 
Period II (b,e), and Period III (c,f). Black dots: decreasing trend; red dots: increasing trend

Fig. 3. Mann-Kendall tests (u) for detecting change points in annual (a) EPan and (b) ETRef in the Poyang Lake Basin from 1959
to 2012. The black horizontal dotted line represents the critical values corresponding to the 5% significance level. The cross 

point of C1 (forward sequence) and C2 (backward sequence) is the change point
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ing Period II, which ranged from −11.61 to 4.48 mm
yr−2, was much smaller than that during Period I. Dur-
ing Period III (Fig. 4c), EPan increased at all 76 stations
in the Poyang Lake Basin. The increase rate ranged
from approximately 1.06 to 24.49 mm yr−2. The spa-
tial distribution of the changes in ETRef (Fig. 4d−f)
was similar to the distribution of the changes in EPan

for all 3 periods. Nevertheless, the rate of changes in
ETRef ranged from −10.8 to 13.8 mm yr−2 across the 3
periods, which were smaller than those for EPan. This
result is primarily because EPan represents the evapo-
rative demand of free water, whereas ETRef repre-
sents the evaporative demand of a reference crop. In
addition, the volume of the evaporation pan is so
small that its reaction to changes in climatic and
mete orological conditions is very prominent, which
would result in an EPan value that is larger than the
atmospheric evaporative demand (Fu et al. 2009,
Tabari et al. 2010).

4.3.  Changes in climatic variables

Fig. 5 and Table 2 show the changes in the climatic
variables averaged from the 76 meteorological sta-
tions in the Poyang Lake Basin over the past 54 yr. Ta

decreased sig nificantly (p < 0.1) at a rate of −0.045°C
yr−1 during Period I but increased insignificantly (p >
0.1) at rates of 0.010°C yr−1 and 0.020°C yr−1 during
Periods II and III, respectively. This result indicates
that the ‘Evaporation Paradox’ only existed in the
Poyang Lake Basin during Period II (Roderick & Far-
quhar 2002). Rs decreased insignificantly (p > 0.1) at a
rate of −0.042 MJ m−2 d−1 yr−1 during Period I, but sig-
nificantly (p < 0.1) at a rate of −0.026 MJ m−2 d−1 yr−1

during Period II. However, Rs fluctuated slowly
during Period III. U increased significantly (p < 0.1) at
a rate of 0.006 m s−1 yr−1 during Period I, whereas it
de creased significantly (p < 0.01) at a rate of −0.021 m
s−1 yr−1 during Period II. A sharply reversed trend in U
was then observed at a rate of 0.023 m s−1 yr−1 (p <
0.01) during Period III. The severe fluctuations in U
might be related to vegetation change in the Poyang
Lake Basin. Vautard et al. (2010) found that increases
in vegetation augment surface roughness and reduce
near-surface wind speed over land. Table 3 shows
that the proportions of forest and  cultivated land in-
creased before 1995 but decreased after 1995, which
could be a plausible explanation for the change in U
in the Poyang Lake Basin. VP changed slightly at
rates of −0.003, 0.000, and −0.003 kPa yr−1 (p > 0.1)
during Periods I, II, and III, respectively.

Fig. 5. Changes in air temperature (Ta), wind speed (U), solar radiation (Rs), and vapor pressure (VP) for the Poyang Lake 
Basin from 1959 to 2012. Red line: 5 yr moving average
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4.4.  Contributions of changes in climatic variables
to changes in EPan

Using Eqs. (9−11), contributions of the changes
in climatic variables to the changes in EPan were
 estimated for the 76 meteorological stations in the
Poyang Lake Basin. The calculated EPan trends,
C(EPan), fit well with the detected EPan trends, L(EPan),
during the 3 periods (Fig. 6), which indicates that
the contribution method was suitable to attribute the
changes in EPan to the changes in the climatic vari-
ables in the Poyang Lake Basin.

During Period I, the decreases in Ta, Rs, and VP
should have led to changes in EPan by −6.68, −3.71
and 2.28 mm, respectively, while the increase in U
augmented EPan by 0.66 mm. Together, the changes
in the 4 climatic variables decreased EPan by
−7.44 mm. The absolute error and the relative error
compared with L(EPan) were −0.76 mm and 9.32%,
re spectively. The results indicate that the decreased
Ta was the dominant factor decreasing EPan in the
Poyang Lake Basin from 1959 to 1973. During Period
II, the increases in Ta and VP should have led to
changes in EPan by 1.27 and −0.61 mm, while the
decreases in Rs and U should have led to decreases in
EPan by −2.54 and −2.77 mm. The combined effects of
the 4 climatic variables resulted in a decrease in EPan

