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ABSTRACT

Quantifying regional evapotranspiration (ET) and environmental constraints are particularly important for understanding water
and carbon cycles of terrestrial ecosystems. However, a large uncertainty in the regional estimation of ET still remains for the
terrestrial ecosystems in China. This study used ET measurements of 34 eddy covariance sites within China and adjacent regions
to examine the performance of the revised Remote Sensing-Penman Monteith (RS-PM) model over various ecosystem types
including forests, grasslands, wetlands and croplands. No significant systematic error was found in the revised RS-PM model
predictions, which explained 61% of the ET variations at all of the validation sites. Regional patterns of ET at a spatial resolution
of 10� 10 km were quantified using a meteorology dataset from 753 meteorological stations, Modern Era Retrospective-analysis
for Research and Applications (MERRA) reanalysis products and satellite data such as the Advanced Very High Resolution
Radiometer (AVHRR) leaf area index. ET decreased from the southeast of China toward the northwest. Relatively high ET
values were found in the southern China such as Yunnan, Hainan, Fujian and Guangdong Provinces, whereas low ET values
occurred in northwestern China such as in the Xinjiang autonomous region. On average, the annual ET presented an increasing trend
during the 1982–2009,with relatively lowET in 1985, 1993, 1997, 2000 and 2009.We found that themean annual ETwas higher than
world average, ranging spatially between 484 and 521mmyr�1, with a mean value of 500mmyr�1, which accounted for
approximately 5�6–8�3% of the world’s total land-surface ET. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Evapotranspiration (ET) over land, the sum of water lost to

the atmosphere from the soil surface through evaporation and

from plant tissues via transpiration, is a key component of the

hydrological, energy and carbon cycles (Dirmeyer, 1994;

Pielke et al., 1998; Cleugh et al., 2007; Mu et al., 2007a, b;

Jung et al., 2010; Sun et al., 2011). Approximately 60–80%
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of the precipitation on the earth’s surface returns to the

atmosphere as ET that becomes the source of future

precipitation in the regional and global water cycles

(Baumgartner and Reichel, 1975; Tateishi, 1996; Oki and

Kanae, 2006). Therefore, changes in ET have a great impact

on the global hydrologic cycle and energy budget (Xu and

Singh, 2005; Gao et al., 2007). Quantifying temporal and

spatial patterns of ET is critical for understanding the

interactions between land surfaces and the atmosphere,

improving water and land resource management (Meyer,

1999; Raupach, 2001), detecting and assessing droughts

(McVicar and Jupp, 1998) and performing regional

hydrological applications (Kustas and Norman, 1996;

Keane et al., 2002).

A number of ecosystem process models are available for

quantifying spatio-temporal variations of ET at large

scales, such as the Surface Energy Balance System (Kalma

and Jupp, 1990; Bastiaanssen et al., 1998; Su, 2002), the

Penman–Monteith algorithm (Penman, 1948; Monteith,

1964; Cleugh et al., 2007; Mu et al., 2007a, b; Yuan et al.,

2007, 2010; Vinukollu et al., 2011), the Priestley–Taylor-

based approach (Priestley and Taylor, 1972; Fisher et al.,

2008) and the water-centric monthly scale simulation

model (Sun et al., 2011). However, large uncertainties in

ET estimation still remain (Li et al., 2009). For instance, a

comparison of 15 model simulations from the Global Soil

Wetness Project-2 suggested that the lowest estimation of

global mean ET, with a value of 272mmyr�1, was

approximately 38% smaller than the maximum estimation

of 442mmyr�1 (Dirmeyer et al., 2006).

Most of the regional ET studies have focused on

reference ET (Chen et al., 2005; Gong et al., 2006; Thomas,

2008), potential ET (Thomas, 2000; Gao et al., 2006), pan ET

(Liu et al., 2004; Cong et al., 2008) and actual ET at river

basin and regional scales (Chen et al., 2003, 2006; Zeng et al.,

2010a, b; Zhang et al., 2010). Sun et al. (2004) investigated

the spatial distribution of ET in the Changbaishan Natural

Reserve of China using Landsat ETM+data and the boreal

ecosystem productivity simulator model. They found that

annual ET decreased greatly with altitude, from greater than

600mm at the foot of the mountain to approximately 200mm

at the top of the mountain, and ET was the highest for

broadleaf forests and the lowest for urban and built-up areas.

