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Abstract. Terrestrial carbon and water cycles are interac-areas of southwest, south, east, and central China. The cor-
tively linked at various spatial and temporal scales. Evapo-elation between annual ET and precipitation was positive in
transpiration (ET) plays a key role in the terrestrial water cy-the arid and semiarid areas of northwest and north China,
cle, altering carbon sequestration of terrestrial ecosystemsiut negative in the Tibetan Plateau and humid southeast
The study of ET and its response to climate and vegetatiorChina. The national annual ET varied from 345.5 mm in 2001
changes is critical in China because water availability is ato 387.8 mm in 2005, with an average of 369.8 mm during
limiting factor for the functioning of terrestrial ecosystems the study period. The overall rate of increase, 1.7 mnyr
in vast arid and semiarid regions. To constrain uncertaintieR2=0.18, p =0.19), was mainly driven by the increase of
in ET estimation, the process-based Boreal Ecosystem Prdetal ET in forests. During 2006—2009, precipitation and LAI
ductivity Simulator (BEPS) model was employed in conjunc- decreased widely and consequently caused a detectable de-
tion with a newly developed leaf area index (LAI) data set, crease in national total ET. Annual ET increased over 62.2 %
MODIS land cover, meteorological, and soil data to simulateof China’'s landmass, especially in the cropland areas of
daily ET and water yield at a spatial resolution of 500 m overthe southern Haihe River basin, most of the Huaihe River
China for the period from 2000 to 2010. The spatial and tem-basin, and the southeastern Yangtze River basin. It decreased
poral variations of ET and water yield were analyzed. Thein parts of northeast, north, northwest, south China, espe-
influences of climatic factors (temperature and precipitation)cially in eastern Qinghai-Tibetan Plateau, the south of Yun-
and vegetation (land cover types and LAI) on these variationsian Province, and Hainan Province. Reduction in precipi-
were assessed. tation and increase in ET caused vast regions in China, es-
Validations against ET measured at five ChinaFLUX sitespecially the regions south of Yangtze River, to experience
showed that the BEPS model was able to simulate daily andignificant decreases in water yield, while some sporadically
annual ET well at site scales. Simulated annual ET exhibitedistributed areas experienced increases in water yield. This
a distinguishable southeast to northwest decreasing gradiengtudy shows that the terrestrial water cycles in China’s ter-
corresponding to climate conditions and vegetation types. Irestrial ecosystems appear to have been intensified by recent
increased with the increase of LAl in 74 % of China’s land- climatic variability and human induced vegetation changes.
mass and was positively correlated with temperature in most
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1 Introduction sensed data to estimate ET, including several review papers
(Courault et al., 2005; Verstraeten et al., 2008; Gowda et al.,
The terrestrial hydrological cycle is essential for the func- 2007; Z. Li et al., 2009; Wang and Dickinson, 2012).
tioning and sustainability of earth systems (Hutjes et al., Current ET estimates using remote sensing data are far
1998). Understanding its spatial and temporal variations androm satisfactory due to uncertainties generated by model
underlying driving factors are fundamental to predicting the structure, inputs, parameterization schemes, and scaling
response and feedback of terrestrial ecosystems to globassues (El Maayar and Chen, 2006; Yuan et al., 2010;
changes. As one of the most important components withinFernandez-Prieto et al., 2012; Jia et al., 2012). Therefore it
the terrestrial hydrological cycle, evapotranspiration (ET)is essential to look for effective ways to constrain uncertain-
links the hydrological, energy, and carbon cycles (Fisher eties in estimating ET using remote sensing data. Given the
al., 2008; Jung et al., 2010). Globally, terrestrial ET pro- rapid development of remote sensing techniques, improving
cesses consume more than 50 % of the solar radiation alzapacity of computation and storage, and increasing avail-
sorbed by the land surface (Trenberth et al., 2009), and affecbility of ET measurements in recent years (Mu et al., 2011;
precipitation by returning approximately 60% of the annual Ryu et al., 2011; Sasai et al., 2011), it is now feasible to im-
land precipitation back to the atmosphere (Koster et al., 2004prove ET estimation by improving the spatial resolution of
Oki and Kanae, 2006). inputs and model structure (Ryu et al., 2011; Vinukollu et
Previous studies have indicated that global warming mightal., 2011), and by optimizing model parameters.
intensify the terrestrial hydrological cycle and cause more The climate of Chinais diverse and complex, ranging from
frequent floods and droughts (Meehl and Tebaldi, 2004 tropical to cold-temperate, and from humid to extremely dry
Huntington, 2006). Accurate estimation of the spatial and(Mu et al., 2008; Piao et al., 2010, 2011). Severe droughts
temporal variations in ET is critical for better understanding and floods frequently impact ecosystems (Liu et al., 2008).
of the interactions between the atmosphere and land surfacén the past decade, the earth has experienced the most sig-
and improving water resource management and drought asiificant increase in temperature since instrumental measure-
sessment under climate change (Jung et al., 2010; Yuan ehents began (Trenberth et al., 2007; Zhao and Running,
al., 2010; Fisher et al., 2011; Yan et al., 2012; Zeng et al.,2010). In parallel to the global increases, China also ex-
2012). However, ET is one of the most difficult components perienced significant increases in mean annual temperature
of the terrestrial water cycle to estimate accurately because dfMAT), changes in seasonal and interannual patterns of pre-
land surface heterogeneity and numerous controlling factorsgipitation during the past two decades (Fang et al., 2010; Piao
including climate, plant biophysics, soil properties, topogra-et al., 2011), and more frequently severe droughts (Gao and
phy, and others (Dirmeyer et al., 2006; Mu et al., 2007; YuanYang, 2009; Piao et al., 2009; Qin et al., 2010; Lu et al.,
et al., 2010). 2011; Wang et al., 2011). Studies showed that drying and
In situ measurements using weighing lysimeter, Bowenwarming (Ma and Fu, 2006; Piao et al., 2010) intensified the
ratio, sap flow meters, eddy covariance and scintillometerdydrological cycle in western China, but weakened in north
are generally considered to be reliable for quantifying ET of the Yellow River basin (Gao et al., 2007) in the past half
at site and landscape (over several kilometers) scales (Z. Léentury. Several extensively unusual droughts have hit China
et al., 2009; Wang and Dickinson, 2012), but it is practi- since 2000, how the terrestrial water cycle respond to these
cally impossible to apply such methods at regional and globaktlimatic extremes has not been thoroughly investigated yet.
scales. Alternatively, remote sensing techniques are able to The terrestrial water cycle is also significantly affected by
capture temporally continuous land surface information overland cover change, which has been dramatic in China. Sev-
large areas, thus providing an effective tool for retrieving theeral large-scale forest plantations programs have been imple-
ground parameters that control ET (Ju et al., 2010; Yang etmented by Chinese government since the late 1970s for en-
al., 2012). Remotely sensed surface parameters, such as le@fonment protection and vegetation restoration (Cao et al.,
area index (LAl), land cover, clumping index, albedo, tem- 2011; Yu et al., 2011; Huang et al., 2012; Piao et al., 2012),
perature and emissivity have been successfully used to estthus increasing forested area from 2000 to 2010 (FAO, 2010;
mate ET directly or to drive process based ET models (YuarPiao et al., 2012). Meanwhile, urbanization has been inten-
etal., 2010; Ryu et al., 2011). sive (Lietal., 2011; J. Y. Liu et al., 2012; Wang et al., 2012).
Various ET estimation models that use remotely sensednevitably, human intervention and climate change must alter
data have been developed in recent decades, including su€hina’s terrestrial water cycle (Piao et al., 2007).
face energy balance models (Jiang and Islam, 1999; Su, Recently, several studies have been conducted to quan-
2002; Miralles et al., 2011; Anderson et al., 2012), empiricaltify spatio-temporal variations of ET in China using various
statistical models (Wang and Liang, 2008), physical modelsmethods, such as pan evaporation observations and ecosys-
(Mu et al., 2007; K. Zhang et al., 2010) and water balancetem models driven by remote sensing data (Liu et al., 2008;
models (Cheng et al., 2011; Rodell et al., 2011; Sahoo eZhou et al., 2009; Zhu et al., 2010; M. L. Liu et al., 2012;
al., 2011; Zeng et al., 2012; Y. Q. Zhang et al., 2012). Re-Li et al., 2012). However, most ET calculations were imple-
cently, a large number of papers exist on the use of remotelynented at relatively coarse resolutions, such as 10 km, and
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did not fully make use of remote sensing data. In addition,Zhou et al., 2009; Ju et al., 2010; Liu et al., 2013), East Asia
there are very few studies on water yield changes in terrestrigiMatsushita and Tamura, 2002; F. Zhang et al., 2010; Zhang
ecosystems of the country. This suggests that a more thoet al., 2012b), North America (Liu et al., 1999; Ju et al.,
ough investigation of ET and water yield incorporating land 2006; Sonnentag et al., 2008; Sprintsin et al., 2012; Zhang et
surface information retrieved from remote sensing should beal., 2012a), Europe (Wang et al., 2004) and across the globe
carried out to better understand the terrestrial water cycle re¢Chen et al., 2012).
sponse to recent changes in climate and vegetation. The BEPS model has shown strong performances in sev-
In order to constrain the uncertainties, daily ET and watereral model intercomparison studies that evaluated ecosystem
yield were simulated at a spatial resolution of 500 m using anmodels against carbon and water flux measurements (Amthor
improved LAI data set and the process-based BEPS (Boreadt al., 2001; Potter et al., 2001; Grant et al., 2005, 2006;
Ecosystem Productivity Simulator) model. Spatial and tem-Schwalm et al., 2010; Schaefer et al., 2012). In an inter-
poral variations of ET and water yield in different regions of comparison among nine models, for example, the BEPS pro-
China during the 2000-2010 period were then analyzed, reduced the second lowest RMSE (root mean square error) for
sulting in identification of the major factors driving the vari- ET simulation over a boreal forest (Amthor et al., 2001). In
ations. The main objectives are to (1) evaluate the ability ofa recent North American carbon program study, the BEPS
the BEPS model to simulate ET in different ecosystems ofRMSE was the eighth lowest among 24 models used in gross
China; (2) analyze the spatial and temporal patterns of ETprimary productivity simulation (Schaefer et al., 2012).
and water yield in its terrestrial ecosystems from 2000 to
2010; (3) assess the roles of temperature, precipitation and-1.1 ET calculation

