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Abstract

Terrestrial carbon and water cycles are interactively linked at various spatial and tem-
poral scales. Evapotranspiration (ET) plays a key role in the terrestrial water cycle and
altering carbon sequestration of terrestrial ecosystems. The study of ET and its re-
sponse to climate and vegetation changes is critical in China since water availability5

is a limiting factor for the functioning of terrestrial ecosystems in vast arid and semi-
arid regions. In this study, the process-based Boreal Ecosystem Productivity Simulator
(BEPS) model was employed in conjunction with a newly developed leaf area index
(LAI) dataset and other spatial data to simulate daily ET and water yield at a spatial
resolution of 500 m over China for the period from 2000 to 2010. The spatial and tem-10

poral variations of ET and water yield and influences of temperature, precipitation, land
cover types, and LAI on ET were analyzed.

The validations with ET measured at 5 typical ChinaFLUX sites and inferred using
statistical hydrological data in 10 basins showed that the BEPS model was able to
simulate daily and annual ET well at site and basin scales. Simulated annual ET ex-15

hibited a distinguishable southeast to northwest decreasing gradient, corresponding to
climate conditions and vegetation types. It increased with the increase of LAI in 74 %
of China’s landmass and was positively correlated with temperature in most areas of
southwest, south, east, and central China and with precipitation in the arid and semi-
arid areas of northwest and north China. In the Tibet Plateau and humid southeast20

China, the increase in precipitation might cause ET to decrease. The national mean
annual ET varied from 345.5 mmyr−1 in 2001 to 387.8 mmyr−1 in 2005, with an aver-
age of 369.8 mmyr−1 during the study period. The overall increase rate of 1.7 mmyr−2

(r = 0.43 p = 0.19) was mainly driven by the increase of total ET in forests. During the
period from 2006 to 2009, precipitation and LAI decreased widely and consequently25

caused a detectable decrease of national total ET. The temporal patterns of ET varied
spatially during the 11 yr study period, increasing in 62.2 % of China’s landmass, es-
pecially in the cropland areas of southern Haihe river basin, most of the Huaihe river
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basin, and southeastern Yangtze river basin. Decreases of annual ET mainly occurred
in parts of northeast, north, northwest, south China, especially in eastern Qinghai-
Tibet plateau, the south part of Yunnan province, and Hainan province. Vast regions in
China, especially the regions south of Yangtze river, experienced significant decreases
in water yield caused by the reduction of precipitation and increase of ET while some5

areas sporadically distributed in northeast, east, northwest, central, and south China
experienced increases in water yield. This study shows that recent climatic variability
and human activity induced vegetations changes have intensified the terrestrial water
cycles in China’s terrestrial ecosystems, which is worthy of further thorough investiga-
tion.10

1 Introduction

The terrestrial hydrological cycle is essential for the functioning and sustainability of
earth systems (Hutjes et al., 1998). Understanding its spatial and temporal variations
and underlying driving factors are fundamental for predicting the response and feed-
back of terrestrial ecosystems to global changes. As one of the most important com-15

ponents within the terrestrial hydrological cycle, evapotranspiration (ET) links the hy-
drological, energy, and carbon cycles (Fisher et al., 2008; Jung et al., 2010). Globally,
terrestrial ET processes consume more than 50 % of the solar radiation absorbed by
the land surface (Trenberth et al., 2009), and affect precipitation by returning approx-
imately 60 % of the annual land precipitation back to the atmosphere (Koster et al.,20

2004; Oki and Kanae, 2006).
Previous studies have indicated that climate change might cause more frequent

floods and droughts (Huntington, 2006). Further warming will further promote this trend
(Meehl and Tebaldi, 2004). Accurately estimating the spatial and temporal variations of
ET is critical for better understanding the interactions between the atmosphere and25

land surface, and improving water resource management and drought assessment un-
der climate change (Jung et al., 2010; Yuan et al., 2010; Fisher et al., 2011; Yan et al.,
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2012; Zeng et al., 2012). However, ET is the most difficult component of the terres-
trial water cycle to estimate accurately because of the heterogeneity of the landscape
and numerous controlling factors, including climate, plant biophysics, soil properties,
topography, and so on (Dirmeyer et al., 2006; Mu et al., 2007; Yuan et al., 2010).

In situ measurements using weighing lysimeter, Bowen ratio, sap flow meters, and5

eddy covariance technique are generally considered to be reliable for quantifying ET at
point and landscape scales (Z. L. Li et al., 2009; Wang and Dickinson, 2012). However,
it is practically impossible to apply such methods for quantifying ET at regional and
global scales. Fortunately, remote sensing technique which is able to capture tempo-
rally continuous land surface information over large areas, provides an effective tool for10

retrieving the ground parameters which control ET (Ju et al., 2010; Yang et al., 2012).
These remotely sensed surface parameters, such as leaf area index (LAI), land cover,
clumping index, albedo, temperature, and emissivity, have been successfully used to
estimate ET directly or to drive process based models for calculating ET (Yuan et al.,
2010; Ryu et al., 2011).15

Various models have been developed for estimating ET using remotely sensed data
in recent decades (Lu and Zhuang, 2010; Jia et al., 2012), including surface energy bal-
ance models (one-source and two-source models) (Jiang and Islam, 1999; Su, 2002;
Miralles et al., 2011; Anderson et al., 2012), empirical statistical models (Wang and
Liang, 2008), physical models (Penman–Monteith formula) (Mu et al., 2007; K. Zhang20

et al., 2010), and water balance models (Cheng et al., 2011; Rodell et al., 2011; Sahoo
et al., 2011; Zeng et al., 2012; Y. Q. Zhang et al., 2012). The methods used for calculat-
ing ET using remote sensing data have been recently reviewed by Z. L. Li et al. (2009)
and Wang and Dickinson (2012).

Currently, ET estimated with remote sensing data is far from satisfactory (Yuan et al.,25

2010). Model structure, inputs, parameterization schemes, and scaling issues are rec-
ognized as the major factors affecting the accuracy of ET estimation based on remote
sensing at regional and global scales (El Maayar and Chen, 2006; Yuan et al., 2010;
Fernandez-Prieto et al., 2012; Jia et al., 2012). It is indispensable to look for effective
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ways to constrain uncertainties in estimating ET using remote sensing data. With the
rapid development of remote sensing techniques, improving capacity of computation
and storage, and increasing availability of ET measurements in recent years (Mu et al.,
2011; Ryu et al., 2011; Sasai et al., 2011), it becomes feasible to improve ET estima-
tion through improving the spatial resolution of inputs and model structure (Ryu et al.,5

2011; Vinukollu et al., 2011) and optimizing model parameters.
Affected by monsoon, climate in China is diverse and complex, ranging from tropical

to cold-temperate and from humid to extremely dry (Mu et al., 2008; Piao et al., 2010,
2011). Severe droughts and floods frequently impact ecosystems (Liu et al., 2008).
In the past decade, the global has experienced the most significant increase in tem-10

perature since instrumental measurements began (Trenberth et al., 2007; Zhao and
Running, 2010). As a sensitive region of the climate system, China also experienced
significant increases in mean annual temperature (MAT) and changes in seasonal and
interannual patterns of precipitation during the past two decades (Fang et al., 2010;
Piao et al., 2011) and was more frequently hit by severe droughts (Gao and Yang,15

2009; Piao et al., 2009; Qin et al., 2010; Lu et al., 2011; Wang et al., 2011). Climate
change and corresponding impacts on the terrestrial water cycle have been becoming
a major challenge with which China have to cope (Piao et al., 2010).

The terrestrial water cycle is also significantly affected by land cover change, which
has been dramatically occurring in China. For environment protection and vegetation20

restoration, several large-scale forest plantations programs have been implemented by
Chinese government since the late 1970s (Cao et al., 2011; Yu et al., 2011; Huang
et al., 2012; Piao et al., 2012), resulting in the increase of forested area during the
period from 2000 to 2010 (FAO, 2010) (Piao et al., 2012). Meanwhile, urbanization has
been dramatically occurring in China (Li et al., 2011; J. Y. Liu et al., 2012; Wang et al.,25

2012). The human intervention interacted with climate changes would inevitably alter
the terrestrial water cycle in China (Piao et al., 2007).