Regional daily ET rates in the Sanjiang Plain were estimated

based on the surface energy balance algorithm for land

(Du et al., 2010). ET rates of dry crops (428mm) and paddy

fields (480mm) were lower than wetlands (554mm) and

forests (659 mm). According to the Surface Energy

Balance System model, the annual ET in 2005 over the

Yellow River Delta wetlands was 947mm (Jia et al., 2009).

Thomas (2000) analysed ET using the PMmethod based on

65 stations in China for the time series 1954–1993. The

analysis indicated that northeast and southwest China

experienced a moderate ET increase, whereas northwest

and southeast China were associated with a decreasing

trend. However, because of the limited access to climate

data and/or different focuses, the existing works only focus

on limited parts of China or use a small number of selected

stations and eddy covariance (EC) sites over China. Also,

different ecosystem models gave inconsistent ET values in

the magnitude and spatial-temporal distribution at a large

scale (Thomas, 2000; Xu et al., 2006a, b).

The Remote Sensing-Penman Monteith ET model was

developed based on energy balance and mass transfer and

considers aerodynamic resistance and surface resistance.

The model has been successfully used to calculate actual

ET from different land covers and varying climate

conditions (Monteith, 1965; Cleugh et al., 2007; Mu

et al., 2007a, b, 2009; Yuan et al., 2007, 2010). Worldwide

ECmeasurements offer the best opportunity for calibrating or

validating ecosystem models for regional estimate of water

fluxes (Xiao et al., 2011; Sun et al., 2011). However,

because of the scarcity of observations, the revised RS-PM

model has not been validated for China. The objectives of this

study were to (1) evaluate the performance of the revised RS-

PM model over various terrestrial ecosystems within China

and adjacent regions based on the measurements from 34 EC

sites and (2) quantify the spatial and temporal patterns of ET

among different vegetation types in China during 1982–2009

period.

METHODS AND MATERIALS

The revised RS-PM model

The RS-PM model was originally proposed by Cleugh et al.

(2007), who reported a methodology that estimates 8-day ET

at a 1-km spatial resolution using gridded meteorological

fields and the PM equation (Monteith, 1965). Mu et al.

(2007a, b) revised the surface conductance model of Cleugh

et al. (2007) to produce a global ET algorithm by accounting

for stomatal responses to temperature and an atmospheric

humidity deficit and by introducing a separate soil

evaporation term that was no explicitly considered by

Cleugh et al. (2007). Previous studies, however, have

demonstrated that high air temperature significantly

decreases leaf stomatal conductance by closing stomata

and causing structural defects (Schreiber et al., 2001).

Therefore, we further revised the equations dealing with

temperature constraint by accounting for stomatal con-

ductance and energy allocation between the vegetation

canopy and soil surface, and we used the Beer–Lambert law

to exponentially partition the net radiation between the

canopy and the soil surface (Ruimy et al., 1999). In the

latest study, we calibrated three parameters of the revised

RS-PM model: VPDclose, the total aerodynamic conduct-

ance to vapour transport, Ctot, the sum of soil surface

conductance and the aerodynamic conductance for vapour

transport and Cl, the mean potential stomatal conductance.

We used the observed ET from all of the eddy flux towers to

set constant parameters for all of the vegetation types,with the

results of 0�008m s�1 for Ctot, 0�003m s�1 for Cl and

2�79 kPa for VPDclose (Yuan et al., 2010). The revised

RS-PM model was calibrated and validated with the

AmeriFLUX and EuroFLUX sites that are dominated by

six major terrestrial biomes, explaining 82% and 68% of

the observed variations of ET for all of the calibration and

validation sites, respectively (Yuan et al., 2010).
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Data at EC sites

Eighteen EC sites from Coordinated Observations and

Integrated Research over Arid and Semi-arid China were

included in this study to validate the revised RS-PM model,

covering multiple ecosystem types in China such as

grasslands, croplands and wetlands (Table I). To validate

the RS-PM model on forest ecosystems, three ChinaFlux

sites including Changbaishan, Dinghushan, and Qianyanz-

hou were used. Also, some forest EC sites in China and

adjacent regions from AsiaFlux and FluxNet networks

were included because similar forest type and climate were

found between China and the adjacent regions such as

Russia and Japan. For each tower, we obtained the ET

estimates using the revised RS-PM algorithm and

compared them with the observed ET. We aggregated the

half-hourly data into daily data, and the daily values were

indicated as missing when more than 20% of the data

were missing for a given day; otherwise, the daily valueswere

calculated by multiplying the averaged hourly rate by 24 h.