LAl in regulating ET over the country.
g g y In the BEPS model, ET from terrestrial ecosystems is calcu-

lated as
2 Methods and data ET = Tpiant + Eplant + Splant + Esoil + Sground 1)
2.1 The BEPS model whereTyjantis transpiration from the canop¥pjant and Esoi

. i . are the respective evaporation of intercepted precipitation
The Boreal Ecosystem Productivity Simulator (BEPS) IS @and soil surfaceSpiant and Sgroungare respective snow subli-
process-based terrestrial ecosystem model designed to SiMys5tion from the canopy and ground surface.

late carbon, wa_ter, and energy budgets at continental or land- Canopy transpiration is further calculated as

scape scale (Liu et al., 1997, 1999; Chen et al., 1999). One

of the unique characte_:rist_ics of th@s model is tight coupling Toiant = Tplantsurl-Al sun + Tpiant shaded-Al shaded 2)
between remote sensing information, and water and carbon

cycle processes. The BEPS is driven by spatially explicit datavhereTpjant,sunandTpiant,shadedre the transpiration from per
sets from meteorology, remotely sensed land surface paranunit area of sunlit and shaded leaves, Ltfland LAlshaded
eters such as LAI and land cover type, and soil texture (Liuare respective the LAI of the sunlit and shaded leaves, parti-
et al., 1999, 2003). This model includes a sunlit and shadedioned according to total canopy LAI, daily mean solar zenith
leaf separation photosynthesis module for calculating carangle,f, and clumping index2 (Chen et al., 1999).

bon fixation, and an energy balance and hydrological module Transpiration from sunlit and shaded leaves is calculated
for simulating evapotranspiration (ET) and soil water contentfrom the Penman—Monteith equation (Monteith, 1965):
dynamics, as well as a soil biogeochemical module for sim-

ulating soil carbon and nitrogen dynamics. The photosynthe-r, .~ — ARn j + pcpVPD/ra ’ 3)

sis module is developed on the basis of Farquhar's instanta-~ (A +y (1 +rsj/ra)) Av

neous leaf biochemical model (Farquhar et al., 1980), with a ) ) .

new spatial and temporal scaling scheme (Chen et al., 1999}Vhere thej subscript denotes sunlit or shaded leavas;

to calculate daily carbon fixation by the canopy. Water and'S the sllope of the saturated water vapor pressure curve
carbon cycles are coupled through leaf stomatal conductanc&Pa € ) R”éf is the net radiation (W mz_); p is the ar
that is controlled by environmental factors, which include 9€Nsity (kgnT~); ¢, is the specific heat Olf air (Jkg°C™);
photosynthetic photon flux density, temperature, vapor pres? 1S the psychrometric constant (kF@ "); ra is the aero-
sure deficit, and soil water content (Jarvis, 1976). AlthoughdYnamic resistance (sTh) assigned according to land cover
initially developed to estimate gross and net primary pro-YPes (Liu etal.,, 2003); and ; is the sunlit or shaded leaf
ductivity for boreal ecosystems in Canada, the BEPS modePtomatal resistance (sTh). ,

has been used elsewhere (Ju et al., 2006; Chen et al., 2007; Esoil iS also calculated from the Penman-Monteith equa-
Sonnentag et al., 2008; Govind et al., 2009a,b), and succes&On; the resistance of the soil surface changing with the de-
fully applied to estimate regional water and carbon fluxes ind9"€€ of saturation in the first soil layer (Ju et al., 20Hlans
China (Sun et al., 2004; Wang et al., 2005; Feng et al., 20075plans 2NdSground@re computed following Liu et al. (2003).
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2.1.2 Stomatal resistance calculations
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where6;—1 3 is the water content of soil layerfor i =1,
3; di—1,3 is the soil layer thickness (mPys is precipitation

Stomatal resistance of sunlit and shaded leaves is determinaglroughfall at the ground surface (mb; Tlanti=1.3 iS the

from the Jarvis model (Jarvis, 1976):

rj = rmin f(T) f(VPD) f (PPFD) f(W), (4)

wherej denotes sunlit or shaded leafin is the minimum
stomatal resistance (stTh) assigned according to land cover
types; andf(T), f(VPD), f(PPFD;), and f (W) are the re-

transpiration uptake from a soil layer (m¥); Es s the evap-
oration loss from the soil surface (m¥); RF is the surface
runoff estimated as a function diys and61; Q; ;41 is the
vertical exchange of soil water between adjacent soil layers
i=1,2and +1 (md?); andQs s the saturated subsurface
flow from layer 3 out of the soil profile, calculated according

spective scalars that quantify the effects of temperature, atto soil water content and saturated hydraulic conductivity.
mospheric vapor pressure deficit, photosynthetic photon flux The flux of soil water between adjacent layérmndi +1

density and soil water content on stomatal resistance.

is simulated from (Sellers et al., 1996):

Considering that vegetation is able to optimize the uptake

of soil water, the soil water scalgi(W) in Eq. (4) is

fOV) =" fwiBi, (5)
i=1

where fy; is the soil water stress factor in laygrand g;

is the weight of layei expressed as a function of soil water

availability and root abundance (Ju et al., 2006):

ri fw,i
n ’

Yo rifwi

i=1

Bi = (6)

in which r; is the root fraction within layef, determined
according to Zhang and Wegehenkel (2006).

In Eq. (6), the termyyy; in layeri is calculated as (Chen et
al., 2005; Ju et al., 2010):

max [0.25, 27t ) - (pte 2

0i —6%.i
1-04 (951__9“)
where; is the simulated volumetric soil water content in

layer i, andéy ;, 6s; andfs; are, respectively, the wilting
point, field capacity and porosity of soil layér They are

fwi =

determined according to the fractions of clay, silt and sand

(Saxton et al., 1986).

