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Abstract Lack of reliable historical basin-scale evapotranspiration (ET) estimates is a bottleneck for water
balance analyses and model evaluation on the Tibetan Plateau (TP). This study looks at four large basins on
the TP to develop a general approach suitable for large river basins to estimate historical monthly ET. Five
existing global ET products are evaluated against monthly ET estimated by the water balance method as a
residual from precipitation (P), terrestrial water storage change (ΔS), and discharge (R). The five ET products
exhibit similar seasonal variability, despite of the different amounts among them. A bias correction method,
based on the probability distribution mapping between the reference ET and the five products during
2003–2012, effectively removes nearly all biases and significantly increases the reliability of the products.
Then, the surface water balance changes for the four basins are analyzed based on the corrected ET products
as well as observed P and R during 1983–2006. A trend analysis shows an upward trend for ET in the four
basins for all seasons during the past three decades, along with the regional warming, as well as a dominating
increasing trend in P and negative trend in R.

1. Introduction

Evapotranspiration (ET) is a critical process that determines terrestrial water budget and exchanges of
surface energy. Global and regional climate changes [Intergovernmental Panel on Climate Change Fifth
Assessment Report (IPCC AR5), 2013; Liu and Chen, 2000; Su et al., 2013] have changed hydrological cycles
and surface energy budgets [e.g., Ohmura and Wild, 2002; Huntington, 2006; Gao et al., 2007; Yang et al.,
2011]. More importantly, ET is taken as an indicator for climate change, in particular for the accelerated
hydrological cycle [Brutsaert and Parlange, 1998; Ohmura and Wild, 2002]. Accurately, quantifying the
terrestrial water budget can help to improve our understanding of global and regional water cycle
changes and the role of ET in the hydrologic cycle. However, obtaining water budget components from
ground-based measurements alone remains a challenge. As a result of high variability in time and space,
ET is perhaps the most difficult and complicated component in the hydrological cycle and is especially
difficult to measure [Xu and Singh, 2005].

The Tibetan Plateau (TP), also called the “Asian Water Tower,” is essential to Asian monsoon evolvement and
concurrent water-energy cycles. Shrinking glaciers at the headwaters of many prominent Asian rivers and
changes in precipitation patterns caused by weakening Indian monsoons and strengthening westerlies [Yao
et al., 2012] have all influenced the hydrologic cycle in this area [Immerzeel et al., 2010]. Yang et al. [2011]
indicated that the surface water balance has changed in recent decades and that ET shows an overall
increasing trend in the TP. However, their results were derived from a land surface model driven by
meteorological observations only and lacked sufficient observations in the TP.

There are a number of methods to estimate ET, including micrometeorological measurements [e.g., Rana and
Katerji, 2000], climatology water balance [e.g., Gao et al., 2007], remote sensing-basedmethods [e.g., Vinukollu
et al., 2011a, 2011b; Zhang et al., 2010; Ferguson et al., 2010; Mu et al., 2007], and land surface models [e.g.,
Yang et al., 2011; Zhou and Huang, 2012]. However, these methods are often constrained by sparse
measurement stations and a number of uncertainties involving input data and techniques, as well as by the
model used [e.g., Wang and Dickinson, 2012]. The traditional water balance method provides another useful
tool for estimating ET at the regional or basin scale [e.g., Rodell et al., 2004b; Sheffield et al., 2009; Gao et al.,
2010]. The newly launched Gravity Recovery and Climate Experiment (GRACE) satellite [Wahr et al., 2004;
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Tapley et al., 2004] is a perfect fit for water budget studies because it is a horizontally and vertically integrated
quantity [Rodell and Famiglietti, 1999]. In the past decades, a number of studies have focused on global and
regional quantifications of ET by the water balance method [e.g., Ramillien et al., 2006; Swenson and Wahr,
2006a; Sheffield et al., 2009; Rodell et al., 2004b]. Although the uncertainties in the GRACE data are generally
much greater owing to its coarse spatial resolution, it still is an effective way to study the water balance at the
basin scale. Recently developed filtering technique designed to selectively remove correlated errors in the
GRACE spectral coefficients significantly improves the spatial resolution of the GRACE water storage
estimates [Swenson et al., 2006]. Lately, scaled gridded data, accompanied with provided leakage and GRACE
measurement errors and gain factors, may be finer spatial scales to achieve accurate results [Landerer and
Swenson, 2012].

Over the past decade, a large number of studies focused on potential evapotranspiration (or pan
evaporation) in China [Chen et al., 2005; Xu et al., 2006] and on the TP [e.g., Zhang et al., 2007; Liu et al.,
2011]. Several regional studies in the world have demonstrated that potential evapotranspiration or
pan evaporation can have a different change compared to the actual evapotranspiration under
climate change [Brutsaert and Parlange, 1998; Hobbins et al., 2004; Lawrimore and Peterson, 2000; Golubev
et al., 2001]. Gao et al. [2007] studied the variations of potential evapotranspiration and actual

(a)

(b)

Figure 1. (a) Location of the study region in China. (b) Distributions of two discharge gauge stations with closed circles. The
shades illustrate the elevation from Shuttle Radar Topography Mission digital elevation model (DEM) (m).