of −4.64 mm. The absolute error and the rel-
ative error compared to the L(EPan) were
0.35 mm and −7.06%, respectively. The de -
creased Ta had a negative effect on the de -
creased EPan, but the effect was offset by the
changes in Rs, VP, and U. The decreased U
and Rs dominated the decrease in EPan dur-
ing this period. During Period III, the
increases in Ta, Rs, U, and VP should have

led to increases in EPan by 3.28, 2.36, 3.37, and
2.43 mm, respectively. The combined effects of the 4
climatic variables resulted in an increase in EPan of
11.44 mm. The absolute error and the relative error
compared with L(EPan) were 0.04 mm and 0.38%,
respectively. All of the changes in the 4 climatic vari-

36

Year Cultivated Forest Grassland Water Residential Unused

1980 26.96 62.35 4.67 3.89 1.54 0.58
1995 27.03 62.57 4.55 3.65 1.63 0.56
2000 26.84 62.49 4.53 3.92 1.64 0.57
2005 26.70 62.24 4.38 4.04 1.84 0.39

Table 3. Land-use change (%) in the Poyang Lake Basin since 1980

Fig. 6. Comparisons between the annual EPan trends calcu-
lated by Eq. (7) (C(EPan)) and EPan trends detected by linear
regression (L(EPan)) for the 76 stations in the Poyang Lake 

Basin during the 3 periods

Period Ta Rs U VP EPan

(°C yr−1) (MJ m−2 d−1 yr−1) (m s−1 yr−1) (kPa yr−1) (mm yr−2)

Period I Slope −0.045* −0.042 0.006* −0.003 −8.21
(1959−1973) C(xi) (mm) −6.68 −3.71 0.66 2.28 −7.44a

RC(xi) (%) 81.38 45.22 −8.10 −27.82 90.68b

Period II Slope 0.010 −0.026* −0.021*** 0.000 −5.00*
(1974−1995) C(xi) (mm) 1.27 −2.54 −2.77 −0.61 −4.64a

RC(xi) (%) −25.44 50.92 55.35 12.12 92.94b

Period III Slope 0.020 0.015 0.023*** −0.003 11.48***
(1996−2012) C(xi) (mm) 3.28 2.36 3.37 2.43 11.44a

RC(xi) (%) 28.61 20.54 29.34 21.13 99.62b

aSum of contributions of the 4 climatic variables to the change in EPan
bSum of relative contributions of the 4 climate variables changes to EPan change

Table 2. Contributions of changes in climatic variables to changes in pan evaporation (EPan) in the Poyang Lake Basin. Ta: air 
temperature; Rs: solar radiation; U: wind speed; VP : vapor pressure. *p ≤ 0.1, ***p ≤ 0.01 (t-test)
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ables positively affected the increase in EPan. The in -
creases in U and Ta dominated the increase in EPan.

Fig. 7 shows the spatial distribution of the relative
contributions of the changes in the 4 climatic vari-
ables to the changes in EPan in the Poyang Lake Basin
during the past 54 yr. During Period I, Ta was the
dominant factor driving the changes in EPan at 46
 stations (Table 4), i.e. 60.5% of the 76 stations. Rs, VP,
and U were the dominant factors at only 18, 3, and 9
stations, respectively. During Period II, Rs and U
dominated the changes in EPan at 31 and 37 stations,
respectively, and both of these climatic variables
occupied 88.2% of all the stations. The other 2 cli-
matic variables only dominated the changes in EPan at
11.8% of the stations. During Period III, Ta, Rs, VP,
and U were the dominant factors at 20, 14, 16, and 26
stations, respectively. U and Ta dominated 60.5% of
the 76 stations.

4.5.  Influence of Poyang Lake

It can be seen that the changes in EPan near Poyang
Lake were likely larger than those away from the
Poyang Lake (Fig. 4). Ta and VP values near Poyang
Lake were smaller than those away from the lake
(Table 5), whereas Rs and U values near Poyang
Lake were larger than those away from the lake. EPan

near Poyang Lake was ~1533.55 mm, while EPan away
from Po yang Lake was ~1386.64 mm. The  sensitivity
coefficients of EPan to Ta, Rs, U, and VP near Poyang
Lake were 1.05, 0.70, 0.16, and −1.47 (averaged from

1959 to 2012), respectively, whereas the sensitivity
coefficients of EPan to Ta, Rs, U, and VP away from
Poyang Lake were 0.89, 0.81, 0.09, and −1.04, respec-
tively. Except for Rs, the sensitivities of EPan to the
other 3 climatic variables near Poyang Lake were
much larger than those away from Poyang Lake.