2.1.3 Soil water content simulation

Originally, the BEPS used a bucket model approach to sim
ulate soil water content (Liu et al., 2003). In this study, the
soil profile was stratified into three layers with thicknesses
of 0.1, 0.25, and 0.85m. Soil evaporation is limited to the
first soil layer, while vegetation can take up water from all

three layers through transpiration. Therefore, the changes
soil water content in three soil layers are simulated as

001 1
E = d_l [Pgs - Tplant,l— Es — RF— Q1,2] (8)
06> 1
P — —T _ 9
a1 do [Ql,z plant,2 Q2,3] ( )
a0

- [023 — Tplant3— O3], (10)

e ds
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14 %= wi+1)’
di +dit1
wherek; andk;,1 are the respective hydraulic conductivi-
ties (md1) in soil layersi andi 4+ 1; w; andw, 1 are the
corresponding water potential (m).

The hydraulic conductivity of a soil layer is calculated as

g \2+3
ki = K; <—l> ;
65,[

whereK; is the saturated hydraulic conductivity of soil layer
(md1); andb is a soil texture dependent parameter used to
determine the rate of hydraulic conductivity changing with
soil water content.

(11)

kid; + kiya1diia1 <
Qiiv1= ———mF7——

di +diy1

(12)

2.2 Model input data

The BEPS model uses both spatially distributed and static
data sets as inputs. Atmospheric £ncentration is as-
sumed to be well mixed and spatially homogenous. The spa-
tially distributed inputs listed in Table 1 include: (1) land
cover maps, (2) LAl time series, (3) daily meteorological
data, and (4) soil texture. Prior to simulation, all spatially
explicit input data set inputs were projected onto an Al-
bers conical equal area projection at a spatial resolution of
500 mx 500 m.

2.2.1 LAl data

A data set of 8-day LAI at 500 m resolution for the period
from 2000 to 2010 was generated using an inversion algo-
rithm based on the 4-scale geometrical optical model (Deng
?t al., 2006). This LAl inversion algorithm was driven by the

R1oDis MCD12Q1 VO51 land cover (Fried! et al., 2010) and

MODO09A1 V05 reflectance products. It is based on relation-
ships between LAI and vegetation indices that were simu-
lated by the 4-scale geometrical optical model with correc-
tions for the effects of changes in sun and sensor angles on
reflectance and vegetation indices (Chen and Leblanc, 1997).
Due to proven superiority over the MODIS LAl algorithm

in applications to work in Canada, China, and other regions
(Liu et al., 2007; Pisek et al., 2007; X. Li et al., 2009; Y. Liu

www.hydrol-earth-syst-sci.net/17/4957/2013/
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Table 1.BEPS input data sets and their description.

Data Description Original Period Source
resolution
LAl data 8-day LAI derived from MODIS land cover and 500 m 2000-2010 This study
reflectance (MODO09A1 V05) products
Land cover data Annual MODIS land cover data set (MCD12Q1 V051) 500m 2001-2010 Friedl et al. (2010)
Meteorological data  Daily maximum and minimum temperatures, relative 500m 2000-2010 This study

humidity, sunshine duration, and precipitation

Soil data Soil texture spatial maps (volumetric percentages 1km Average Shangguan et al. (2012)
of clay, sand, and silt components)

et al., 2012), the LAl inversion algorithm has been adopted | 7°E sk  o0°F 100°E UCE 12°F I3°E  MO°E
by the European Space Agency GLOBCARBON project to g
generate a global LAl product. The inverted LAl was fur-
ther smoothed using a locally adjusted cubic-spline capping
(LACC) method (Chen et al., 2006) to remove unrealistic
fluctuations caused by residual cloud contamination and at-z
mospheric noises.

2.2.2 Land cover data

z

The annual MODIS land cover data set, MCD12Q1 V051, ~
from 2001 to 2010 at a spatial resolution of 500 m (Fried| et
al., 2010), was used to assign plant physiological parameters
required in the LAI inversion algorithm and BEPS model. 2
Owing to the deficiency of MODIS land cover data in 2000,
the MODIS land cover data set of 2001 was used as a sur-
rogate for 2000 with an assumption that the change of land
cover in two adjacent years was small. The Collection 5 land _. o )
cover product has been substantially improved in spatial resF'9- 1- Land cover map of China in 2010 derived from the MODIS

. o . . . land cover data set: ENF — evergreen needleleaf forest; EBF — ever-
olution and classification algorithm in comparison to that

. . green broadleaf forest; DNF — deciduous needleleaf forest; DBF —
of Collection 4 (Fried| et al., 2010). It was generated us- deciduous broadleaf forest; MF — mixed forest; SHR — shrubland,;

ing a regression tree method in combination with MODIS gra _ grassland; CRO — cropland; NAV — cropland/natural vege-

reflectance in bands 1 to 7, albedo, land-surface temperaation mosaic; NOV — non-vegetation.

ture, texture, and other characteristics (Friedl et al., 2002,

2010). Errors in the land cover type data set will cause un-

certainties in calculated ET and water yield because differ- .
. S : 2.2.3 Meteorological data

ent land cover types have different transpiration capacity. In

the MCD12Q1 V051 product, there are five different land __ . . : . . -

cover data sets corresponding to different classification sys—DaIIy meteorological data, including maximum and mini-

tems. In this study, the data set generated using the GRPUM air temperatures, relative humidity, sunshine duration,

land cover classification system was used (Loveland and BeIf:de precipitation abserved at 753 national basic meteorolog-

ward, 1997), and further aggregated into ten groups of ve 1pal stations in _Chin.a were used to generate 500m_resqu-
) gored group g ion meteorological fields for the 2000-2010 period using the

etation cover type (Fig. 1), including evergreen needleleaﬁ ) : . : .
forest (ENF), evergreen broadleaf forest (EBF), deciduoudVerse distance _we_nghted |_nterpolat|on method (Fig. 2). In-
needleleaf forest (DNF), deciduous broadleaf forest (DBF),Comlng solar radiation requweq by the_ BEPS m(_)del was ob-
mixed forest (MF), shrubland (SHR), grassland (GRA), crop- served at only 102 meteorological stations in China, so it was

land (CRO), cropland/natural vegetation mosaic (NAV) andcalculated from observed daily sunshine duration. A lapse
non-vegetat,ion (NOV) ' rate of 6°C per 1000 m was assumed for the interpolation

of temperatures. There was no meteorological data available
for Taiwan province, and meteorological stations were sparse
in northwestern areas, such as Xinjiang, Qinghai-Tibetan
Plateau (Fig. 2). Such limited meteorological observations in

www.hydrol-earth-syst-sci.net/17/4957/2013/ Hydrol. Earth Syst. Sci., 17, 4951880 2013
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Table 2. ChinaFlux sites at which ET data were used for validating the BEPS model.