The leaf area index (LAI) for the sites were determined

from moderate resolution imaging spectroradiometer

(MODIS) data. MODIS ASCII (American Standard Code

for Information Interchange) subset data used in this study

were generated from MODIS Collection 5 data that was

downloaded directly from the Oak Ridge National

Laboratory Distributed Active Center website. The 8-day

MODIS LAI (MOD15A2) data at 1-km spatial resolution

were the basis for model verification in the flux sites. Only

the LAI values of the pixel containing the tower were used.

Quality control flags, which signal cloud contamination

in each pixel, were examined to screen and reject poor

quality LAI data.

Regional data

For regional estimates of ET, we used input datasets for air

temperature (Ta), relative humidity (RH) and precipitation

(Prec) obtained from 753 stations in China by thin plate

smoothing spline interpolation method. We also used net

radiation (Rn) from the Modern Era Retrospective-analysis

for Research and Applications (MERRA) dataset and

resample into the spatial resolution of 10� 10 km (Global

Modeling and Assimilation Office, 2004). Detailed infor-

mation on the MERRA dataset is available at the website

http://gmao.gsfc.nasa.gov/research/merra.

We chose 1982–2009 as the study period for estimating

regional ET based on the satellite-observed vegetation

attributes and daily surface meteorology inputs. To produce

a continuous and consistent time series LAI from 1982 to

2009, we combined AVHRR LAI and MODIS LAI, which

were acquired fromdifferent sensors. Themethod of analyzing

Table I. Name, location, vegetation types and available years of the study sites used for the revised RS-PM model validation.

Site name Latitude, longitude Vegetation type Available years

CN-Du 42�05�N, 116�67�W Cropland 2005–2006
Miyun 40�63�N, 117�32�W Cropland 2008–2009
MSE 36�05�N, 140�03�W Cropland 2001–2004
Yuzhong 35�95�N, 104�13�W Cropland 2008–2009
Guantao 36�52�N, 105�13�W Cropland/maize 2009
Jinzhou 41�18�N, 121�21�W Cropland/maize 2008–2009
Linze 39�35�N, 100�13�W Cropland/maize 2008–2009
TongyuCrop 44�57�N, 122�88�W Cropland/maize 2009
Yingke 38�86�N, 100�41�W Cropland/maize 2008–2009
CBS 42�40�N, 127�09�W Forest 2003–2008
CN-Anh 30�48�N, 116�98�W Forest 2005–2006
CN-Bed 39�53�N, 116�25�W Forest 2005–2006
DHS 23�17�N, 112�53�W Forest 2002–2008
JP-Tef 45�06�N, 142�11�W Forest 2002–2006
JP-Tom 42�74�N, 141�52�W Forest 2001–2004
MBF 44�38�N, 142�32�W Forest 2004–2006
QYZ 26�74�N, 115�07�W Forest 2002–2008
RU-Fyo 56�46�N, 32�92�W Forest 2000–2006
RU-Zot 60�80�N, 89�35�W Forest 2002–2005
SKT 48�35�N, 108�65�W Forest 2003–2007
TKY 36�15�N, 137�42�W Forest 1999–2007
Arou 38�04�N, 100�46�W Grassland 2008–2009
Changwu 35�20�N, 107�67�W Grassland 2008–2009
CN-HaM 37�37�N, 101�18�W Grassland 2002–2004
Dongsu 44�09�N, 113�57�W Grassland 2008–2009
DuolunFenced 42�04�N, 116�29�W Grassland 2009–2010
DuolunGrazed 42�05�N, 116�28�W Grassland 2009–2010
KBU 47�21�N, 108�74�W Grassland 2003–2009
Qingyang 35�59�N, 107�54�W Grassland 2009
SiziwangFenced 41�23�N, 111�57�W Grassland 2010
SiziwangGrazed 41�28�N, 111�68�W Grassland 2010
TongyuGrass 44�57�N, 122�88�W Grassland 2008–2009
Zhangye 39�09�N, 100�30�W Grassland 2008
Maqu 34�0�N, 102�0�W Alpine wetland 2009