In recent years, several studies have been conducted to quantify the spatial-temporal
variations of ET in China with different methods, such as estimating national and
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regional ET using pan evaporation observations and remote sensing driven ecosys-
tem models (M. L. Liu et al., 2008, 2012; Zhou et al., 2009; Zhu et al., 2010). However,
most of national ET calculations were implemented at relatively coarse resolutions (i.e.
10 km) and did not fully make use of remote sensing data. In addition, the changes of
water yield in the terrestrial ecosystems of China have been less studied. This sug-5

gests that more thorough investigation of ET and water yield incorporating land surface
information retrieved from remote sensing should be carried out for better understand-
ing how the terrestrial water cycle in China has responded to recent changes in climate
and vegetations.

In this study, the process-based Boreal Ecosystem Productivity Simulator (BEPS)10

model was employed to study the variations of ET and water yield over China during
the period from 2000 to 2010 through improving ET calculation with a newly developed
LAI dataset. Prior to the regional simulation, the BEPS model was validated with ET
measured using the eddy covariance technique at 5 typical ChinaFLUX sites and ET
inferred using statistical hydrological data in 10 basins across China. Then, the spatial15

and temporal variations of ET and water yield and underlying driving factors were ex-
amined. The main objectives of this study are: (1) to evaluate the ability of the BEPS
model to simulate ET in different ecosystems of China at site and basin scales; (2) to
analyze the spatial and temporal patterns of ET and water yield in China’s terrestrial
ecosystems during the period from 2000 to 2010; (3) to assess the roles of tempera-20

ture, precipitation, and LAI in regulating ET.

2 Methods and data used

2.1 The model used

The tool used in this study is the BEPS model (Liu et al., 1997), which was originally
stemmed from the FOREST-BGC model (Running and Coughlan, 1988). This model25

includes a two-leaf (sunlit and shaded leaves) photosynthesis module for calculating
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carbon fixation, an energy balance and hydrological module for simulating ET and
soil water content dynamics, and a soil biogeochemical module for simulating soil
heterotrophic respiration and soil carbon and nitrogen dynamics. The photosynthe-
sis module was developed on the basis of Farquhar’s instantaneous leaf biochemical
model (Farquhar et al., 1980) with a new spatial and temporal scaling scheme (Chen5

et al., 1999) to calculate daily carbon fixation by the canopy. Although initially devel-
oped to calculate net primary productivity for boreal ecosystems in Canada, this model
has been improved in many aspects and successfully applied to estimate regional ter-
restrial water and carbon fluxes in China (Sun et al., 2004; Wang et al., 2005; Feng
et al., 2007; Zhou et al., 2009; Ju et al., 2010; Liu et al., 2013), East Asia (Matsushita10

and Tamura, 2002; F. Zhang et al., 2010; F. Zhang et al., 2012b), North America (Liu
et al., 1999; Ju et al., 2006; Sonnentag et al., 2008; Sprintsin et al., 2012; F. Zhang et
al., 2012a), Europe (Wang et al., 2004), and the global (Chen et al., 2012).

Since the details about the BPES model were described in (Liu et al., 1997, 2003;
Chen et al., 1999, 2005; Ju et al., 2006), only some main methodologies and recent15

modifications directly related to the calculation of ET are provided here.

2.1.1 ET calculation

In the BEPS model, ET from terrestrial ecosystems is calculated as:

ET = Tr +Eplant +Splant +Esoil +Sground (1)

where Tr is the transpiration from the canopy; Eplant and Esoil are the evaporation of20

intercepted precipitation and soil surface, respectively; Splant and Sground are the snow
sublimation from the canopy and ground surface, respectively.

The transpiration from the canopy is further calculated as:

Tr = Tr ,sunLAIsun + Tr ,shadedLAIshaded (2)

where Tr ,sun and Tr ,shaded are the transpiration from the sunlit and shaded leaves, re-25

spectively; LAIsun and LAIshaded represent the LAI of the sunlit and shaded leaves,
5404
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respectively and they are partitioned according to total LAI of the canopy, daily mean
solar zenith angle (θ), and clumping index (Ω) (Chen et al., 1999).

The transpiration of sunlit and shaded leaves are calculated using the Penman–
Monteith equation (Monteith, 1965):

Tr ,j =
∆Rn,j +ρcpVPD/ra

(∆+ r(1+ rs,j/ra))λv
(3)5

where ∆ is the rate of saturated water vapor pressure changing with temperature
(kPa ◦C−1); the subscript j denotes the sunlit or shaded leaves; Rn,j is the net radi-

ation (wm−2) absorbed by sunlit or shaded leaves; ρ is the density of air (kgm−3); cp

is the specific heat of air (Jkg−1 ◦C−1); γ is the psychrometric constant (kPa ◦C−1); ra

is the aerodynamic resistance (sm−1); rs,j is the stomatal resistance to water vapor10

(sm−1) of sunlit or shaded leaves.
Esoil is also calculated using the Penman–Monteith equation with the resistance of

soil surface changing with the degree of saturation within the first soil layer (Ju et al.,
2010). Eplant, Splant, and Sground are computed in the same way as (Liu et al., 2003).

2.1.2 Stomatal resistance calculation15

Stomatal resistance of sunlit and shaded leaves is determined using the Jarvis model
(Jarvis, 1976), i.e.

rj = rminf (T )f (VPD)f (PPFDj )f (W ) (4)

where rmin is the minimum stomatal resistance (sm−1) depending on land cover types;
f (T ), f (VPD), f (PPFDj ), and f (W ) are the scalars quantifying the effects of tempera-20

ture, atmospheric vapor pressure deficit, photosynthetically active radiation, and soil
water content on stomatal resistance, respectively.
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With the consideration that vegetation is able to optimize the uptake of soil water, soil
water scalar fw in Eq. (4) is determined as:

fw =
n∑

i=1

fw,iβi (5)

where fw,i is the soil water stress factor in layer i ; βi is the weight of layer i expressed
as a function of soil water availability and root abundance (Ju et al., 2006):5

βi =
ri fw,i∑n
i=1 ri fw,i

(6)

where ri is the root fraction within layer i and determined following (Zhang and
Wegehenkel, 2006).

In Eq. (6), the term fw,i in layer i is calculated as (Chen et al., 2005; Ju et al., 2010):

fw,i =

max
[
0.25,2

(
θi−θw,i

θf,i−θw,i

)
−
(

θi−θw,i

θf,i−θw,i

)
2
]

θi ≤ θf,i

1−0.4
(

θi−θf,i

θs,i−θf,i

)
θi > θf,i

(7)10

where θi is the simulated volumetric soil water content; θw,i , θf,i and θs,i are the wilt-
ing point, field capacity, and porosity of soil layer i , respectively. They are determined
according to the fractions of clay, silt, and sand (Saxton et al., 1986).

2.1.3 Soil water content simulation

Originally, BEPS used a bucket model approach to simulate soil water content (Liu15

et al., 2003). In this study, the soil profile was stratified into three layers with thick-
nesses of 0.1, 0.25, and 0.85 m, respectively. Soil evaporation is limited to the first soil
layer while vegetations can uptake water from all three layers through transpiration.
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Therefore, the changes of soil water content in three soil layers can be simulated as:

∂θ1

∂t
=

1
d1

[
Pgs − Tr ,1 −Es −RF−Q1,2

]
(8a)

∂θ2

∂t
=

1
d2

[
Q1,2 − Tr ,2 −Q2,3

]
(8b)

∂θ3

∂t
=

1
d3

[
Q2,3 − Tr ,3 −Q3

]
(8c)

5

where θi is the water content of soil layer i ; di is the thickness of soil layer i (m); Pgs

is precipitation throughfall arriving the ground surface (md−1); Tr ,i is the transpiration

uptake from soil layer i (md−1); Es is the evaporation loss from the soil surface (md−1);
RF is the surface runoff estimated as a function of Pgs and θ1; Qi ,i+1 is the vertical

exchange of soil water between adjacent soil layers i and (i +1) (md−1); and Q3 is the10

saturated subsurface flow from the bottom of soil profile and calculated according to
soil water content and saturated hydraulic conductivity in the deepest soil layer.

The flux of soil water between adjacent layers i and (i +1) is simulated as (Sellers
et al., 1996):

Qi ,i+1 =
kidi +ki+1di+1

di +di+1

(
1+2

wi −wi+1

di +di+1

)
(9)15

where ki and ki+1 are the hydraulic conductivity (md−1) in soil layers i and i+1, re-
spectively; wi and wi+1 are the water potential (m) in layers i and i +1, respectively.

The hydraulic conductivity of soil layer i is calculated as:

ki = Ki

(
θi

θs,i

)2b+3

(10)
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where Ki is the saturated hydrological conductivity of soil layer i (md−1); and b is
a parameter determining the rate of hydraulic conductivity changing with soil water
content, depending on soil texture.