Sites Changbaishan Qianyanzhou Haibei Xilinhot Yucheng
(abbreviation) forest site (CBS) forest site grassland site grassland site cropland site
(QY2) (HB) (XLHT) (YC)
Location 4224 N, 26°44'N, 3740N, 43°33N, 36°49' N,
128°06 E 11503 E 101°20' E 11640 E 11634 E
Vegetation Temperate Typical Alpine Temperate Winter wheat
deciduous subtropical meadow Leymus and summer
broad-leaved and monsoon chinensis maize
coniferous mixed man-planted
forest forest
Soil type Mountain dark Typical red Alpine meadow Chernozem soil  Aquox and salt
brown soil earth soil aquox
Elevation/m 736 100 3293 1189 23
Mean annual 4.0 17.9 -14 -04 13.1
temperaturé/
Annual 695 1485 580 350-450 528
precipitation/mm
LAI 6.1 (maximum in 3.6 2.8 (maximum 1.5 (maximum
grown season) in grown in grown
season) season)
Type of EC Open-path IRGA Open-path Open-path Open-path Open-path
sensors (LI-7500) and IRGA IRGA IRGA IRGA
3-D sonic (LI-7500) and  (LI-7500) and (LI-7500) and (LI-7500) and
anemometers 3-D sonic 3-D sonic 3-D sonic 3-D sonic
(CSAT3) anemometers anemometers anemometers anemometers
(CSAT3) (CSAT3) (CSAT3) (CSAT3)
Period 2003, 2004 2003, 2004 2003 2004 2003, 2004
Reference Wen et al. Liu et al. Lietal. Lietal. Qinetal.
(2003); Zhang etal.  (2006); Wen et (2005); Lietal. (2005); Zhang et (2005); Li et al.
(20114a) al. (2006) (2007) al. (2011a) (2006)

these areas would inevitably induce uncertainties in interpo2.3 Maodel validation
lated meteorological data, and consequently in simulated ET

and water yield. The performance of the BEPS model to simulate ET flux
. has previously been validated by using measurements in
2.2.4 Soil data North America (Liu et al., 2003), East Asia (F. Zhang et

Soil texture maps generated from the 1:1 000000 scale sof?l" 2010) and Ch_ma (Wang et al., 2005). Here, "F was fur
: . ) . ther evaluated using ET measured by eddy covariance (EC)
map of China and 8595 soil profiles recorded in the sec-_, . . : }
. . at five ChinaFLUX sites (Yu et al., 2006): (1) the Chang-
ond national soil survey data set developed by Shanggua

et al. (2012), were also interpolated to a spatial resolution ofB aishan temperate broad Ieaved.Korean_ pine mixed fqrest

; : CBS), (2) Qianyanzhou subtropical coniferous plantation
500 m to drive the BEPS model. The soil texture, represente I .

. ; QYZ), (3) Haibei alpine meadow (HB), (4) Xilinhot tem-
by the volumetric percentages of clay, sand and silt compo-
. . erate steppe (XLHT), and (5) Yucheng warmer temperate

nents, was used to estimate hydrological parameters, such A ooland (YC) which are identified in Fig. 2, with detailed
water potential at the wilting point (1500 kPa) and at field ca- P 9. <

) . ; ... information listed in Table 2. ET measured every 30 min was
pacity (33 kPa), porosity, saturated hydrological conductivity . .
. . aggregated into daily values, termed observed ET hereafter,
and air entry water potential.

for model validation. The EC systems consisted of open-
path infrared gas analyzers (Model LI-7500, LICOR, Lin-
coln, Nebraska, USA) and 3-D sonic anemometers (Model

Hydrol. Earth Syst. Sci., 17, 49574980 2013 www.hydrol-earth-syst-sci.net/17/4957/2013/
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J°E_S°E 90E 10°E L0°E 120°E130°El40°E Linear regression was used to analyze the temporal trends
of the hydrological variables, ET and water yield, mean an-
nual temperature (MAT), annual precipitation, and annual
mean LAl between 2000 and 2010 (Y. Liu et al., 2012).

Three simulations were conducted here. In Simulation I,
dynamic climate, LAI, and land cover during the 2000-2010
period were used to drive the BEPS. The spatial and tempo-
ral variations of ET and water yield and their linkages with
climate and vegetation factors were analyzed on the basis of
the outputs from this simulation scenario. In Simulation I,
climate averaged over the 1980—2000 period, dynamic LAI
and land cover over the 2000-2010 period were used to drive
the BEPS model to investigate the effect of climatic variabil-
ity on ET. In Simulation Ill, the BEPS model was driven by
the land cover map in 2001 and dynamic climate and LAl
over the 2000-2010. The purpose of this study was to assess
the role of land cover change in regulating ET.

50° N

N

40°

30° N

CJRiver basin boundary

Fig. 2. Locations of flux tower sites (red flags), 753 national basic

meteorological stations (green circles), and boundaries of 10 river

basins (black lines): SHRB — Songhua River basin; LRB — Liaoche3 Results and discussion

River basin; HaiRB — Haihe River basin; YeRB — Yellow River

basin; HuaiRB — Huaihe River basin; YzZRB — Yangtze River basin; 3.1 BEPS model evaluation

SERB - southeast river basin; PRB — Pearl River basin; SWRB —

southwest river basin; NWRB — northwest river basin. Seasonal variations of simulated and observed daily ET at
five ChinaFLUX sites are plotted in Fig. 3. Overall, the BEPS

- model was able to capture the seasonality of ET well. How-
CSAT3, Campbell Scientific Inc., Logan, Utah, USA). The ever, it tended to overestimate daily ET in autumn at the

msrtr(l:vlrgzrglscségs%%lg V(\ézrri rbegltljrsdcign?i:‘icl?nﬂz fg an%tf;ﬁgﬁ(c cropland site and underestimate the daily ET in spring
9 ! P . » Logan, ' at the HB grassland site. The regression line between simu-
USA) anql .bIOCk averaged over 30 min intervals for analyseﬁated and observed daily ET was very close to 1:1 line at
and archiving. : . . i all sites, with slopes ranging from 0.84 to 1.05 and inter-
For better analysis of ET and water yield spatial vanatlons,CeptS smaller than 0.10 (Table 3). TR values of simu-
the ma_inland of China i.s inidgd into 10 majqr river basins lated daily ET agains.t observation.s were mostly above 0.60
accor(_jlng t(.) basin depiction in the hydrological yearbookat these sites. However, the BEPS model performed rela-
of China (_F|g. 2)'. They are the Songhua (.SHRB)’ .L'aOhetiver poorly in simulating ET at the YC site, witk? equal
(LRB), Haihe (HaiRB), Yellow (YeRB), Huaihe (HuaiRB), 0 0.61 and 0.44 in 2003 and 2004, respectively. Two rota-
Yangtze (YzRB), Southeast (SERB), Pearl (PRB), Southwes[. ' ) ' )
(SWRB), and Northwest (NWRB). Annual water yield is cal-

ion crops, winter wheat and summer maize, were cultivated
culated as the difference between annual precipitation inpu

?t this crop site. The overestimation of simulated ET mainly
and ET output (Sun et al., 2005; Liu et al., 2008: Zhang etoccurred in the growing seasons of summer maize. It was
al., 2009; Vinukollu et al., 2011; M. L. Liu et al., 2012).

mainly caused by the simplified parameterization scheme for
cropland in the BEPS model. The same parameter values
were used for different crops due to the difficulty in obtain-
ing reliable spatial distribution data of different crop types.
Three metrics: coefficient of determinatiaR?) of daily sim- ~ This simplification might induce uncertainties in simulated
ulated and observed ET values, and the absolute predictivE T for some crop species. Some studies have proved that the
error (APE) and relative predictive error (RPE) of annual val- maximum stomatal conductance of summer maize is usually
ues, derived as the sum of daily values for each year, weréower than that of winter wheat (Kelliher et al., 1995; Bunce,
used to evaluate the performance of the BEPS model in sim2004). In this study, one maximum stomatal conductance was

2.4 Accuracy assessment and trend analysis

ulating ET. APE and RPE are calculated as used to calculate ET for summer maize and winter wheat, re-
sulting in overestimation of ET in the growing seasons of

APE = ETs — ET,, (13)  summer maize. When data at all sites lumped together, the

RPE= [(ETs — ETo) /ET,] x 100% (14)  BEPS model explained a significant proportion of the varia-

_ _ tion (R?=0.66,p < 0.0001) in the daily ET (Fig. 4).
where ET and ET, are, respectively, the simulated and ob-  Annual simulated ET matched the observed ET well (Ta-
served annual ET. ble 3). The RPE of simulated annual ET was in the range
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Fig. 3. Time series of observed and simulated daily ET (mmh)dfrom 2003 to 2005 at CBS, QYZ, YC, from 2004 to 2005 at XLHT, and

from 2003 to 2004 at HB. Site information is stated in Table 2.
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Fig. 4. Comparison between simulated and observed ET (mﬁ) d

at all five tower sites.

of 10 % at the CBS, QYZ, XLHT, and YC sites. However,
RPE was—27.73 % at the HB site in 2003, mainly due to the

Daily observed ET(mm d'l)

underestimation of ET in the spring.