141ESTIMATION OF ET IN CHINA

Copyright © 2012 John Wiley & Sons, Ltd. Ecohydrol. 7, 139–149 (2014)

http://http://cybele.bu.edu


2000 2002 2004 2006
0

2

4

6

8

10

12

14

16

18

2001 2002 2003 2004 2005
0

2

4

6

8

10

12

2001 2002 2003 2004 2005 2006
0

2

4

6

8

10

12

2002 2003 2004
0

2

4

6

8

10

2005 2006 2007

0

2

4

6

8

10

12

2005.0 2005.5 2006.0 2006.5 2007.0
0

3

6

9

12

15

18

2005.0 2005.5 2006.0 2006.5 2007.0
0

2

4

6

8

10

12

RU-Fyo Forest

CN-Anh Forest

JP-Tom Forest JP-Tef Forest

CN-HaM Grassland

CN-Du Cropland

CN-Bed Forest

2003 2004 2005 2006 2007 2008 2009
0

2

4

6

8

2004 2005 2006
0

2

4

6

8

10

12

2001 2002 2003 2004 2005

0

2

4

6

8

10

12

2003 2004 2005 2006 2007
0

2

4

6

8

10

12

2000 2002 2004 2006 2008
0

3

6

9

12

15

MBF Forest

SKT Forest

KBU Grassland

MSE Cropland

TKY Forest

2008 2009 2009 2010
0

2

4

6

8

10

12

14

16
Arou Grassland

2008.5 2009.0 2009.5 2010.0
0

2

4

6

8

10

12
Changwu Grassland

2008 2009 2009 2010
0

2

4

6

8

2009.4 2009.6 2009.8
0

2

4

6

8

10

12

2008 2009 2010
0

4

8

12

16

2008 2009 2010
0

5

10

15

20

2009.4 2009.6 2009.8
0

2

4

6

8

10

12

14

2008 2009 2010

0

2

4

6

8

10

12

14

16

2009.6 2009.7 2009.7 2009.7 2009.8
0

2

4

6

8

10

2009.4 2009.6 2009.8
0

5

10

15

20

2009.4 2009.6 2009.8
0

5

10

15

20

2008 2009 2010
0

5

10

15

20

2008 2009 2009 2010

0

2

4

6

8

10

12

2008.5 2008.6 2008.7 2008.8

0

2

4

6

8

10
Zhangye Grassland

Dongsu Grassland

Guantao MaizeJinzhou Maize Linze Maize

Maqu wetland

Miyun Cropland

Qingyang Grassland

Tongyu Maize

Tongyu Grassland

Yingke Maize

Yuzhong Cropland

2010.4 2010.6 2010.8
0

1

2

3

4

5

6

2010.4 2010.6 2010.8
0

1

2

3

4

5

6

2009.6 2010.0 2010.4
0

1

2

3

4

5

6

2009.6 2010.0 2010.4
0

1

2

3

4

5

6
SiziwangFenced Grassland DuolunFenced grasslandSiziwangGrazed Grassland DuolunGrazed grassland

2003 2004 2005 2006 2007 2008
0

2

4

6

8

10

12

14

16

2002 2003 2004 2005 2006 2007 2008
0

2

4

6

8

10

2003 2004 2005 2006 2007 2008
0

2

4

6

8

10

12
CBS Forest DHS Forest QYZ Forest

2002 2003 2004 2005 2006
0

2

4

6

8

10

12

14

16
RU-Zot Forest

Year

E
T

 (
m

m
 d

a
y

-1
)

Figure 1. Variation in the 8-day mean value of the predicted ET and the observed ET at the model validation sites. The black solid lines represent the
predicted ET, and the open circle dots represent the observed ET.
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these two sets of data was described in Yuan et al. (2012).

In brief, the AVHRR LAI products from 1982 to 2000 are

based on a monthly maximum value compositing of

AVHRR spectral reflectance data to mitigate cloud cover,

smoke and other atmospheric aerosol contamination effects

(http://cybele.bu.edu; Myneni et al., 1997). The 8-day

MODIS LAI (MOD15A2) data were used in this study from

2000 to 2009. Linear regression method was used to combine

the two LAI series into a single and continuous record

(Zhang et al., 2008). Quality control flags were examined to

screen and reject LAI data with insufficient quality. We

temporally filled the missing or unreliable LAI at each 1-km

MODIS pixel based on their corresponding quality assess-

ment data fields as proposed by Zhao et al. (2005). If the first

(or last) 8-day LAI data are unreliable or missing, they will be

replaced by the closest reliable 8-day values.

For each tower and each algorithm, we estimated ET using

two different sets of meteorological data: (1) integrated

meteorological data derived from the half-hour observations

at the flux tower sites and (2) the MERRA meteorological

data at a 10� 10-km resolution. For each tower, we

calculated the ET for the vegetated 10� 10-km pixels

surrounding each site with the pre-processed AVHRR data,

and we averaged the ET across all pixels. These averages

were then compared with the tower ET observations.

Statistical analysis

Three metrics were used to evaluate the performance of the

revised RS-PM model in this study:

1. The coefficient of determination, R2, which repre-

sents how much variation in the observations was

explained by the models.