2.2 Model input data

The BEPS model uses both spatially distributed and static datasets as inputs. Atmo-5

spheric CO2 concentration is assumed well mixed and spatially homogenous. The spa-
tially distributed inputs into the BEPS include: (1) land cover types, (2) LAI time series,
(3) daily meteorological data (maximum temperature, minimum temperature, precipita-
tion, incoming short-wave radiation, and relative humidity), and (4) soil texture. Prior to
the regional simulation, all spatially explicit input datasets were projected into an Albers10

conical equal area projection system at a spatial resolution of 500m×500m.

2.2.1 LAI data

The dataset of 8 day LAI at a spatial resolution of 500 m for the period from 2000
to 2010 was generated using an inversion algorithm based on the 4-scale geometri-
cal optical model (Deng et al., 2006). This LAI inversion algorithm was driven by the15

MODIS Land Cover (MCD12Q1 V051) (Friedl et al., 2010) and reflectance (MOD09A1
V05) products. It inverses LAI based on the relationships between LAI and vegeta-
tion indices simulated using the 4-scale geometrical optical model (Chen and Leblanc,
1997) and corrects the effects of changes in sun and sensor angles on reflectance and
vegetation indices. Due to its superiority to the MODIS LAI algorithm, which has been20

proved in Canada, China, and other regions (Liu et al., 2007; Pisek et al., 2007; X. Li
et al., 2009; Y. Liu et al., 2012), this LAI inversion algorithm was already adopted by the
GLOBCARBON project supported by European Space Agency to generate the global
LAI product. The inversed LAI was further smoothed using the Locally Adjusted Cubic-
spline Capping (LACC) method (Chen et al., 2006) to remove unrealistic fluctuations25

caused by residual cloud contamination and atmospheric noises.

5408

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 5397–5456, 2013

Changes of
evapotranspiration
and water yield in

China

Y. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.2.2 Land cover data

The annual MODIS land cover data set (MCD12Q1 V051) at a spatial resolution of
500 m (Friedl et al., 2010) from 2001 to 2010 was used to assign plant physiological
parameters required in the LAI inversion algorithm and BEPS model. Owing to the
deficiency of MODIS land cover data in 2000, the MODIS land cover dataset in 20015

was used as a surrogate of that in 2000. In comparison with the Collection 4 land
cover data (Friedl et al., 2002), the Collection 5 land cover data has been substantially
improved in spatial resolution and classification algorithm (Friedl et al., 2010). This
MODIS land cover product was generated using a regression tree method in combina-
tion with MODIS reflectance of band 1 to 7, albedo, land-surface temperature, texture,10

and so on (Friedl et al., 2002, 2010). In the MCD12Q1 V051 product, there are 5 differ-
ent land cover datasets corresponding to different classification systems. In this study,
the dataset generated using the IGBP land cover classification system (Loveland and
Belward, 1997) was used and further aggregated into 10 vegetation cover type groups,
including evergreen needleleaf forest (ENF), evergreen broadleaf forest (EBF), decid-15

uous needleleaf forest (DNF), deciduous broadleaf forest (DBF), mixed forest (MF),
shrubland (SH), grassland (GRA), cropland (CRO), cropland/Natural vegetation mo-
saic (NAV), and Non-vegetation (NOV) (Fig. 1).

2.2.3 Meteorological data

The daily meteorological data, including maximum and minimum temperatures, relative20

humidity, sunshine duration, and precipitation observed at 753 national basic meteoro-
logical stations in China (Fig. 2) was used to generate 500 m meteorological fields for
the period from 2000 to 2010 using the inverse distance weighted interpolation method.
Since incoming solar radiation required by the BEPS model is only observed at 102
meteorological stations in China, it was calculated using observed daily sunshine du-25

ration in this study. In the interpolation of temperatures, a lapse rate of 6 ◦C per 1000 m
was assumed. There is no observed meteorological data available in Taiwan province
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and meteorological stations in northwestern China, such as Xinjiang, Qinghai-Tibetan
Plateau, are sparse (Fig. 2). The limited meteorological observations in these areas
would inevitably induce uncertainties in interpolated meteorological data and conse-
quently in simulated ET and water yield.

2.2.4 Soil data5

The soil texture spatial maps generated using the 1 : 1 000 000 scale soil map of China
and 8595 soil profiles recorded in the second national soil survey dataset developed by
Shangguan et al. (2012) were also interpolated to a spatial resolution of 500 m to drive
the BEPS model. The soil texture, represented by the volumetric percentages of clay,
sand, and silt components, was used to estimate hydrological parameters, including10

the wilting point (water potential at 1500 kPa), field capacity (water potential at 33 kPa),
porosity, saturated hydrological conductivity, air entry water potential, and so on.

2.3 Model validation

In previous studies, the performance of the BEPS model to simulate ET flux has
been validated by using measurements in North America (Liu et al., 2003), East Asia15

(F. Zhang et al., 2010), and China (Wang et al., 2005). In this study, it was further eval-
uated using ET measured with the eddy-covariance (EC) technique at 5 typical sites of
ChinaFLUX and basin-level ET inferred from statistical precipitation and run off data in
10 basins across China.

2.3.1 ET measured using the EC technique20

The simulated ET was compared with EC measurements at 5 typical sites of Chi-
naFLUX (Yu et al., 2006), including the Changbaishan temperate broad-leaved Korean
pine mixed forest (CBS) site, Qianyanzhou subtropical coniferous plantation site (QYZ),
Haibei alpine meadow site (HB), Xilinhot temperate steppe site (XLHT), and Yucheng
warmer temperate cropland site (YC) (Fig. 2). Detailed information about these 5 sites25

5410

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 5397–5456, 2013

Changes of
evapotranspiration
and water yield in

China

Y. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

is listed in Table 1. ET measured in every 30 min was aggregated into daily values
(named observed ET hereafter) for model validation.

2.3.2 ET inferred from statistical hydrological data in 10 basins

ET calculated by the BEPS model was further validated at basin scales. According
to basin depiction on the hydrological yearbook of China, the mainland China was5

divided into 10 major river basins, namely Songhua river basin (SHRB), Liaohe river
basin (LRB), Haihe river basin (HaiRB), Yellow river basin (YeRB), Huaihe river basin
(HuaiRB), Yangtze river basin (YzRB), Southeast river basin (SERB), Pearl river basin
(PRB), Southwest river basin (SWRB), and Northwest river basin (NWRB) (Fig. 2).

The statistical data of annual precipitation and run off during the period from 2000 to10

2010 was collected from “China Water Resources Bulletin” (The Ministry of Water Re-
sources of the People’s Republic of China, http://www.mwr.gov.cn/zwzc/hygb/szygb/).
Prior to 2003, SHRB and LRB were lumped together as one basin named as Song-
Liao basin on the Bulletin. So, statistical hydrological data in SHRB and LRB was
only available after 2003. With the assumption that the annual change in total wa-15

ter storage within a basin is negligible (Liu et al., 2008; Zhang et al., 2009; Vinukollu
et al., 2011), basin-level annual ET was calculated as the residual of precipitation minus
runoff (named as inferred basin-level ET hereafter).

2.4 Accuracy assessment and trend analysis

Three metrics including coefficient of determination (R2), absolute predictive error20

(APE), and relative predictive error (RPE) were used to evaluate the performance of
the BEPS model in simulating ET. APE and RPE are calculated as:

APE = ETs−ETo (11)

RPE =
[
(ETs−ETo)/ETo

]
×100% (12)

25

where ETs and ETo are the simulated and observed annual ET, respectively.
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The linear fitting method (y = ax+b) was used to analyze the temporal trends of
hydrological variables (ET and water yield), mean annual temperature (MAT), annual
precipitation, and annual mean LAI during the period from 2000 to 2010:

a =

[
n

n∑
i=1

xiyi −
n∑

i=1

xi

n∑
i=1

yi

]
/

n n∑
i=1

x2
i −
(

n∑
i=1

xi

)2
 (13)

where n is the number of years (equal to 11 in this study); xi denotes the year (= 1, 2,5

3, . . . , 11); yi represents the annual mean or total of a variable in the i th year. A positive
a value means an increasing trend, and vice versa.