The trends in EPan near Poyang Lake for Periods I,
II, and III were −13.46, −4.02, and 15.98 mm yr−2,
respectively, and the trends in EPan away from the
lake were −8.34, −5.36, and 10.31 mm yr−2, respec-
tively (Table 6). The amplitude of the changes in EPan

near Poyang Lake was much larger than that away
from the lake over the past 54 yr. Eqs. (7) & (10)
showed that the change in EPan was the product of
the changes in climatic variables and the sensitivities
of EPan to these climatic variables. Both the relatively
larger sensitivities and the trends in the climatic vari-
ables led to the larger changes in EPan near Poyang
Lake (Table 5). For example, the decreased Ta near
Poyang Lake led to a decrease in EPan by −11.02 mm
during Period I, whereas the decreased Ta away from
the lake led to a decrease in EPan by −5.47 mm. In

Fig. 7. Relative contributions (%) of changes in climatic variables to changes in EPan in the Poyang Lake Basin for (a) Period I, 
(b) Period II, and (c) Period III. Ta: air temperature: Rs: solar radiation; VP: vapour pressure; U: wind speed

Period Ta Rs U VP

Period I (1959 −1973) 46 18 9 3
Period II (1974 −1995) 6 31 37 2
Period III (1996−2012) 20 14 26 16

Table 4. Number of meteorological stations as sources of the
dominant climatic variables for the changes in EPan in the 

Poyang Lake Basin. See Table 2 for abbreviations
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addition, the dominant factors affecting the changes
in EPan differed near and away from the lake. During
Period I, the decrease in Ta dominated the decrease
in EPan near Poyang Lake, whereas the de crease in Rs

dominated the decrease in EPan away from Poyang
Lake. During Period III, the decrease in VP domi-
nated the increase in EPan near Poyang Lake,
whereas the increase in U dominated the increase in
EPan away from Poyang Lake.

4.6.  Uncertainties

There were uncertainties regarding the causes of
the EPan changes in the Poyang Lake Basin in this
study. (1) EPan was influenced by the evaporator. The
widely used evaporator ϕ20 was 20 cm diameter ×
10 cm height. The volume of the evaporator was so
small that it re acted quickly to changes in climatic
and meteorological conditions, thereby re sulting in
EPan estimates that did not match the actual atmos-

pheric evaporative demand (Fu et al.
2009, Tabari et al. 2010). In addition,
bird guards on the side of the pan can
also result in overestimations of the
atmospheric evaporative demand. Fu et
al. (2004) suggested that the ratio of EPan

to atmospheric evaporative demand
was ap proximately 0.6 in China. (2) the
assumption of the attribution method
was that the 4 climatic variables were
independent of each other. However,

these variables affected each other, so they were not
totally independent. For example, when the other 2
climatic variables were held constant, air tempera-
ture would decrease as wind speed increased; and
air temperature would increase as solar radiation in -
creased. (3) ETRef was used to assess the contribu-
tions of the changes in climatic variables to the
changes in EPan. However, when the change in EPan

was small, a small deviation between the trend in
EPan and ETRef would lead to a large relative error of
contribution. However, these uncertainties do not
substantially change the conclusion of this study.

4.7.  Comparisons with previous studies

A large number of studies regarding EPan changes
have been carried out in China (e.g. Qiu et al. 2003,
Chen et al. 2005, Guo & Ren 2005, Wang et al. 2005,
Gao et al. 2006, Liu et al. 2006, Ren & Guo 2006,
Xiong et al. 2012, Li et al. 2013). For example, Wang
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Period Group Ta Rs U VP EPan

(°C yr−1) (MJ m−2 d−1 yr−1) (m s−1 yr−1) (kPa yr−1) (mm yr−2)

Period I Slope Near lake −0.055** −0.052 −0.009* -0.001 −13.46**
(1959−1973) Away from lake −0.048*** −0.064* 0.003 −0.004 −8.34*

C(xi) (mm) Near lake −11.02 −4.53 −0.98 1.9 −14.63a

Away from lake −5.47 −5.68 0.33 2.03 −8.79a

Period II Slope Near lake 0.015 −0.025 −0.029*** 0 −4.02
(1974−1995) Away from lake 0.017 −0.028** −0.022*** 0.001 −5.36*

C(xi) (mm) Near lake 2.29 −2.34 −3.23 −0.61 −3.89a

Away from lake 1.99 −2.9 −3.12 −0.57 −4.59a

Period III Slope Near lake 0.017 0.024 0.021*** −0.005** 15.98***
(1996−2012) Away from lake 0.022 0.016 0.029*** 0 10.31**