2. Absolute predictive error (PE), which quantifies the

difference between the simulated and observed values:

PE ¼ �S� �O (1)

where S and O are mean simulated and mean observed

values, respectively.

3. Relative predictive error (RPE), computed as follows:

RPE ¼

�S� �O

�O
� 100% (2)

Moreover, we used the standard deviation (std) of the

annual ET to characterize the absolute interannual variability,

and the coefficient of variation (CV, the ratio of std and the

mean value of annual ET)was used to characterize the relative

interannual variability.

RESULTS AND DISCUSSION

Model performance

Over the various ecosystem types, such as forests, croplands,

grasslands and wetlands, the revised RS-PM model

successfully predicted themagnitudes and seasonal variations

of ET derived from the observed environmental variables

(i.e. Ta, LAI, RH and Rn) (Figure 1). The predicted and

observed ET from the EC measurement time series at the

validation sites demonstrated distinct seasonal cycles and

matched well. At most sites, the ET values were high

during the plant growing season and almost near zero in the

winter because of the low temperatures and plant growth

limitation. Collectively, the revised RS-PM model

successfully predicted themagnitudes and seasonal variations

of the observed ET and explained approximately 61% of the

variation of the 8-day ET at the 34 validation sites (Figure 2).

Individually, the coefficients of determination (R2) were all

statistically significant at p< 0�05 and varied from 0�32 at the

Zhangye grassland site to 0�97 at the MBF forest site

(Table II). This result showed that the RS-PM model was

robust and reliable across most of the biomes and geographic

regions in China. However, large differences between the

predicted and observed ET still existed in a few sites. For

example, the predicted ET values were higher than the

observed ET at Changwu, RU-Fyo, SKT, TKY and KBU,

with the RPE values ranging from 32% to 78% (Table II). At

the other EC sites, the revised RS-PM model was a good

predictor when RPE values were less than 20%.

Several potential sources of uncertainty in the ET

calculations were linked to the corresponding uncertainties

in the satellite data, meteorological reanalysis data and EC

flux measurements. The revised RS-PM model used MODIS

LAI products at EC sites and AVHRR LAI products for

regional estimation, which were downloaded directly from

the web site. No attempt was made to improve the quality of

the LAI data. Therefore, any noise or errors in the satellite

data were transferred to the ET simulations. Also, we used

the global 8-day MODIS LAI at a 1-km resolution to derive

the LAI record at each EC site. The tower measurement

footprints are normally much smaller than the resolution of

the overlying grid cell. The satellite-derived LAI may not

adequately capture sub-grid scale vegetation signals at

these sites, especially in areas of complex topography or

heterogeneous land cover; thus, the model error for some

tower sites may be attributed to inaccurate LAI representa-

tions of the tower footprint conditions.
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Figure 2. Comparison of the ET observations from the EC flux tower sites
and predicted by the revised RS-PM model.
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The accuracy of the regional or global estimates of ET

was also highly dependent on the meteorology datasets.

We used the MERRA dataset at a resolution of 10� 10 km

to drive the revised RS-PM model. However, the accuracy

of the existing meteorological reanalysis datasets showed

marked differences both spatially and temporally. The

model driven by the tower-specific meteorology data

explained 64% of the annual mean ET variations across

the 34 validation sites, and it produced no systematic errors

in the model predictions (Figure 3a). In contrast, using the

MERRA dataset significantly decreased the model

performance, and the model explained 57% of the ET

variations (Figure 3b).

Aside from systematic errors associated with EC

methods and remote sensing technique, possible bias

in our model and data included energy enclose problems

that might cause ET estimation errors at EC sites. The

general phenomena of incomplete energy balance closure

at EC sites causes underestimation of sensible heat and

latent heat flux and then underestimated ET about

20% (Wilson et al., 2002). And there was about 10%

absolute uncertainty in energy balance measurement

caused by incomplete closure problem for EC method

(Twine et al., 2000).

Spatial patterns of ET

The revised RS-PM model was implemented over the

terrestrial ecosystems of China from 1982 to 2009 at a

resolution of 10� 10 km. There was evidence of strong

regional variations and latitudinal gradients of ET, with ET

decreasing from the southeast to the northwest (Figure 4a).

We estimated a mean annual ET value of 500mmyr�1

from 1982 to 2009 across the various ecosystem types. The

annual ET was generally low in the arid/semiarid regions of

northwest China and the northeast region, whereas

relatively high annual ET values were located in the south

of China.