3 Results and discussion

3.1 BEPS model evaluation

3.1.1 Comparison of simulated ET with EC measurements10

Figure 3 shows the seasonal variations of simulated and observed daily ET at 5 typ-
ical ChinaFLUX sites. Overall, BEPS was able to capture the seasonality of ET well.
However, it tended to overestimate daily ET in autumn at the YC cropland site and
underestimate that in spring at the HB grassland site. The regression line between
simulated and observed daily ET was very close to 1 : 1 line at all sites, with slopes15

ranging from 0.84 to 1.05 and intercepts lower than 0.10 (Table 2). The R2 of simulated
daily ET against observations was mostly above 0.60 at 5 sites. However, the BEPS
model performed relatively poor in simulating ET at the YC site, with R2 equal to 0.61
and 0.44 in 2003 and 2004, respectively. When data at 5 sites lumped together, the
BEPS model explained about 66 % of the variation of daily ET (p < 0.0001) (Fig. 4).20

At annual scales, simulated ET matched observations well (Table 2). RPE of simu-
lated annual ET was in the range of ±10 % at the CBS, QYZ, XLHT, and YC (Fig. 4,
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Table 2) sites. However, RPE was −27.73 % at the HB site in 2003, mainly due to the
underestimation of ET in spring.

3.1.2 Validation of simulated basin-level annual ET

Figure 5 shows the comparison of simulated annual ET with basin-level ET inferred
using the water balance method in 10 basins (Fig. 2) for the period from 2000 to5

2010. The basin-level annual ET simulated by the BEPS model matched with the in-
ferred basin-level ET well. The BEPS model could explain 92 % of the variations of
inferred basin-level ET among different basins and years (p < 0.0001). However, the
differences between annual basin-level ET simulated by the BEPS model and inferred
ones are relatively large in HaiRB, HuaiRB, PRB, and SERB (Fig. 5a). Averaged over10

the 11 yr study period, simulated basin-level annual ET was slightly lower than the in-
ferred values in YeRB, HuaiRB, and HaiRB. The underestimation of simulated ET in
these regions might be attributed to the exclusion of irrigation in the BEPS model.
Croplands are widely distributed in YeRB, HuaiRB, and HaiRB. Irrigation is a popular
management practice in these regions. It greatly alleviates water stress and enhances15

stomatal conductance and in turn ET. Without consideration of irrigation in the BEPS
model would result in the overestimation of soil water stress and consequently the un-
derestimation of ET in croplands of these regions. In SHRB and LRB in northeastern
China, ET simulated by the BEPS model is higher than that the inferred using the water
balance method (Fig. 5b). These regions are normally covered by deep snowpack in20

winter and early spring. The uncertainties in estimation of snow sublimation here might
result in the overestimation of annual ET. In addition, precipitation was interpolated
from measurements at limited meteorological stations and the horizontal redistribution
of soil water is not considered in this study. These shortcomings could definitely cause
the disagreement between simulated ET and the estimates using the water balance25

method.
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3.2 Spatial patterns of simulated ET and water yield

3.2.1 Spatial patterns of simulated annual ET

Figure 6a shows the spatial patterns of simulated ET in terrestrial ecosystems of China
averaged over the period from 2000 to 2010. There were obviously identical spatial
variations in mean annual ET relating to climate and vegetation types, with a decreas-5

ing trend from the southeast to the northwest. The spatial patterns of ET identified
here are consistent with the findings in the previous studies (Liu et al., 2008; Zhou
et al., 2009). Overall, ET was high in regions with tropical evergreen forests widely dis-
tributed, such as PRB and SERB (Fig. 2). It was low in NWRB of Northwestern China.
Mean annual ET in YzRB, HuaiRB, PRB and SERB was normally above 500 mmyr−1.10

In PRB and SERB, mean annul ET was even above 700 mmyr−1. Within YzRB, ET
showed an increasing trend from the upstream to downstream areas. It ranged from
200 to 400 mmyr−1 in the upstream areas (such as southern Qinghai province and
eastern Sichuan province), from 500 to 700 mmyr−1 in the middle stream areas, and
even more than 700 mmyr−1 in the downstream regions. In SWRB, mean annual ET15

exhibited significant heterogeneity, lower than 150 mmyr−1 in western Tibet, ranging
from 200 to 300 mmyr−1 in central Tibet, from 600 to 800 mmyr−1 in southeastern Ti-
bet and southern Yunnan province.

In northern China, mean annual ET showed an obviously decreasing pattern from the
east to the west. In SHRB and LRB, mean annual ET was about 600 mmyr−1 in forest20

areas and 300 mmyr−1 in cropland and grassland areas. Similar linkage of ET with land
cover types also occurred in YeRB. In HaiRB dominantly covered by croplands, mean
annual ET was around 500 mmyr−1. In arid NWRB, mean annual ET was normally less
than 150 mmyr−1 due to limited water supply and sparse vegetation.

Averaged over the basin scale, ET was the highest in PRB (729 mmyr−1), followed by25

that in SERB (714 mmyr−1), HuaiRB (568 mmyr−1), and YzRB (552 mmyr−1). Average
ET was the lowest in NWRB (144 mmyr−1) and followed by that in YeRB (349 mmyr−1).
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The totals of ET within individual basins ranged from 106.28 km3 yr−1 (in LRB) to
986.79 km3 yr−1 (in YzRB) (Fig. 7).

The national mean of simulated annual ET in China’s landmass was 369.8 mmyr−1

for the period from 2000 to 2010, which is comparable with the global values reported
in some previous studies. Dirmeyer et al. (2006) indicated that the global means of5

annual ET ranged from 272 to 441 mmyr−1 based on the simulations of 15 models
in the Global Soil Wetness Project-2. However, mean ET in China simulated in this
study was lower than some recently reported global values. Fisher et al. (2008) indi-
cated that the global mean of ET equaled 444 mmyr−1 during the period from 1986 to
1993 estimated using the Priestley–Taylor model driven by the AVHRR remote sens-10

ing data. Yuan et al. (2010) pointed out that global mean ET was 417±38 mmyr−1

across the vegetated area during the period from 2000 to 2003. Much higher global
means of ET were also reported by Ryu et al. (2011) (500±104 mmyr−1), K. Zhang
et al. (2010) (539±9 mmyr−1), Jung et al. (2010) (550 mmyr−1) and Zeng et al. (2012)
(604 mmyr−1). In a synthesis study, Mueller et al. (2011) declared that the means of15

global ET ranged from 544 mmyr−1 to 631 mmyr−1, depending on which types of mod-
els were used. Therefore, it can be concluded that the mean of ET in the terrestrial
ecosystems of China simulated in this study is somewhat lower than the global value
due to the vast semiarid and arid regions in northwestern and northern China and the
vast frigid Tibetan Plateau, in which ET is very low (Fig. 6a).20

The total of ET in terrestrial ecosystems of China varied from 3.26 to 3.65×103 km3

with a mean of 3.49×103 km3 during the period from 2000 to 2010, which accounted for
about 5 % of the global total of 58.4×103 km3 yr−1 (Yan et al., 2012), 63×103 km3 yr−1

(Ryu et al., 2011), 65×103 km3 yr−1 (Jung et al., 2010), 65.5×103 km3 yr−1 (Oki and
Kanae, 2006).25
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3.2.2 Spatial patterns of simulated annual water yield

Water yield is calculated as the difference between annual precipitation and ET
(M. L. Liu et al., 2012). It showed a very similar spatial pattern to ET and was above
zero in most areas of China’s territory (Fig. 6b). However, in arid NWRB, insufficient
precipitation is unable to meet the requirement of ET, resulting in slightly negative wa-5

ter yield. In southern basins, precipitation was higher than ET, resulting in significantly
positive water yield. For example, water yield was widely above 600 mmyr−1 in PRB
and SERB, even above 1000 mmyr−1 in southeastern coastal areas. In vast YzRB, it
ranged from 100 mmyr−1 in the upstream to 800 mmyr−1 in the downstream. Water
yield was usually about 100 mmyr−1 in most regions of SHRB, eastern LRB, HaiRB,10

and the upstream of YeRB.