C(xi) (mm) Near lake 4.33 2.83 2.72 5.36 15.24a

Away from lake 2.54 2.13 3.6 0.75 9.01a

aSum of contributions of the changes in the 4 climatic variables to EPan change

Table 6. Changes in climatic variable/EPan and contributions of changes in climatic variables to EPan changes near and 
away from Poyang Lake. *p ≤ 0.1, **p ≤ 0.05, ***p ≤ 0.01 (t-test). See Table 2 for abbreviations

Group Ta Rs U VP EPan 
(°C) (MJ m−2 d−1) (m s−1) (kPa) (mm)

Mean Near lake 17.35 14.65 2.20 1.77 1533.55
value Away from lake 18.20 14.27 1.08 1.90 1386.64

S(xi) Near lake 1.05 0.70 0.16 −1.47 –
Away from lake 0.89 0.81 0.09 −1.04 –

Table 5. Comparison of climatic variables and sensitivities of EPan to  climatic
variables near and away from Poyang Lake. S(xi) is a dimensionless. (–) No 

data. See Table 2 for abbreviations
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et al. (2005) found that EPan decreased over the
Yangtze River basin from 1961 to 2000,  primarily
caused by weakening solar radiation and wind
speed. Liu et al. (2006) detected that EPan decreased
manifestly over Northern China from 1960 to 2004
and deduced that air temperature range and wind
speed were the main factors leading to EPan re -
duction. Ren & Guo (2006) dis covered that EPan

decreased significantly throughout China from 1956
to 2000 and concluded that sunshine duration, wind
speed, and air temperature range played the most
important roles in the EPan changes. However, recent
studies detected that EPan in China has increased
since the mid-1990s (e.g. Liu et al. 2011, Li et al. 2013,
Zhang et al. 2013). The dominant climatic variables
that affected EPan changes varied across study areas,
methods, and periods. For example, Liu et al. (2011)
employed the Penman-Monteith method and con-
cluded that decreased wind speed and solar radia-
tion dominated the EPan decrease from 1960 to 1992,
whereas increased air temperature dominated the
EPan in crease from 1993 to 2007 in China. Li et al.
(2013) used the PenPan model and found that wind
speed was the primary contributor to the EPan de -
crease from 1958 to 1993, whereas wind speed and
the vapor pressure deficit were the major contribu-
tors to the EPan increase from 1994 to 2010 in arid
Northwest China. These results somewhat differed
from our study. Moreover, our study extended the
study period to 2012 using a recent dataset, and the
influence of Poyang Lake (a large water body) on the
changes in EPan was investigated.

5.  CONCLUSION

In this study, the changes in EPan and the attribu-
tions of changes in climatic variables to EPan changes
were investigated using a recent dataset for 76 mete-
orological stations from 1959 to 2012 in the Poyang
Lake Basin, with the largest freshwater lake in
China. A change point of annual EPan was detected
around the year 1973 by the Mann-Kendall test,
 following which an upward trend was identified after
1995 for the basin average. The annual EPan de -
creased at a rate of −8.21 mm yr−2 from 1959 to 1973,
then decreased slowly at a rate of −5.00 mm yr−2 from
1974 to 1995, while it increased sharply at a rate of
11.48 mm yr−2 from 1996 to 2012.

A differentiation method based on the ETRef was
used to quantify the contributions of the changes in
climatic variables to the changes in EPan. From 1959
to 1973, the changes in Ta, Rs, U, and VP led to

changes in EPan of −6.68, −3.71, 0.66, and 2.28 mm,
respectively. The significant decrease in Ta domi-
nated the decrease in EPan in the Poyang Lake Basin.
From 1974 to 1995, the changes in Ta, Rs, U, and VP
altered EPan by 1.27, −2.54, −2.77, and −0.61 mm,
respectively. The decreases in U and Rs dominated
the decrease in EPan. From 1996 to 2012, the changes
in Ta, Rs, U, and VP led to the increases in EPan by
3.28, 2.36, 3.37, and 2.43 mm, respectively. All of the
changes in the 4 climatic variables had a positive
effect on EPan. Furthermore, the influence of Poyang
Lake on EPan was studied. The sen sitivities of EPan to
Ta, U, and VP near Poyang Lake were larger than
those away from Poyang Lake, while the sensitivity
of EPan to Rs near Poyang Lake was smaller than that
away from Poyang Lake. The relatively large sensi-
tivities and changes in the climatic variables led to
the large amplitude of changes in EPan near Poyang
Lake. Changes in EPan are likely to affect the hydro -
logical cycle and the energy balance, which are criti-
cal to agricultural irrigation planning and water man-
agement in the Poyang Lake Basin.
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