From the standpoint of national territory, relatively high

annual ET values were found in Hainan, Taiwan, Yunnan,

Guangdong, Fujian and Guizhou provinces, with ET

Table II. Predictions of the revised RS-PM model at 34 EC
validation sites.

Site name

Revised RS-PM model

ETobs ETest PE RPE R2

CN-Du 3�81 3�58 �0�23 �0�06 0�86
Miyun 5�98 6�85 0�87 0�15 0�82
MSE 3�34 2�85 �0�50 �0�15 0�61
Yuzhong 3�59 3�47 �0�12 �0�03 0�47
Guantao 5�29 4�66 �0�63 �0�12 0�37
Jinzhou 5�63 5�84 0�22 0�04 0�54
Linze 8�57 6�23 �2�34 �0�27 0�53
TongyuCrop 4�85 4�46 �0�39 �0�08 0�41
Yingke 5�12 4�26 �0�66 �0�18 0�73
CBS 3�42 2�91 �0�51 �0�15 0�74
CN-Anh 4�76 4�18 �0�58 �0�12 0�96
CN-Bed 4�69 3�93 �0�76 �0�16 0�95
DHS 4�21 4�23 0�02 0�01 0�52
JP-Tef 3�41 4�11 0�7 0�20 0�93
JP-Tom 4�52 4�31 �0�21 �0�05 0�95
MBF 2�20 2�55 0�35 0�16 0�97
QYZ 4�89 3�90 �1�00 �0�20 0�81
RU-Fyo 3�20 5�31 2�11 0�66 0�71
RU-Zot 3�77 3�04 �0�73 �0�19 0�41
SKT 2�04 2�93 0�89 0�44 0�95
TKY 1�92 4�27 3�34 0�78 0�60
Arou 6�43 5�3 �1�14 �0�18 0�76
Changwu 3�91 5�16 1�25 0�32 0�44
CN-HaM 3�46 3�6 0�15 0�04 0�86
Dongsu 2�19 2�52 0�33 0�15 0�39
DuolunFenced 1�61 1�43 �0�18 �0�11 0�69
DuolunGrazed 1�84 1�4 �0�44 �0�24 0�92
KBU 1�18 1�85 0�68 0�57 0�73
Qingyang 3�10 2�77 �0�33 �0�11 0�92
SiziwangFenced 2�58 2�49 �0�09 �0�04 0�81
SiziwangGrazed 2�81 2�3 �0�50 �0�18 0�88
TongyuGrass 4�75 4�74 �0�01 0�01 0�69
Zhangye 2�24 3�19 0�96 0�23 0�32
Maqu 5�90 5�81 �0�09 �0�02 0�56

CBS, Changbaishan; DHS, Dinghushan; KBU, Kherlenbayan Ulaan;
MSE, Mase paddy flux site; MBF, Moshiri Birch Forest; QYZ,
Qianyanzhou; SKT, Southern Khentei Taiga; TKY, Takayama Deciduous.
ETobs is ET that was observed at EC sites (mmday�1). ETest is ET that was
predicted by the revised RS-PM model (mmday�1). PE is the absolute
predictive error. RPE is the relative predictive error. R2 is the coefficient
of determination.
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Figure 3. Comparisons of the mean ET observations at each flux tower site and the ET estimates made by the revised RS-PM model. These data were
created using (a) tower-specific meteorology (y = 0�67x+ 1�17, R2= 0�64) and (b) the regional MERRA meteorology (y = 0�54x+ 1�12, R2= 0�57).
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estimates ranging from 667 to 854mmyr�1 (Figure 5a). In

these locations, both the temperature and moisture

requirements were fully satisfied for plantation evapor-

ation. The temperate regions had intermediate ET, and the

lowest ET was found in cold arid regions, such as Gansu,

Qinghai, Ningxia, Xinjiang and Inner Mongolia, where

either the temperature or precipitation was a limiting

factor. Although the effect of topography on ET rates is

evident through lower ET values in major mountains and

in arid/semiarid ranges, the annual ET estimation

(345mmyr�1) of Tibet was comparable with that of

northeastern China such as Jilin province. The total

ET amount was high in Inner Mongolia, Tibet, Xinjiang

and Yunnan, with the values ranging from 261 to

510 km3 yr�1 (Figure 5b).