3.2.3 Dependence of simulated ET on land cover types

The simulated ET is closely associated with land cover types. Figure 8 shows
the average of simulated annual ET for each land cover type during the period
from 2000 to 2010. The EBF biome has the largest average ET (885.5 mmyr−1),15

followed by MF (653.3 mmyr−1), ENF (624.0 mmyr−1), NAV (600.5 mmyr−1), DBF
(518.1 mmyr−1), CRO (498.3 mmyr−1), DNF (345.4 mmyr−1), GRA (280.7 mmyr−1),
and SH (200.1 mmyr−1). The non-vegetation cover type, widely distributed in north-
west China, has the lowest mean ET (113.6 mmyr−1). MF has the highest total annual
ET (834.70 km3 yr−1), followed by GRA (808.60 km3 yr−1), and CRO (796.27 km3 yr−1)20

due to the large area of these three land cover types. Although the mean ET of EBF
is the highest, the total ET of this land cover type only ranked as the seventh because
of its relative small area. The totals of annual ET were less than 50 km3 yr−1 for DNF,
DBF, and SH, owing to low mean ET per unit area or small areas of these land cover
types.25

The change of simulated ET with land cover types in China identified here is gen-
erally consistent with previous studies (Liu et al., 2008; Zhou et al., 2009; K. Zhang
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et al., 2010; Jin et al., 2011), showing that ET of forests is higher than that of crop-
land and grassland. However, ET of ENF and MF simulated in this study is significantly
higher than the global values reported by K. Zhang et al. (2010). Recently, M. L. Liu
et al. (2012) simulated that average ET over eastern China was 567 mmyr−1 during the
period from 2001 to 2005, about 10 % higher than the corresponding value output by5

the BEPS model here.

3.3 Temporal trends of ET and water yield in terrestrial ecosystems of China

3.3.1 Temporal trends of ET

Figure 9 shows the temporal trends of simulated annual ET in terrestrial ecosystems
of China during the period from 2000 to 2010. ET increased in 62.2 % of China’s land-10

mass. The greatest increase of ET occurred in the cropland areas of southern HaiRB,
most HuaiRB, and southeastern YzRB, with increasing rates above 10 mmyr−2. An-
nual ET increased at rates of 6 to 10 mmyr−2 in northern HuaiRB and the forest areas
of western SHRB, YeRB, and YzRB. The increase rates of annual ET were small,
only about 2 mmyr−2 in NWRB, such as Inner Mongolia, Qinghai-Tibet plateau. On the15

other hand, annual ET decreased in eastern SHRB, northwestern NWRB, southern
SWRB, and southern PRB. In eastern Qinghai-Tibetan plateau, the south part of Yun-
nan province, and Hainan province, the decrease in ET was most significant, at rates
of above 8 mmyr−2.

Figure 10 shows the departures of simulated annual ET from 11 yr means in 1020

basins. Annual ET increased in all basins but NWRB. The increases of mean annual ET
in HuaiRB, YzRB, and SWRB were above the 0.1 significant levels. Mean annual ET in
YeRB, SHRB, SERB, HaiRB, PRB, and LRB showed a relatively slight increase trend.
In years 2000 to 2002, especially in 2001, mean annual ET in all basins was lower
than the multi-year averages. In contrast, mean annual ET over the period from 200425

to 2008 was mostly above the multi-year averages in all basins. In 2009, ET obviously
decreased in all basins except SERB. In NWRB, ET in this year even decreased by
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15 % in comparison with the multi-year mean. In 2003 and 2010, changes of ET relative
to multi-year means varied spatially, increasing in the northern basins and decreasing
in the southern basins.

The trends of ET during the period from 2000 to 2010 in southern China (Figs. 9 and
10) identified in this study are consistent with the result reported by Jung et al. (2010)5

for the period from 1998 to 2008. Both studies indicated decreasing trends of ET in PRB
and southern SERB and increasing trends of ET in vast YzRB and southern HuaiRB.
Recently, Zeng et al. (2012) studied the spatial-temporal changes of global land ET for
the period from 1982 to 2009 using a land water mass balance equation and found
out that annual ET increased in HuaiRB and HaiRB and decreased in PRB during10

the period from 1998 to 2009. Similar temporal patterns of ET in these areas were also
detected in this study for the period from 2000 to 2010. However, the opposite temporal
trends of ET were found in two studies for both YzRB and SERB. Zeng et al. (2012)
indicated that ET decreased in these two basins while the increased ET was detected
in this study.15

National means of annual ET varied from 345.5 mmyr−1 in 2001 to 387.8 mmyr−1 in
2005, with an average of 369.8 mmyr−1 over the period from 2000 to 2010 (Fig. 10). It
exhibited an overall increasing trend in terrestrial ecosystems of China during the stud-
ied period, with an increasing rate of 1.7 mmyr−2 (r = 0.43 p = 0.19). National mean
ET increased in years from 2001 to 2005 and then gradually decreased to the second20

lowest value of 361.6 mmyr−1 in 2009. In the period from 2004 to 2008, the national
mean of ET land was above the multi-year average (369.8 mmyr−1). The obvious de-
crease of national ET in 2001 and 2009 was caused by the wide occurrence of severe
droughts.

3.3.2 Temporal trends of water yield25

Figure 12 shows temporal trends of water yield in terrestrial ecosystems of China dur-
ing the period from 2000 to 2010, which exhibited substantial spatial heterogeneity.
Water yield decreased in northern, southern, southwestern, and central China, while
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it increased in northwestern, northeastern, and eastern China. In NWRB and HaiRB,
water yield changed slightly, at a magnitude of ±4 mmyr−2. The significant increase in
water yield mainly occurred in southeastern SHRB, eastern LRB, and downstream ar-
eas of YzRB, with rates of about 20 mmyr−2. YeRB experienced a moderate decrease
in water yield (about 8 mmyr−2) during the 11 yr study period. Water yield decreased5

obviously in HuaiRB, SWRB, southern YzRB, and western PRB, at rates even above
20 mmyr−2 in some areas.

The temporal trends of ET and water yield indentified in this study imply that the
terrestrial hydrological cycle was intensified in most regions of China in recent 11 yr,
indicating by the significant increase in ET in most areas. Consequently, the availability10

of water resources was affected. In most regions south of Yangtze River and HuaiRB,
enhanced ET in conjunction with decrease in precipitation has caused water yield to
decrease significantly.

3.4 Linkage of ET with climate factors

ET is affected by a variety of factors, including water availability, energy supply, wind15

speed, vapor pressure deficit (VPD), and vegetation activity (Zhang et al., 2001;
Verstraeten et al., 2008; Wang and Dickinson, 2012). It is still a challenge to identify
drivers for regional ET. In analyzing the roles of climate factors in ET, temperature is
often used as the surrogate of radiation and VPD due to their strong correlations (Jung
et al., 2010; Zeng et al., 2012). Here annual precipitation (as the proxy of water avail-20

ability) and MAT (as the proxy of available energy) were chosen to explore the effects
of climate variability on the spatial and temporal variations of ET in China’s landmass
for the period from 2000 to 2010.

Figure 13a and c shows the temporal trends of annual precipitation and MAT during
the past 11 yr. Precipitation decreased significantly in southern China, such as HuaiRB,25

south YzRB, SWRB, and PRB. In some parts of these regions, the decreasing rates of
annual precipitation were even above 24 mmyr−1. Meanwhile, temperature increased
by above 0.04 ◦Cyr−1, even more than 0.1 ◦Cyr−1in the upstream areas of YzRB and
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SWRB. In northern China, MAT did not increase obviously while precipitation increased
by 5–10 mmyr−1. The decrease in precipitation and increase in temperature were in-
duced by several severe drought events in southern China during the period from 2000
to 2010 (Gao and Yang, 2009; Lu et al., 2011; Wang et al., 2011).

Figure 13b and d shows the correlation coefficients of annual ET with annual total5

precipitation and MAT during the period from 2000 to 2010, respectively. Annual ET
was positively correlated with annual precipitation in most regions of China, especially
in the arid and semiarid regions of northern China, such as NWRB, western SHRB,
western LRB, and HaiRB, in which the positive correlations between ET and precipi-
tation was above the 0.01 significant level. The obvious increase of above 8 mmyr−2

10

in annual ET in HaiRB, western SHRB, and the upstream of YeRB (Fig. 9) can be
partially explained by the significant increase in annual precipitation in these regions
(> 6 mmyr−1). In humid southeastern China and the frigid Tibetan plateau, annual ET
and precipitation were negatively correlated at the 0.10 and 0.05 significant levels, re-
spectively. In these regions, water supply is relatively sufficient. The increase in precip-15

itation is normally accompanied with the reduction in temperature and incoming solar
radiation, and consequently the decease of ET.