3.2 Spatial patterns of simulated ET and water yield

3.2.1 Spatial patterns of simulated annual ET

2000 to 2010. There were obviously identical spatial vari-
ations in mean annual ET relating to climate and vegeta-
tion types, with a decreasing trend from the southeast to
the northwest. The spatial patterns of ET identified here
are consistent with the findings from previous studies (Liu
et al., 2008; Zhou et al., 2009; Xiao et al., 2013). Over-
all, ET was high in regions with widely distributed tropi-
cal evergreen forests, such as the PRB and SERB (Fig. 2).
It was low in the NWRB of northwestern China. Mean an-
nual ET in the YzRB, HuaiRB, PRB and SERB was nor-
mally above 500 mmyr'. In the PRB and SERB, mean an-
nul ET was even above 700 mnyr. ET showed an increas-
ing trend from the upstream to the downstream areas within
the YzRB, where it ranged from 200 to 400 mnT¥rin up-
stream areas such as southern Qinghai and eastern Sichuan
provinces, from 500 to 700 mmyt in the middle stream ar-
eas, and more than 700 mnTyrin the downstream regions.
Mean annual ET exhibited significant heterogeneity in the
SWRB, where it was lower than 150 mnTyrin western Ti-

bet, ranged from 200 to 300 mmyr in central Tibet, and
varied from 600 to 800 mmyr in southeastern Tibet and
southern Yunnan Province.

In northern China, mean annual ET decreased from east
to west. Mean annual ET in the SHRB and LRB was about
600 mmyr? in forest areas, and 300 mnTyrin cropland
and grassland areas. Similar linkage of ET with land cover
types also occurred in the YeRB. The HaiRB is dominantly

Figure 5a shows the Spatial patterns of simulated ET in tercovered by Crop|andsl and here the mean annual ET was
restrial ecosystems of China averaged over the period from

Hydrol. Earth Syst. Sci., 17, 4957498Q 2013
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Table 3. Statistics of simulated and observed daily and annual ET at the five flux tower sites.

Site Year R? RMSE a* b*  Observed ET Simulated ET APE RPE
(mmd-1) (mmyr~1) (mmyr1)  (mmyr1 (%)

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

Note: R2 = coefficient of determination; RMSE = root mean square error; APE = absolute predictive error; RPE =relative predictive error;
* y=ax+b, y andx denote simulated and observed daily ET, respectively.
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Fig. 5. The spatial distribution ofa) mean annual ET (mm yt) and(b) water yield (mmyr 1) from 2000 to 2010.

close to 500 mmyr, in contrast to the arid NWRB, where global mean ET was 41238mmyr ! across the vege-

mean annual ET was normally less than 150 mmytue to  tated area during the 2000—2003 period. Much higher global

limited water supply and sparse vegetation. means of ET were also reported: 586004 mmyr?® (Ryu
Averaged over the basin scale, annual ET was higheset al., 2011), 53%9mmyr ! (K. Zhang et al., 2010),

in the PRB, at 729 mm, followed by those in the SERB 550 mmyr! (Jung et al., 2010), and 604 mnTyr(Zeng et

(714 mm), HuaiRB (568 mm) and YzRB (552 mm). The av- al., 2012). In a synthesis study, Mueller et al. (2011) declared

erage ET was lowest in the NWRB (144 mnTy), next low- that the means of global ET ranged from 544 to 631 mntyr

est in the YeRB (349 mmyr). The totals of ET within  depending on which types of models were used. Therefore,

individual basins ranged from 106.28Rnn the LRB to it appears that the mean terrestrial ecosystems ET of China

986.79 kn? in the YzRB (Fig. 6). simulated here is somewhat lower than the global value
The national mean of simulated annual ET in China’s land-(Fig. 5a).

mass was 369.8 mmyt from 2000 to 2010, which com- The volumetric total ET over all terrestrial ecosystem

pares with global values reported in some previous studareas in China varied from 3.26 to 3.65.0°km®, the

ies. Dirmeyer et al. (2006) indicated that the global meansmean value being 3.49 10° km?® from 2000 to 2010. This

of annual ET ranged from 272 to 441 mnmyrbased on accounts to nearly 5% of various reported global totals:

the simulations of 15 models in the Global Soil Wetness58.4x 10°km3yr—! (Yan et al., 2012), 6% 10°km3yr—?!

Project-2. However, mean ET in this study was lower than(Ryu et al., 2011), 65 10°km3yr—1 (Jung et al., 2010),

some recently reported global values. Fisher et al. (2008), uss5.5x 10% km®yr—1 (Oki and Kanae, 2006).

ing the Priestley—Taylor model and AVHRR remote sensing

data, estimated that global mean ET equaled 444 mmyr

from 1986 to 1993, and Yuan et al. (2010) pointed out that

www.hydrol-earth-syst-sci.net/17/4957/2013/ Hydrol. Earth Syst. Sci., 17, 4951880 2013
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Fig. 6. The annual and total ET averaged over the period from 2000Fig. 7. Mean ET and total ET of different land cover types dur-
to 2010 in 10 river basins: SHRB — Songhua River basin; LRB ing the period from 2000 to 2010: ENF — evergreen needleleaf for-
— Liaohe River basin; HaiRB — Haihe River basin; YeRB — Yel- est; EBF — evergreen broadleaf forest; DNF — deciduous needle-
low River basin; HuaiRB — Huaihe River basin; YzZRB — Yangtze leaf forest; DBF — deciduous broadleaf forest; MF — mixed forest;
River basin; SERB — southeast river basin; PRB — Pearl River basinSHR — shrubland; GRA — grassland; CRO — cropland; NAV — crop-
SWRB - southwest river basin; and NWRB — northwest river basin.land/natural vegetation mosaic; and NOV — non-vegetation.

3.2.2 Spatial patterns of simulated annual water yield The change of simulated ET with land cover type identi-

fied here is generally consistent with previous studies, which
show that the ET of forest is higher than that of cropland and
grassland (Liu et al., 2008; Zhou et al., 2009; K. Zhang et al.,
2010; Jin et al., 2011; Li et al., 2012). However, the ET of
ENF and MF simulated in this study is significantly higher
than global values reported by K. Zhang et al. (2010). Re-
cently, M. L. Liu et al. (2012) simulated an average ET over
eastern China of 567 mmyt between 2001 and 2005, about
10 % higher than the corresponding BEPS model value. Li et
al. (2012) estimated a mean terrestrial EF-0505 mmyr !

for China from 2000 to 2009, which is approximately 35 %
higher than the estimate of this study.

Water yield showed a similar spatial pattern to ET, being
above zero in most areas of China (Fig. 5b). However, in
the arid NWRB there as insufficient precipitation to supply
ET demand, resulting in slightly negative yield. In southern
basins, precipitation was higher than ET, resulting in sig-
nificantly positive water yield. For example, the yield was
well above 600 mmyr! in the PRB and SERB, even above
1000 mmyr! in southeastern coastal areas. Yields in the
vast YzRB ranged from 100 mmyt in the upper basin to
800mmyr?! in the lower basin. Water yield was usually
about 100mmyr! in most regions of the SHRB, eastern
LRB, HaiRB, and the upper basin of the YeRB.