The spatial distribution of ET was associated with land

cover types (Figure 6a). The MODIS land-cover classifi-

cation product was used to identify 16 different land cover

types in China. Relatively high ET densities were found in

evergreen broadleaf forest, woody savannas, permanent

wetlands and mixed forest, with ET values ranging from

620 to 910mmyr�1. Although there are some uncertain-

ties, the ET magnitudes and spatial patterns of the

estimated ET over different ecosystem types in China are

generally consistent with the literatures. Sun et al. (2004)

investigated that mean annual ET of broadleaf forest is the

highest with a value of 566mmyr�1, whereas the mean

annual ET of mixed forests and coniferous forests

decreased to 510 and 333mmyr�1, respectively. In this

study, the total ET amount was high in grassland and crop

land with a range of 728–771 km3 yr�1 because of the large

area of these vegetation types in China (Figure 6b).

Seasonal patterns of ET

The multiyear mean seasonal patterns of ET over the

terrestrial ecosystems from 1982 to 2009, using the revised

RS-PM algorithm with daily MERRA meteorology and

AVHRRLAI inputs, showed seasonal fluctuations (Figure 7).

The seasonal patterns of ET and their spatial variability

reflected the controlling effects of the climatic conditions.

Because of the various climatic zones and the vegetation

distributions, the regional ET temporal patterns varied

from east to west and from north to south. In the spring

(March–May), most parts of South China showed

significantly high ET values because the growing season

started in early to mid-spring in these regions. Yunnan and

Taiwan are dominated by evergreen forests, and these

ecosystems also had relatively high ET values because of

mild temperatures and moist conditions during the spring.

Higher ET values occurred in the Brahmaputra regions in the

spring because of a surplus of precipitation, relatively warm

temperatures and high radiation. In contrast, low ET was

found in the northern regions because of low temperatures. In

the summer (June–August), the majority of the northwest

region, including the Qinghai-Tibet Plateau and the Inner

Mongolian grasslands, continuously exhibited low ET values

because of sparse vegetation and precipitation deficits. The

northeast regions, which are dominated by temperate

broadleaf deciduous forests and warm temperate steppes,

showed much higher ET values in the summer than in the

spring. In autumn (September–November), the ET values of

the southeast regions substantially decreased relative to the

ET values in the summer. In the winter (December–

February), the majority of the regions of China had little or

no photosynthesis because the canopies of most ecosystems

were dormant.

Figure 8 shows the trajectories of the spatially averaged

ET for different land cover types during the period from

1982 to 2009. Overall, most of the vegetation types had a

(b)

(a)

(c)

Figure 4. Spatial distribution of the multiyear (1982–2009) mean annual
ET estimates as represented by (a) an ET estimation (mmyr�1) driven by
interpolated 10� 10 km MERRA meteorological data averaged from 1982
to 2009, (b) the standard deviation (std, mmyr�1) of modelled ET
estimates in a grid cell and (c) the coefficient of variance (CV) of model
ET estimated in grid cell. The coefficient of variance is determined by
dividing the standard deviation by the mean of the model ET estimates

within a grid cell.
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similar monthly variation, with a maximum in the summer

and a minimum in the winter. Deciduous needleleaf forests,

deciduous broadleaf forests and savannas had the largest

seasonal variation of ET. Closed shrublands, croplands

and woody savannas had intermediate intra-annual ET

variability. Comparably, evergreen broadleaf forests showed

weak seasonality of ET. On average, the monthly ET of

various ecosystem types between June and August

accounted for 40% of the annual production, whereas the

monthly total ET between December and February of the

next year contributed only 15% of the annual production in

this study.

Interannual variability of ET

China’s terrestrial ET varied between 484 and 521mmyr�1

during the1982–2009 period, with a mean value of

500mmyr�1 (Figure 9). In general, the actual ET presented

a decreasing trend from 1982 to 2009. Relatively low ET

values were found in 1985, 1993, 1997, 2000 and 2009,

whereas the highest ET was found in 1998. Recently, the

ET values began to decrease during the period from 2003

to 2009 but were still higher than that of 2000. The annual

ET in China only accounted for approximately 5�6–8�3% of

the world’s total land-surface ET when compared with

global land-surface ET estimates ranging from 58� 103 to

85� 103 km3 per year during the past 30 years (Dirmeyer

et al., 2006; Oki and Kanae, 2006; Jung et al., 2010). An

increasing trend of ET in China was in agreement with

Wang et al. (2010a, b), who calculated monthly global ET

from 1982 to 2002 using a modified PM method and found

ET to be increasing by 15mmyr�1.