Annual ET increased with the increase in MAT in the Qinghai-Tibetan plateau, PRB,
most YzRB and YeRB, and HuaiRB (Fig. 13d). In the Qinghai-Tibetan plateau, espe-
cially in southeastern NWRB, most SWRB, the upstream areas of YeRB and YzRB,20

the positive correlations of ET with MAT were above the 0.05 significant level. In these
regions, temperature acts as the major limiting factor of ET. The obvious increase of
about 0.1 ◦Cyr−1 here (Fig. 13c) was the main driver for the increase of above 4 mmyr−2

in annual ET (Fig. 9). On the contrary, in most NWRB, HuaiRB, SHRB, LRB, central
YzRB, central YeRB, and southern SERB, annual ET was negatively correlated with25

MAT (p < 0.1).
Figure 14 shows the changes in the departures of annual ET from multi-year means

with the departures of annual total precipitation and MAT in individual basins. The
basin-level average annual ET showed much stronger dependence on precipitation
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in northern basins than in southern basins. In SHRB, LRB, HaiRB, YeRB, and NWRB,
the departures of annual ET were positively correlated with those of precipitation. The
correlations were above the 0.05 significance level in SHRB and LRB and above the
0.01 significance level in HaiRB and NWRB, respectively. Changes in precipitation did
not have significant impact on ET in humid southern regions of China. The changes5

of annual precipitation and annual ET were slightly negative correlated in SERB, PRB,
and SWRB. Basin-level average ET was not significantly correlated with basin-level
averages of MAT in all basins.

Several previous studies have investigated the controlling roles of different climate
factors in ET of terrestrial ecosystems in China. Zhou et al. (2009) pointed out that10

precipitation plays a more important role in altering the inter-annual variations of an-
nual ET over China than temperature. Cong et al. (2010) concluded that precipitation
had a greater impact on ET in the north than in the south. In the study on the link-
ages of global ET with MAT and precipitation during the period from 1982 to 2008,
Jung et al. (2010) declared that precipitation (water supply) dominated the inter-annual15

ET behavior in northern China while in southern China ET was mainly demand (tem-
perature) limited. Using daily meteorological data and gauging station data, Q. Zhang
et al. (2011) indicated that precipitation was the major determinate of ET in YeRB.
Since in the semiarid and arid northern areas of China, ET was limited by the supply of
soil moisture, precipitation significantly affected soil moisture and acted as a key con-20

straining factor of ET here (Ryu et al., 2008; Wang and Dickinson, 2012). The impacts
of temperature and precipitation on ET in different regions identified here are generally
similar to the conclusions from previous studies, but with more details due to a higher
spatial resolution of simulation (500 m) conducted and proper applications of remote
sensing data here.25
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3.5 Influences of vegetation on ET

3.5.1 Changes of ET with LAI

LAI significantly affects ET due to its roles in transpiration and interception of precipita-
tion. During the period from 2000 to 2010, annual mean LAI increased in northeastern,
northern, and most south central China while it decreased in southeastern and parts of5

southwestern China (Fig. 15a). Similar conclusions on vegetation greenness in China
during the same period were also recently reported by Liu and Gong (2012). The spa-
tial heterogeneity in the temporal trends of LAI and greenness were mainly associated
with climatic abnormality and land cover changes (Peng et al., 2011; Y. Liu et al., 2012).

During the 11 yr study period, simulated annual ET was positively correlated with an-10

nual mean LAI in 74 % of China’s landmass (Fig. 15a). The correlation between LAI and
ET was stronger in the north than in the south. In most of SHRB, LRB, HaiRB, HuaiRB,
and YeRB as well as part of YzRB, annual ET increased significantly (p < 0.05) with the
increase of LAI. Thus, the obvious increase of above 8 mmyr−2 in annual ET in HaiRB,
HuaiRB, and central YzRB can be partially explained by the significant increase in15

annual mean LAI here (> 0.03 yr−1). Annual ET was slightly positively correlated with
annual mean LAI in most regions south of the Yangtze River, such as SERB, southern
YzRB, and PRB. The distinguishable decrease in annual ET in southern China, such
as southern Qinghai-Tibet Plateau, the junction area of YzRB, SWRB, and PRB, and
eastern PRB might be caused by the significant decrease in annual mean LAI here. In20

most NWRB, vegetation coverage is relatively low and thus evaporation from soil is the
dominant component of ET. The increase in LAI might cause the increase in transpira-
tion and more decrease in soil evaporation. As a consequence, the correlation of ET
with LAI was slightly negative here.
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3.5.2 The influences of land cover change on ET

ET is closely linked with land cover types. Model simulation and site observations
showed that ET of forests was generally higher than that of croplands and grasslands
(Zhang et al., 2001; Liu et al., 2008; Mu et al., 2011). Land cover changes have been
dynamically occurring in China, driven by afforestation/reforestation and urbanization,5

inevitably leading to increases in plantation and urban areas and decreases in crop-
lands and grasslands areas (Li et al., 2011; Wang et al., 2012). In order to assess
the effect of land cover changes on regional ET, the means of ET and changing rates
of mean ET, total ET, and areas of forests (including ENF, EBF, DNF, DBF, and MF),
cropland, and grassland were calculated in 10 basins and listed in Table 3. During the10

period from 2000 to 2010, these three land cover types totally accounted for 67.8 % to
70.5 % and 83.4 % to 86.3 % of the national totals of area and ET, respectively.

National wide mean ET of forests, cropland, and grassland in China increased dur-
ing the study period (Table 3). The mean ET of cropland showed the largest increase
(2.38 mmyr−2), followed by that of forest and grassland. As to forest, mean ET in-15

creased in most basins except LRB, SWRB, and NWRB. The mean ET of cropland
and grassland increased in northern basins and decreased in southern basins. In PRB,
mean ET of cropland and grassland decreased at the rates of 3.37 mmyr−2 (p = 0.06)
and 9.76 mm yr−2(p = 0.0016), respectively. The national total ET of forest, cropland,
and grassland all increased during the period from 2000 to 2010. The total ET of forests20

increased significantly in 7 basins, resulting in the national total ET of forests to in-
crease at a rate of 13.35 km3 yr−2 (p = 0.0015). The increase in the national total ET
of forests was driven by the increases in both mean ET and the area. The expansion
of forest area played a more dominant role. During the past 11 yr, the national total
of forest area increased at a rate of 1.79×106hayr−2 (p = 0.0026). The national total25

ET of cropland increased at the rate of 2.83 km3 yr−2, mainly driven by the increase
in the mean of ET since the national total area of cropland decreased at a rate of
0.99×106 hayr−1. The total ET of cropland only increased in HaiRB, YeRB, HuaiRB,
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and SERB, and decreased in other 6 basins. The national total ET on grassland in-
creased at the rate of 1.25 km3 yr−2, driven by the increases in both mean ET and
the area. Total ET of grassland increased in most northern basins and decreased in
most southern basins except SWRB. The decrease in total ET of grassland in south-
ern basins was caused by the decreases in both mean ET and the area. In HuaiRB5

and PRB, total ET of grassland significantly decreased at the rates of 0.43 km3 yr−2

(p = 0.006) and 0.80 km3 yr−2 (p = 0.0017), respectively.
During the period from 2000 to 2010, the total ET of terrestrial ecosystems in China

increased at a rate of 14.29 km3 yr−2. This increase might be mainly attributed to the in-
crease in total ET of forests (13.35 km3 yr−2). Our simulation showed that ET of forests10

(except DNF) was obviously higher than that of other land cover types (Fig. 8), which
was similar to the findings of previous studies (Twine et al., 2004; Sun et al., 2005,
2006; Yu et al., 2009; Q. Zhang et al., 2011). They reported that the conversion from
crop and grass to forest can cause annual ET to increase and water yield to decrease,
vice versa. Sun et al. (2006) indicated that the average water yield reduction caused15

by land cover conversion was about 50 mmyr−1 (50 %) in the semiarid Loess Plateau
region in northern China to about 300 mmyr−1 (30 %) in the tropical southern region.
With simulations of a hydrological model, Yu et al. (2009) declared that changing grass-
land into forest caused a significant reduction of water yield and an increase of ET in
a watershed of the Liupan Mountains in northwest China. Based on daily meteorolog-20

ical and gauging stations data, Q. Zhang et al. (2011) found out that the intensifying
urbanization acted as one important factor to the decrease of ET in the PRB.

4 Conclusions

In this study, the BEPS model was employed in conjunction with the newly developed
dataset of LAI to simulate ET and water yield in China at a spatial resolution of 500 m for25

the period from 2000 to 2010. The ability of BEPS to simulate ET was firstly validated
using tower-based ET at 5 ChinaFLUX sites and basin-level ET inferred using statistical

5424

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 5397–5456, 2013

Changes of
evapotranspiration
and water yield in

China

Y. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

hydrological data in 10 major river basins. Then, the spatial and temporal variations of
ET and water yield and the influences of climatic and vegetation factors were analyzed.
Following conclusions could be drawn:

(1) The BEPS model was able to simulate ET in China’s terrestrial ecosystems, ex-
plaining 66 % of the variations of observed daily ET at 5 typical ChinaFLUX sites. The5

RPE values of simulated annual ET were mostly in the ±10 % ranges of the observed
values. The BEPS model could explain the 92 % variations of inferred basin-level ET in
10 river basins (p < 0.0001).