3.2.3 Dependence of simulated ET on land cover types 3.3 Temporal trends in ET and water yield

Simulated ET from 2000 to 2010 is closely associated with3.3.1 Temporal trends in ET

land cover type (Fig. 7). The EBF biome has the largest aver-

age ET, 885.5 mmyr, followed by 653.3 mmyr?! for MF ET increased in 62.2% of China’s landmass from 2000 to

and 624.0 mmyr! for ENF, the three much lower values be- 2010 (Fig. 8). The greatest increase occurred in the cropland

ing 345.4, 280.7, and 200.1 mnTyr, respectively, for DNF, areas of the southern HaiRB, most of the HuaiRB, and the

GRA, and SHR. The non-vegetation cover type, which issoutheastern YzRB, with increases of more than 10 mrh.yr

widely distributed in northwest China, has the lowest meanAnnual ET increased by 6 to 10 mmyr in the northern

ET, amounting to 113.6 mmyt. HuaiRB and in forested areas of the western SHRB, YeRB
In terms of volumetric totals, the highest total an- and YzZRB. The annual increases of ET were small in parts

nual ET, 834.70kmyr—1, applies to MF, followed by the of the NWRB, only about 2mm v in areas such as In-

808.60 kn?yr—1 of GRA, and 796.27 kifyr—! for CRO, the  ner Mongolia and Qinghai-Tibetan Plateau. On the other

high totals being due to their large areas. Although the mearhand, annual ET decreased in the eastern SHRB, northwest-

ET of EBF is the highest, the area total ET of this land coverern NWRB, southern SWRB and southern PRB. The ET de-

type only ranked the seventh because of its relatively smalkrease was most significant in the eastern Qinghai-Tibetan

area. Volumetric annual ET totals were less than 58%m? Plateau, the south part of Yunnan Province and in Hainan

for DNF, DBF, and SHR, owing to low mean ET per unit area Province, the trend being8 mmyr-1.

or small land cover type areas of these. Trends in the departures of simulated annual ET from 11 yr

means in 10 basins show that annual ET increased in all
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7°E  S°E  9°E  100°E  U0°E 120°E  130°E M0°E period from 2004 to 2008, the national land ET was above
the multi-year average of 369.8 mnmyr Decreases of ET

in 2000, 2001, 2002 and 2009 were caused by the wide oc-
currence of severe droughts. Relatively low ET values were
also found in 2000 and 2009 by Li et al. (2012). However,
they reported a decreasing trend of ET for the 2003—2009
period.

3.3.2 Temporal trends in water yield

Temporal trends in water yield of terrestrial ecosystems
from 2000 to 2010, exhibited substantial spatial hetero-
geneity (Fig. 11). Water yield decreased in northern, south-
ern, southwestern and central China, but increased in north-
western, northeastern and eastern China. The water yield
changed slightly in the NWRB and HaiRB, to the extent of
+4mmyr-1. Significant increases in water yield mainly oc-
Fig. 8. Temporal trends of annual ET (mmy) in China from  curred in the southeastern SHRB, eastern LRB and down-
2000 to 2010. stream areas of YzRB, with trends of close to 20 mmtyr
The YeRB experienced a moderate decrease in water yield,
about 8mmyr! during the 11yr study period. Marked
basins but the NWRB (Fig. 9). Increases of annual ET inwater yield decreases were found in the HuaiRB, SWRB,
the HuaiRB, YzRB and SWRB were above the 0.1 signifi- southern YzRB and western PRB, with trends stronger than
cance level. Annual ET in the YeRB, SHRB, SERB, HaiRB, —20 mmyr ! in some areas.
PRB and LRB showed a relatively small increasing trend. In  Temporal trends of ET and water yield identified in this
years from 2000 to 2002, especially in 2001, annual ET in allstudy imply that the terrestrial hydrological cycle intensified
basins was lower than multi-year average values. In contrasin most regions of China over recent 11yr period, as indi-
annual ET from 2004 to 2008 was mostly above multi-yearcated by significant ET increase in most areas, with con-
averages in all basins. In 2009, ET decreased in all basins exsequent effects on the availability of water resources. In
cept the SERB, ET for the NWRB even decreasing by 15 %most regions south of the Yangtze River and the HuaiRB,
of the multi-year mean. Changes of ET relative to multi-yearenhanced ET in conjunction with decreased precipitation
means varied spatially in 2003 and 2010, increases occurrinbas caused water yield to decrease significantly. The tem-
in northern basins, decreases in southern basins. poral trends of ET and water yield in China identified here
The ET trends of the 2000-2010 period identified in south-are consistent with previously reported on-going intensifica-
ern China (Figs. 8 and 9) are consistent with the result retion of the global hydrological cycle over the 20th Century
ported by Jung et al. (2010) for 1998 to 2008. Both studies(Huntington, 2006; Wang et al., 2010; Yao et al., 2013).
indicate decreasing trends of ET in the PRB and southern
SERB, and increasing trends of ET in the YzRB and southerr8.4 Linkage of ET to climate factors
HuaiRB. Zeng et al. (2012) recently studied spatial-temporal
changes of global land ET for the period from 1982 to 2009,ET is affected by a variety of factors, including wa-
using a land water mass balance equation, and found ouer availability, energy supply, wind speed, vapor pressure
that annual ET increased in the HuaiRB and HaiRB, but de-deficit (VPD) and vegetation activity (Zhang et al., 2001;
creased in the PRB from 1998 to 2009. Similar temporal pat-Verstraeten et al., 2008; Wang and Dickinson, 2012). It is still
terns of ET in these areas were also detected in this study foa challenge to identify drivers for regional ET. In analyzing
the period from 2000 to 2010. However, opposing ET trendsthe roles of climate factors in ET, temperature is often used
between this study and another were found for the YzRB andas the surrogate for radiation and VPD due to their strong
SERB, Zeng et al. (2012) indicating that ET decreased incorrelations with temperature (Jung et al., 2010; Seneviratne
these two basins while this work detected increased ET.  etal., 2010; Zeng et al., 2012). Here annual precipitation was
National annual ET varied from 345.5mm in 2001 to chosen as proxy for water availability, and mean annual tem-
387.8mm in 2005, the average being 369.8 mmiyirom perature (MAT) as proxy for available energy, to explore the
2000 to 2010 (Fig. 10). ET exhibited a weak increasing trendeffects of climate variability on the spatial and temporal vari-
across the terrestrial ecosystems of China during the studgtions of ET over China’s landmass from 2000 to 2010.
period, rising by 1.7 mmyr! (R?=0.18,p =0.19). National Over the study period, precipitation decreased signifi-
annual ET increased from 2001 to 2005, then gradually decantly in southern China (Fig. 12a), in the HuaiRB, south
creased to its second lowest value, 361.6 mm in 2009. In th&/zRB, SWRB and PRB. In some parts of these regions,
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Fig. 11.Temporal trends of water yield in China from 2000 to 2010

. L (mmyr1).
decreasing trends of annual precipitation were stronger than

—24mmyr. Meanwhile, temperature increased by more
than 0.0£Cyr~! (Fig. 12c), even more than 0JCyr 1 in

the upper basin areas of the YzRB and SWRB. In northern
China, MAT did not markedly increase while precipitation
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Fig. 12. Temporal trends ofa) annual precipitation (mm Vrl) and (c) mean annual temperature (MA‘I“)Q‘yr—l). Partial correlation
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and 0.763 indicate respective significance levels of 0.10, 0.05, and 0.01.

increased by 5-10mmyt. The decrease in precipitation in temperature and incoming solar radiation, with the con-
and increase in temperature were induced by several sevesequent deceases of ET.
drought events in southern China from 2000 to 2010 (Gao Annual ET increased with MAT increase in the Qinghai-
and Yang, 2009; Lu et al., 2011; Wang et al., 2011). Tibetan Plateau, the PRB, some areas of the NWRB, most of
Figure 12b and d show the partial correlation coefficientsthe YzZRB and YeRB, and in the HuaiRB (Fig. 12d). In the
of annual ET with annual total precipitation and MAT, re- Qinghai-Tibetan Plateau, especially the southeastern part of
spectively, during the period 2000-2010. Annual ET wasthe NWRB, most of the SWRB, and upper basin areas of the
positively correlated with annual precipitation in most re- YeRB and YzRB, positive correlations of ET with MAT were
gions of China (Fig. 12b), especially in the arid and semi-above the 0.1 significant level. Temperature acts as the major
arid regions of northern China, such as the NWRB, westerrlimiting factor of ET in these regions. The increase of nearly
SHRB, western LRB and HaiRB, in which there were sig- 0.1°Cyr~1 here (Fig. 12c) was the main driver of a more
nificant positive correlations between ET and precipitationthan 4 mmyr? trend in annual ET (Fig. 8). Alternatively, in
(p <0.01). The marked increase of more than 8 mmhyin the western NWRB, most of the SHRB, LRB, and the south-
annual ET in the HaiRB, western SHRB and upper basin ofern SERB, annual ET was negatively correlated with MAT.
the YeRB (Fig. 8) is partially explained by the more than  Departures of annual ET from multi-year means were plot-
6 mmyr! increase in annual precipitation in these regions.ted with the departures of annual total precipitation and MAT
In humid southeastern China and the frigid Tibetan plateaufrom their multi-year means for individual basins to see if
annual ET and precipitation were negatively correlated. Inchange in ET could be associated with changes in one or
these regions, water supply is relatively sufficient, but pre-both of the other two (Fig. 13). ET departures showed much
cipitation increase is normally accompanied by reductionsstronger dependencies on precipitation departures in north-
ern than in southern basins, notably the SHRB, LRB, HaiRB,
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Fig. 13.Correlations of the departures of basin-level annual ET with the departures of precipitation and temperature.