Evapotranspiration is the most problematic component

of the water cycle to accurately estimate because of the

heterogeneity of the landscape and the large number of

controlling factors involved, including climate, plant

biophysics, soil properties and topography. The absolute

interannual variability (indicated as the standard deviation, std)

appeared to increase in the mountain ranges at higher

elevations, reaching amaximum in themountains of southwest

and northeast China such as Hengduang-Himalayan

mountains, the Yunnan-Guizhou plateau, the great Xing’an

mountains and the Xiaoxing’ an mountains (Figure 4b). The
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Figure 5. Estimations of average ET density (a) and total amount ET (b) of different provinces in China during the 1982–2009 period.

ENF EBF DNF DBF MF CSH OSH WSV SAV GRS PWL CRP UBUNVM SNI BSV
0

200

400

600

800

1000

ENF EBF DNF DBF MF CSH OSH WSV SAV GRS PWL CRP UBUNVM SNI BSV

E
T

 d
en

si
ty

 (
m

m
 y

r-1
)

T
o
ta

l 
E

T
 a

m
o
u
n
t 

(k
m

3
 y

r-1
)

0

200

400

600

800

(a)

(b)

Figure 6. Average ET density (a) and total amount ET (b) over various
ecosystems during the 1982–2009 period. Abbreviations: ENF, evergreen
needleleaf forest; EBF, evergreen broadleaf forest; DNF, deciduous
needleleaf forest; DBF, deciduous broadleaf forest; MF, mixed forest;
CSH, closed shrublands; OSH, open shrublands; WSV, woody savannas;
SAV, savannas; GRS, grasslands; PWL, permanent wetlands; CRP,
croplands; UBU, urban and build up; NVM, natural vegetation mosaic;

SNI, snow and ice; BSV, barren or sparsely vegetated.
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temperate and boreal regions have much higher relative

interannual variability than the tropics as shown in CV values

(Figure 4c).

Figure 10 shows the coefficient of correlation between

environmental factors (i.e. Ta, Rn, and RH) and ET.

Generally, for dry conditions, ET contributes to RH, but

under moist conditions, Rn drives ET. In detail, Rn has the

strongest correlation with ET in humid areas and that the

coefficients were less where it is drier, becoming negative in

arid areas. Ta and ET are strongly correlated in humid areas

but less so far in drier conditions, and their correlation

becomes zero or negative in semiarid or arid areas. Wang

et al. (2010b) also indicated that long-term variations of ET in

humid areas are primarily controlled by variations in incident

solar radiation; the dominant factor controlling long-term

variations of ET in arid areas is soil water supply, estimated

here by RH, which is connected to precipitation. In this study,

annual RH (R2=0�91, p< 0�05), Rn (R2=0�80, p< 0�05)

and Ta (R2=0�65, p< 0�05) are important factors that

affected ET variations in overall China’s terrestrial

ecosystems from 1982 to 2009.

(a) Spring (b) Summer

(c) Autumn (d) Winter

Figure 7. Seasonal distributions of ET (mm season�1) in Chinese terrestrial ecosystems during the 1982–2009 period.

Figure 8. Comparison between the seasonal patterns of ET (mmmonth�1)
under different land use/coverage for evergreen needleleaf forest (ENF),
evergreen broadleaf forest (EBF), deciduous needleleaf forest (DNF),
deciduous broadleaf forest (DBF), mixed forest (MF), closed shrublands
(CSH), open shrublands (OSH), woody savannas (WSV), savannas
(SAV), grasslands (GRS), permanent wetlands (PWL), croplands (CRP),
Urban and built-up (UBU), natural vegetation mosaic (NVM), snow and

ice (SNI ) and barren or sparsely vegetated (BSV).
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Figure 9. Interannual variations of ET during the 1982–2009 period.
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CONCLUSIONS

On the basis of EC site data and remote sensing data, the

revised RS-PM model was successfully used to produce an

ET map in China’s terrestrial ecosystems. The mean annual

land-surface ET was 500mmyr�1 with a range from 484 to

521mmyr�1 in China. Significant seasonal and spatial

variations of ET were predicted by the revised RS-PM

model. Generally, China’s terrestrial ET decreased from

southwest China. On average, the annual land-surface ET

showed an increasing trend during the period from 1982 to

2009. High ET rates were found in evergreen broadleaf

forest, woody savannas, permanent wetlands, and mixed

forests. Long-term variations of ET in humid areas such as

tropics and humid areas of China are primarily controlled by

variations in incident net radiation; however, RH is the

dominant factor in controlling long-term variations of ET in

arid areas. Although no significant systematic error was found

in the revised RS-PM model predictions, the remote sensing-

based model explained only 61% of the ET variability across

all validation sites. Further study should focus on the

development of the RS-PMmodel from the aspect of stomatal

conductance over different ecosystem types.
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