(2) Simulated mean annual ET exhibited a distinguishable decreasing spatial pattern
from southeast to the northwest, associating with climate and vegetation types. The10

averages of simulated mean annual ET ranged from 200.1 mmyr−1 for shrubland to
885.5 mmyr−1 for evergreen broadleaf forest. Annual ET increased with the increase of
LAI in 74 % of China’s landmass, especially in SHRB, LRB, HaiRB, HuaiRB, and YeRB.
It was positively correlated with temperature in most areas of southwest, south, east,
and central China, especially in the Tibet Plateau and part of the middle stream of the15

Yangtze River. In the arid and semiarid areas of northwest and north China, annual
ET was significantly positively correlated with annual precipitation while in the Tibet
Plateau and humid southeast China, the correlation between precipitation and ET was
negative.

(3) The national mean annual ET averaged 369.8 mmyr−1 during the period from20

2000 to 2010, ranging from 345.5 mmyr−1 in 2001 to 387.8 mmyr−1 in 2005. It in-
creased at a rate of 1.7 mmyr−2 (r = 0.43 p = 0.19), mainly driven by the increase of
ET in forests. National total ET increased during the period from 2001 to 2005 and
decreased during the period from 2006 to 2009. The decrease of national total ET
during the second period was mainly caused by the reductions of precipitation and25

LAI. The temporal trends of annual ET varied spatially. In 62.2 % of China’s terres-
trial ecosystems, ET showed increasing trends, especially in the cropland areas of
southern HaiRB, most HuaiRB, and southeastern YzRB. The decrease of annual ET
mainly occurred in part areas of northeast, north, northwest, south China. In eastern
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Qinghai-Tibet plateau, the south part of Yunnan province, and Hainan province, the
decrease in ET was most significant, at rates above 8 mmyr−2.

(4) Water yield was above zero in most China’s terrestrial ecosystems, especially
in southeast and south regions. However, it was negative in most areas of NWRB in
northwest China. During the study period, water yield decreased in northern, southern,5

and southwestern China. In some areas, water yield even decreased at rates above
20 mmyr−2 caused by enhanced ET and decrease in precipitation, implying that cli-
matic variability and vegetation changes have significantly intensified terrestrial hydro-
logical cycle and reduced water resource here. The regions with water yield increase
were sporadically distributed in northeast, east, south, northwest, and central China, in10

which precipitation increased or/and ET decreased.
The conclusions are very useful for studying the coupling between carbon and water

cycles and also managing water resources efficiently in China. However, it should be
kept in mind that there are still some uncertainties in this study. Although most of spatial
datasets driving the model were taken from ground observations and remote sensing15

data, some uncertainties may exist in these datasets, such as limited meteorological
observations available and errors in remotely sensed vegetation parameters. Model
validation was only implemented at limited sites and basins. In addition, the shortcom-
ings in the structure of the BEPS model, such as the application of Jarvis model for
calculating canopy conductance and exclusion of irrigation and lateral movement of20

soil water in the calculation of soil water content, might cause some errors in estimated
ET and water yield. All these deficiencies need to be addressed carefully in the future.
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Table 1. The information on 5 ChinaFlux sites at which ET data was used for validating the
BEPS model.

Site CBS QYZ HB XLHT YC

Location 42◦24′ N,
128◦06′E

26◦44′ N, 115◦03′ E 37◦40′ N, 101◦20′ E 43◦33′ N, 116◦40′ E 36◦49′ N,
116◦34′ E

Vegetation Temperate deciduous
broad-leaved and
coniferous mixed forest

Typical subtropical
monsoon man-planted
forest

Alpine meadow Temperate chinensis
steppe

Winter wheat and
summer maize

Soil type Mountain dark brown
soil

Typical red earth Alpine meadow soil Chernozem soil Aquox and salt
aquox

Elevation (m) 736 100 3293 1189 23
Mean annual
temperature (◦C)

4.0 17.9 −1.4 −0.4 13.1

Annual
precipitation (mm)

695 1485 580 350–450 528

LAI 6.1 (maximum in
grown season)

3.6 2.8 (maximum in
grown season)

1.5 (maximum in
grown season)

Period 2003–2004 2003–2004 2003 2004 2003–2004
Reference (Wen et al., 2003)

(M. Zhang et al., 2011)
(Liu et al., 2006)
(Wen et al., 2006)

(Li et al., 2005)
(Li et al., 2007)

(Li et al., 2005)
(M. Zhang et al.,
2011)

(Li et al., 2006)
(Wen et al., 2006)

5439

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 5397–5456, 2013

Changes of
evapotranspiration
and water yield in

China

Y. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Statistics of simulated and observed daily and annual ET at 5 tower sites.

RMSE Observed ET Simulated ET APE RPE
Site Year R2 (mmd−1) a∗ b∗ (mmyr−1) (mmyr−1) (mmyr−1) (%)

CBS 2003 0.78 0.70 0.99 0.08 537.8 563.3 25.5 4.74
2004 0.72 0.80 1.05 0.03 524.4 563.9 39.5 7.53

QYZ 2003 0.63 0.73 0.84 0.32 709.4 716.3 6.9 0.97
2004 0.70 0.85 1.02 0.13 772.4 837.3 64.9 8.40

HB 2003 0.72 0.74 0.86 0.21 499.1 360.7 −138.4 −27.73
XLHT 2004 0.67 0.63 0.98 0.07 311.1 331.0 19.9 6.40
YC 2003 0.61 0.89 0.99 0.08 541.7 509.5 −32.2 −5.9

2004 0.44 1.31 0.90 0.28 581.9 628.1 46.2 7.94

∗y = ax+b, y and x denote simulated and observed ET, respectively.
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Table 3. Trends in the means and totals of ET and areas of forest, cropland, and grassland in
10 basins during the period from 2000 to 2010.

Mean ET (mmyr−1) Trend of mean ET (mmyr−2) Trend of total ET (km3 yr−2) Trend of total area (106 hayr−1)

All land All land All land
covers Forest Cropland Grassland covers Forest Cropland Grassland covers Forest Cropland Grassland Forest Cropland Grassland

SHRB 418.9 465.7 410.1 343.3 1.96 0.95 1.95 2.28 1.90 1.52b −0.04 0.17 0.27b −0.28 −0.02
LRB 389.2 539.0 409.9 344.6 1.28 −3.74 1.62 2.32 0.35 0.29b −0.41 0.53 0.066c −0.21b 0.12a

HaiRB 419.4 483.9 444.0 395.1 3.46 2.60 4.17 2.71 1.13 0.34b 0.97 0.13 0.09b −0.05 0.02
YeRB 349.0 532.7 431.6 315.2 2.11 2.31 1.55 1.46 1.77 0.49c 1.67a −0.05 0.10b 0.22 −0.26b

HuaiRB 568.1 638.7 586.2 559.9 5.93a 5.50 6.70a −1.79 1.58a 0.30c 1.85a −0.43c 0.04c 0.02 −0.06b

YzRB 551.7 652.0 604.9 327.7 3.36 4.24 2.60 −0.30 6.01 9.71c −0.59 −1.01 1.11c −0.58 −0.28c

SERB 714.4 771.1 615.9 637.5 3.04 3.43 −0.94 −4.83 0.69 0.90b 0.09 −0.05 0.05a −0.007 −0.002
PRB 729.3 770.5 656.2 677.7 0.97 0.45 −3.37a −9.76c 0.57 −0.21 −0.43 −0.80c −0.03 −0.12 −0.08b

SWRB 381.6 707.4 554.9 246.2 1.16a −0.94 −1.0 1.22 0.99a 0 −0.18b 0.99b 0.06 −0.04b 0.11
NWRB 143.9 234.3 225.2 200.2 −0.20 −1.15 −3.19 −0.31 −0.69 0.02 −0.10 1.76 0.03 0.05 1.0c

Total 369.8 651.4 498.3 280.7 1.71 1.64 2.38 0.42 14.29 13.35c 2.83 1.25 1.79c −0.99 0.55

a, b, and c represent the 0.10, 0.05, and 0.01 significance levels, respectively (SHRB, Songhua river basin; LRB, Liaohe river basin; HaiRB, Haihe river basin;
YeRB, Yellow river basin; HuaiRB, Huaihe river basin; YzRB, Yangtze river basin; SERB, Southeast river basin; PRB, Pearl river basin; SWRB, Southwest river
basin; NWRB, Northwest river basin).