YeRB and NWRB, where departures of annual ET were pos- Several previous studies have investigated the control-
itively correlated with those of precipitation. The correla- ling roles of different climate factors in ET from terrestrial
tions were above the 0.05 significance level in the SHRBecosystems in China. Zhou et al. (2009) pointed out that pre-
and LRB, and above the 0.01 significance level in the HaiRBcipitation plays a more important role in altering the inter-
and NWRB. Changes in precipitation did not have signifi- annual variations of annual ET over China than temperature
cantimpact on ET in the humid southern regions of China; indoes. Cong et al. (2010) concluded that precipitation had a
fact, their respective departures were slightly negatively cor-greater impact on ET in the north than in the south. In a study
related in the SERB, PRB and SWRB. Basin-level ET changeon global ET linkages to MAT and precipitation during the
was not significantly correlated with MAT departures in any 1982—2008 period, Jung et al. (2010) declared that precipita-
of the basins. tion dominated inter-annual ET behavior in northern China,
but in southern China ET was mainly temperature limited.
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Fig. 14. (a) Temporal trends of LAl andb) the correlation coefficients of annual LAl with annual ET from 2000 to 2010. Correlation
coefficients of 0.521, 0.602, and 0.735 indicate respective significance levels of 0.10, 0.05, and 0.01.

ET in the semi-arid and arid northern areas of China wasLAl increase. Thus, the trend of more than 8 mmYyan-
limited by the supply of soil moisture, which is significantly nual ET increase in the HaiRB, HuaiRB, and central YzZRB
affected by precipitation, the key constraining factor of ET can be partially explained by the significant increase in an-
here (Ryu et al., 2008; Wang and Dickinson, 2012). Usingnual LAl here ¢ 0.03yr1). Annual ET was slightly posi-
daily meteorological data and gauging station data, Zhandively correlated with annual LAl in most regions south of
et al. (2011b) indicated that precipitation was the major de-the Yangtze River, such as the SERB, southern YzRB and
terminant of ET in the YeRB. Xiao et al. (2013) recently PRB. The distinguishable annual ET decrease for southern
synthesized observations from 22 eddy-covariance flux site€hina, in areas such as the southern Qinghai-Tibetan Plateau,
across China and found that the northern ecosystems hatthe junction area of the YzRB, SWRB and PRB, and eastern
high annual ET largely because of the high temperature andPRB might be caused by the significant decrease in annual
abundant water supply, while semiarid, subalpine and alpind_Al found here. In most of the NWRB, vegetation cover is
ecosystems had relatively low ET mainly because of low pre-relatively low and thus evaporation from soil is the dominant
cipitation and lower temperatures, respectively. The effectET component. Anincrease in LAl might cause transpiration
of temperature and precipitation on ET identified here areto increase, thus decreasing in soil evaporation. As a conse-
generally similar to previous findings, but with more detail quence, the correlation of ET with LAl was slightly negative
due to the higher spatial resolution of simulation and appli-here.

cation of remote sensing data.
3.5.2 Influences of land cover change on ET

3.5 Vegetation influences on ET _ ) ] _ )
ET is closely linked with land cover types. Model simulation

3.5.1 Changes of ET with LAI and site observations showed that the ET of forests was gen-
erally higher than that of croplands and grasslands (Zhang
LAI significantly affects ET due to its roles in transpiration et al., 2001; Liu et al., 2008; Mu et al., 2011). Land cover
and interception of precipitation. During the period 2000- changes have been dynamically occurring in China, driven
2010, annual LAl increased in northeastern, northern andy afforestation, reforestation and urbanization, inevitably
most south central China, while it decreased in southeasterteading to increases in plantations and urban areas, and de-
and parts of southwestern China (Fig. 14a) due to climaticcreases in croplands and grasslands areas (Li et al., 2011,
abnormality and land cover changes (Peng et al., 2011, Y. LiwVang et al., 2012). In order to assess the effects of land cover
et al., 2012). Similar conclusions on vegetation greenness ithanges on regional ET, the mean of ET, and changing rates
China during the same period were recently reported by Liuof mean ET, total ET, areas of the various forest cover types
and Gong (2012). (including ENF, EBF, DNF, DBF, and MF), cropland, and
Simulated annual ET over the study period was found tograssland were calculated for 10 basins (Table 4).
be positively correlated with annual LAl in 74 % of China’s  The national annual ET of forests, cropland, and grass-
landmass (Fig. 14b). The correlation between LAI and ETland increased during the study period (Table 4). The an-
was stronger in the north than in the south. In most of thenual ET of cropland showed that the largest increase trend,
SHRB, LRB, HaiRB, HuaiRB and YeRB, as well as part of 2.38 mmyr1, followed by those of forest and grassland. As
the YzRB, annual ET increased significantly< 0.05) with for forest, the annual ET increased in most basins except
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Table 4. Trends in ET and areas of forest, cropland, and grassland in 10 basins from 2000 to 2010.

Mean ET (mmyr1)

Trend of mean ET (mm yrl)

Trend of total ET (kmd yr—1)

Trend of total area (fohayr1)

Gras

Allland Forest Cropland Grassland Allland Forest Cropland Grassland Allland Forest Cropland Grassland Forest  Cropland

covers covers covers
SHRB 418.9 465.7 410.1 343.3 1.96 0.95 1.95 2.28 1.90 b1.52-0.04 0.17 0.29 —-0.28 —0.02
LRB 389.2 539.0 409.9 344.6 1.28 1.62 2.32 0.35 0.5 -—041 0.53 0.066 —0.21° 0.12
HaiRB 419.4 483.9 444.0 395.1 3.46 260 4.17 271 1.13 b.340.97 0.13 009 —0.05 0.02
YeRB 349.0 5327 4316 315.2 211 231 155 1.46 1.77 0.491.67 -0.05 016 o022 —0.2¢
HuaiRB 568.1 638.7 586.2 559.9 593 6.70 —-1.79 1.58 0.3¢¢ 1.8% —0.4%F 0.0 0.02 —0.08
YzRB 551.7 652.0 604.9 327.7 3.36 424 2.60 —-0.30 6.01 9.711 —0.59 —-1.01 1.1% —0.58 -0.2¢8
SERB 714.4 771.1 615.9 637.5 3.04 3.43-0.94 —4.83 0.69 090  0.09 —0.05 0.0% —0.007 —0.002
PRB 729.3 770.5 656.2 677.7 0.97 0.45-3.372 —9.76° 0.57 -0.21 -043 —0.8¢° —-0.03 -0.12 —0.08
SWRB  381.6 707.4  554.9 246.2 126 -1.0 1.22 098 0 -018 099 006 —004 011
NWRB 143.9 234.3 225.2 200.2 -0.20 -3.19 -0.31 —0.69 0.02 —0.10 1.76 0.03 0.05 1%
Total 369.8 651.4 498.3 280.7 1.71 1.64 2.38 0.42 14.29 £3.33.83 1.25 1.79 —-0.99 0.55

Note:2, P and® 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).
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the 20002010 period.
Fig. 15. Changes in national total ET output from Simulations Il

and Il relative to that simulated in Simulation I.

grass to forest can cause annual ET to increase and water
the LRB, SWRB and NWRB. The annual ET of crop- yield to decrease (Twine et al., 2004; Sun et al., 2005, 2006;
land and grassland increased in northern and decreased ¥u et al., 2009; Zhang et al., 2011b). Sun et al. (2006) indi-
southern basins. In the PRB, the annual ET values of cropeated that the average water yield reduction caused by land
land and grassland decreased at rates of 337@.1) and  cover conversion varied from 50 mmyr-1 (50 % of initial)
9.76 mmyr! (p <0.01), respectively. in the semiarid Loess Plateau region of northern China to

The national volumetric total ET values of forest, crop- ~300mmyr?! (30 % of initial) in the tropical southern re-

land and grassland all increased during the 2000—-2010 peagion. According to hydrological model simulations, Yu et
riod. The total ET of forests increased significantly in sevenal. (2009) declared that changing grassland into forest caused
basins, causing the national total ET of forests to increase a significant reduction of water yield and an increase of ET
arate of 13.35khyr—1 (p < 0.01). The increase in national in a watershed of the Liupan Mountains, northwest China.
total ET of forests was driven by increases in both annual ETBased on daily meteorological and gauging stations data,
amounts and areas, but the expansion of forest area playedzhang et al. (2011b) found that intensifying urbanization
more dominant role. During the past 11yr, the national to-acted towards decreasing ET in the PRB.
tal of forest area increased at a rate of 1x780f hayr?! Figure 15 shows changes of the national ET output from
(p <0.01). The national total ET of cropland increased atSimulations Il and Ill in comparison with the value from
a rate of 2.83kmyr—1, mainly driven by increases in an- Simulation |. The national annual ET in Simulation Il (no cli-
nual ET, because total cropland area decreased at a rate ofate variability) was obviously larger than the corresponding
0.99x 10° hayr 1. The total ET of cropland increased in the values of Simulation |, especially in the years of 2001, 2002
HaiRB, YeRB, HuaiRB and SERB, but decreased in otherand 2009, implying climate variability had a negative effect
six basins. The national total ET of grassland increased byn ET. In contrast, the national total ET simulated in Sim-
1.25kn?yr—1, driven by increases in both annual ET and ulation Il was smaller than the corresponding values out-
area. Total ET amounts for grassland increased in most northput from Simulation 1, indicating that land cover change en-
ern and decreased in most southern basins except for theanced ET during the 2000—-2010 period.
SWRB. The decrease in total ET from grassland in southern Simulated ET is sensitive to model inputs, which might
basins was caused by decreases in both annual ET and ardsve some uncertainties. Additional simulations were con-
In the HuaiRB and PRB, total ET amounts from grasslandducted to assess the impacts of uncertainties in temperature,
significantly decreased, at rates of 0.43 and 0.8®ym! precipitation, and LAl on simulated national total ET. In each

(p < 0.01) for each respective basin. simulation, one input was disturbed by a certain magnitude
During the 2000-2010 period, total ET from China’s ter- for all pixels while all other variables remained undisturbed.
restrial ecosystems increased at a rate of 14.29kmt. Figure 16 shows the relative changes of national total na-

This might mainly be attributed to the total ET increasing tional ET during the 2000-2010 period. The national annual
trend of 13.35 krdyr—1 for forests. The simulations showed ET would increase or decrease by about 6 % while LAl in-
that ET estimates from forests were higher than for othercreased or decreased by 25 %. Simulated ET was more sen-
land cover types (Fig. 7), similar to the findings of previ- sitive to precipitation than to temperature. National mean
ous studies, which reported that conversion from crop ancannual ET would change about 2% when the temperature
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changed byt-1°C. If precipitation decreased or increased by
25 %, simulated national total ET would decrease by more
than 8 % or increase by about 5-6 %. The effects of precipi-
tation change on ET were particularly obvious in the drought
years and water limited regions.

4 Conclusions

The BEPS model was employed in conjunction with the
newly developed data set of LAI to simulate ET and water
yield in China at a spatial resolution of 500 m, from 2000
to 2010. The ability of BEPS to simulate ET was first vali-
dated using tower-based ET at five ChinaFLUX sites. Then
the spatial and temporal variations of ET, water yield, and the

influences of climatic and vegetation factors were analyzed.

The following conclusions are drawn:

1. The BEPS model is able to simulate ET in China’s ter-
restrial ecosystems, explaining 66 % of the variations

Y. Liu et al.: Evapotranspiration and water yield over China’s landmass from 2000 to 2010

Province, the decrease in ET was most significant,
stronger than-8 mmyr1.

5. 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. Water yield decreased in north-
ern, southern, and southwestern China during the stud-
ied period. In some areas, water yield even decreased
at rates more than 20 mmyr because of enhanced
ET and precipitation decrease. This implies that cli-
matic variability and vegetation changes have signif-
icantly intensified terrestrial hydrological cycle and
reduced water resource in these areas. Regions with
water yield increase were sporadically distributed in
northeast, east, south, northwest and central China,
where increase may be due to precipitation increase,
ET decreased, or both.

This study investigates the variations of ET and water yield

of observed daily ET at five ChinaFLUX sites. The oyer 11 recent years in China. It offers new insights for man-
RPE values of simulated annual ET are mostly within gging water resources efficiently and, because of the interac-

410 % of the observed values.

2. Simulated annual ET exhibited a distinguishable de-

tions of the water and carbon cycles and the strengths of the
BEPS model in representing these, provides future opportu-

creasing spatial pattern from southeast to northwest, ifities for studying the carbon cycle in China. However, it

association with climate and vegetation types. Annua
ET increased with increasing LAl in 74 % of China’s

|should be kept in mind that there are still some uncertainties.
In this study, we focused on national/regional and interannual

landmass, especially in the SHRB, LRB, HaiRB variations of ET and water yield. The seasonal variation and

HuaiRB and YeRB. It was positively correlated wit

p more detailed spatial analysis (building from the 500 m grid)

temperature in the southeastern part of the NWRB could be further explored in the future. Although most spa-
R Jtial data sets driving the model were taken from ground ob-

most of the SWRB, and upper basin areas of the YeRB

Hydrol. Earth Syst. Sci., 17, 4957498Q 2013

and YzRB. In the arid and semiarid areas of north- servations and remote sensing data, some uncertainties may
exist in the data sets, such as limited meteorological obser-
vations and errors in remotely sensed vegetation parameters.
Model validation was only done at a few sites. In addition,
shortcomings in the structure of the BEPS model, such as the
exclusion of irrigation and lateral movement from soil water

. The national annual ET averaged 369.8 mmtydur- content calculation, might cause some errors in estimated ET
ing the 2000-2010 period, ranging from 345.5 mm in and water yield. All such deficiencies need to be addressed
2001 to 387.8mm in 2005. It increased at a rate ofin future research.

1.7mmyr(R?=0.18,p =0.19), mainly driven by an

increase of ET in forests. National total ET increased

during the period from 2001 to 2005, and decreased?cknowledgementsThis research was supported by National Basic
during the period from 2006 to 2009 élimate variabil- Research Program of China (2010CB833503 and 2010CB950702),

ity had a larger effect on the trend of simulated national SMNeSe Academy of Sciences (XDA05050602-1), and the Priority
ET than land h Simulated nati | tot IAcademlc Program Development of Jiangsu Higher Education

an fan cove_r. change. ) '_mu,a ed national total ,qir ions (PAPD). The authors would greatly thank Qiuan Zhu,
ET was more sensitive to precipitation than to LAl and Northwest A & F University, for providing the digital boundary of
temperature. river basins in China, and Scott Munro, University of Toronto, for
editing this manuscript.

west and north China, annual ET was significantly pos-
itively correlated with annual precipitation, while the
correlation between precipitation and ET was negative
in the Tibetan Plateau and humid southeast China.

.In 62.2% of China’'s terrestrial ecosystems, ET
showed increasing trends, especially in the croplandgyiteq by: G. Jewitt
areas of the southern HaiRB, most of the HuaiRB

and the southeastern YzRB. The decrease of annual

ET mainly occurred in some areas of northeast, north,

northwest, south China. In eastern Qinghai-Tibetan

Plateau, the south of Yunnan Province and Hainan
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