5441

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/5397/2013/hessd-10-5397-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 5397–5456, 2013

Changes of
evapotranspiration
and water yield in

China

Y. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 1. The land cover map of China in 2001 subtracted from the MODIS land cover dataset.
(ENF: evergreen needleleaf forest; EBF: evergreen broadleaf forest; DNF: deciduous needle-
leaf forest; DBF: deciduous broadleaf forest; MF: mixed forest; SH: shrubland; GRA: grassland;
CRO: cropland; NAV: cropland/natural vegetation mosaic; NOV: Non-vegetation).
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Figure 1. The land cover map of China in 2001 subtracted from the MODIS land cover dataset. (ENF: 
evergreen needleleaf forest; EBF: evergreen broadleaf forest; DNF: deciduous needleleaf forest; DBF: 
deciduous broadleaf forest; MF: mixed forest; SH: shrubland; GRA: grassland; CRO: cropland; NAV: 
cropland/natural vegetation mosaic; NOV: Non-vegetation).  

  1 

Figure 2. Locations of the 5 typical flux tower sites (red flags), 753 national basic meteorological stations 
(green circles), and boundary of 10 river basins (black lines) (SHRB, Songhua river basin; LRB, Liaohe river 
basin; HaiRB, Haihe river basin; YeRB, Yellow river basin; HuaiRB, Huaihe river basin; YzRB, Yangtze 
river basin; SERB, Southeast river basin; PRB, Pearl river basin; SWRB, Southwest river basin; NWRB, 
Northwest river basin). 

  2 

Fig. 2. Locations of the 5 typical flux tower sites (red flags), 753 national basic meteorological
stations (green circles), and boundary of 10 river basins (black lines) (SHRB, Songhua river
basin; LRB, Liaohe river basin; HaiRB, Haihe river basin; YeRB, Yellow river basin; HuaiRB,
Huaihe river basin; YzRB, Yangtze river basin; SERB, Southeast river basin; PRB, Pearl river
basin; SWRB, Southwest river basin; NWRB, Northwest river basin).
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Figure 3. Time series of observed and simulated daily ET (mm d-1). during the period of 2003 to 2005 at CBS, 

QYZ, YC, 2004 to 2005 at XLHT and 2003 to 2004 at HB. 

    1 

 

Figure 4. Comparison between simulated and observed ET (mm d-1) at all 5 tower sites. 

  2 

Fig. 3. Time series of observed and simulated daily ET (mmd−1). during the period of 2003 to
2005 at CBS, QYZ, YC, 2004 to 2005 at XLHT and 2003 to 2004 at HB.
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Figure 4. Comparison between simulated and observed ET (mm d-1) at all 5 tower sites. 
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Fig. 4. Comparison between simulated and observed ET (mmd−1) at all 5 tower sites.
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Figure 5. Comparison of basin-level annual ET simulated by the BEPS model (Simulated ET) with that inferred 
using the water yield method (Inferred ET) in 10 basins during the period from 2000 to 2010. (a): the comparison 
of data in all individual years and basins lumped together and the (b): the comparison of simulated and inferred ET 
averaged over the study period in 10 basins.

   1 

Figure 6. The spatial distribution of mean annual ET (a) and water yield (b) during the period from 2000 to 2010. 

   2 

 
Figure 7. The annual mean and total ET averaged over the period from 2000 to 2010 in 10 river basins. 

  3 

Fig. 5. Comparison of basin-level annual ET simulated by the BEPS model (Simulated ET) with
that inferred using the water yield method (Inferred ET) in 10 basins during the period from
2000 to 2010. (a): the comparison of data in all individual years and basins lumped together
and the (b): the comparison of simulated and inferred ET averaged over the study period in 10
basins.
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Figure 6. The spatial distribution of mean annual ET (a) and water yield (b) during the period from 2000 to 2010. 
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Figure 7. The annual mean and total ET averaged over the period from 2000 to 2010 in 10 river basins. 
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Fig. 6. The spatial distribution of mean annual ET (a) and water yield (b) during the period from
2000 to 2010.
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Figure 6. The spatial distribution of mean annual ET (a) and water yield (b) during the period from 2000 to 2010. 
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Figure 7. The annual mean and total ET averaged over the period from 2000 to 2010 in 10 river basins. 

  3 

Fig. 7. The annual mean and total ET averaged over the period from 2000 to 2010 in 10 river
basins.
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Figure 8. Mean ET and total ET of different land cover types during the period from 2000 to 2010.    

   1 

 2 

Figure 9. Temporal trends of annual ET in China during the period from 2000 to 2010. Negative values indicate 3 
decreasing trends, vice versa.  4 

  5 

Fig. 8. Mean ET and total ET of different land cover types during the period from 2000 to 2010.
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Figure 8. Mean ET and total ET of different land cover types during the period from 2000 to 2010.    
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Figure 9. Temporal trends of annual ET in China during the period from 2000 to 2010. Negative values indicate 3 
decreasing trends, vice versa.  4 

  5 

Fig. 9. Temporal trends of annual ET in China during the period from 2000 to 2010. Negative
values indicate decreasing trends, vice versa.
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 1 

Figure 10 The departures of annual ET from multiyear means in 10 basins during the period from 2000 to 2010. 2 

 3 

 4 

 5 

 

Figure 11. National averages of annual ET in the terrestrial ecosystems of China during the period from 2000 to 

2010. 

 6 

Fig. 10. The departures of annual ET from multiyear means in 10 basins during the period from
2000 to 2010.
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Figure 11. National averages of annual ET in the terrestrial ecosystems of China during the period from 2000 to 

2010. 

 6 

Fig. 11. National averages of annual ET in the terrestrial ecosystems of China during the period
from 2000 to 2010.
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Figure 12. Temporal trends of water yield in China from 2000 to 2010. Negative values indicate decreasing trends, 2 
vice versa. 3 

  4 

 5 

 6 

 

Figure 13. Temporal trends of annual precipitation (mm yr-1) (a) and mean annual temperature (MAT) (ºC yr-1) (c) 

and the correlation coefficients of annual precipitation (b) and MAT (d) with annual ET during the period from 

2000 to 2010. Negative values indicate decreases or negative correlations, vice versa. The values of 0.521, 0.602, 

and 0.735 for correlation coefficients represent the 0.10, 0.05, and 0.01 significance levels, respectively. 

Fig. 12. Temporal trends of water yield in China from 2000 to 2010. Negative values indicate
decreasing trends, vice versa.
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Figure 12. Temporal trends of water yield in China from 2000 to 2010. Negative values indicate decreasing trends, 2 
vice versa. 3 
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Figure 13. Temporal trends of annual precipitation (mm yr-1) (a) and mean annual temperature (MAT) (ºC yr-1) (c) 

and the correlation coefficients of annual precipitation (b) and MAT (d) with annual ET during the period from 

2000 to 2010. Negative values indicate decreases or negative correlations, vice versa. The values of 0.521, 0.602, 

and 0.735 for correlation coefficients represent the 0.10, 0.05, and 0.01 significance levels, respectively. 

Fig. 13. Temporal trends of annual precipitation (mmyr−1) (a) and mean annual temperature
(MAT) (◦Cyr−1) (c) and the correlation coefficients of annual precipitation (b) and MAT (d) with
annual ET during the period from 2000 to 2010. Negative values indicate decreases or nega-
tive correlations, vice versa. The values of 0.521, 0.602, and 0.735 for correlation coefficients
represent the 0.10, 0.05, and 0.01 significance levels, respectively.
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 1 

Figure 14 The correlations between the departures of basin-level mean annual ET and climatic factors 
(precipitation, temperature). 

 2 

 3 

 4 

 5 

 6 

 7 

Fig. 14. The correlations between the departures of basin-level mean annual ET and climatic
factors (precipitation, temperature).
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Figure 15. Temporal trends of LAI (a) and the correlation coefficients of annual mean LAI with annual ET (b) 
during the period from 2000 to 2010. Negative values indicate decreases or negative correlations, vice versa. The 
values of 0.521, 0.602, and 0.735 for correlation coefficients represent the 0.10, 0.05, and 0.01 significance levels, 
respectively. 
 1 

Fig. 15. Temporal trends of LAI (a) and the correlation coefficients of annual mean LAI with
annual ET (b) during the period from 2000 to 2010. Negative values indicate decreases or neg-
ative correlations, vice versa. The values of 0.521, 0.602, and 0.735 for correlation coefficients
represent the 0.10, 0.05, and 0.01 significance levels, respectively.
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