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022380

LI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 13,080



evapotranspiration over China during
1960–2002 and obtained similar
conclusion. However, the number of
stations over the TP in their study
was too few to draw a general
conclusion for the TP. Besides, the
approach may be too simple to get an
accurate estimate.

Under the background of global
climate change over the last decades,
what was the actual change in the
evapotranspiration on the TP? To
address the question effectively, a
hydrological water balance method
can be used to reveal the variation of
actual ET on the TP. Recently, Xue et al.
[2013] had used the method to
estimate annual ET and then evaluated
existing ET products on the TP at the
annual scale.

To further understand the seasonal
variations of water cycles and their
response to climate changes on the TP,
monthly or seasonal ET products are
needed. In this study, we use the basin-
scale water balance method in
hydrology to estimate monthly ET as
the reference ET for large basins on the
TP. Then, we propose a simple method
to correct monthly ET fields from
several global ET products with the
help of the reference ET. Finally, long-
term (1983–2006) variations of the
basin-scale water balance in four
seasons are investigated by means of
the corrected ET estimates, along with
the observed P and R.

The paper is structured as follows. In
section 2, we describe the study region,
followed by the data andmethodology.
Section 3 presents the results of the
estimation of ET by the water balance
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Figure 2. (a) Comparison of themonthly precipitation (mmmonth�1) from
CMA (prec_CMA) and from China Meteorological Forcing Data Set
(prec_CMFD), for domain-averaged time series on the four basins and (b)
for annualmean difference (prec_CMAminus prec_CMFD) on thewhole TP.

Table 1. Overview of the Five Global ET Products

Data Sets Category Spatial Resolution Temporal Extent References

Zhang_ET Penman–Monteith method 8 km 1983–2006 Zhang et al. [2010]
MODIS_ET Penman–Monteith method 1 km 2000–2012 Mu et al. [2007]
GLDAS1_ET land surface model 1°×1° 1948–2012 Rodell et al. [2004a]
GLDAS2_ET land surface model 1°×1° 1948–2010 Rodell et al. [2004a]
JRA_ET reanalysis T106 Gaussian 1979–2012 Onogi et al. [2007]
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Table 2. Correlation Coefficients (CORR) Among Monthly Domain-Averaged TWSA (Total Water Storage Anomaly) and
ΔSs (Total Water Storage Changes) From CSR, GFZ, and JPL Centers, as Well as the Standard Deviations (SD)
(mmmonth�1) of Monthly Domain-Averaged TWSA and ΔS for the Four Basins on the TP

TWSA ΔS

Yellow Yangtze Qiangtang Qaidam Yellow Yangtze Qiangtang Qaidam

CORR CSR and GFZ 0.91 0.91 0.86 0.89 0.82 0.79 0.75 0.73
CSR and JPL 0.89 0.85 0.71 0.79 0.86 0.79 0.65 0.69
GFZ and JPL 0.85 0.79 0.58 0.72 0.77 0.69 0.54 0.51

SD CSR 42.8 23.2 23.0 9.5 21.9 11.3 11.0 3. 9
GFZ 46.9 25.4 26.0 10.6 24.7 13.5 14.1 5.1
JPL 40.3 22.8 24.2 9.6 20.2 10.5 12.1 4.1

Figure 3. Monthly domain-averaged (a) TWSA (total water storage anomaly) (mmmonth�1) and (b) ΔS (mmmonth�1)
over the four basins. The shades indicate the range determined by data sets from CSR, GFZ, and JPL centers, while the lines
represent the mean of the three.
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method and analysis of the long-term water balance for the four basins. Section 4 contains the conclusions
and discussions.

2. Study Regions, Data Sets, and Method
2.1. Study Regions

Two types of basins on the TP, with and without surface runoff flowing out of the basin, are involved in this
work. The first type includes the upper Yellow and Yangtze River basins (see Figure 1), determined by
the stream systems extracted from the digital elevation model(DEM), with outlets at Zhimenda for the
upper Yangtze River and Tangnaihai for the upper Yellow River. The upper Yellow River and Yangtze River

Figure 4. Comparison of the domain-averaged values between the five global ET products (mmmonth�1) and the refer-
ence ET (mmmonth�1) estimated by the water balance method for the four basins from January 2003 to December 2012.
The statistical values for comparison are shown in Table 3.

Table 3. Bias (mm), RMSE (mm), and Correlation Coefficient of the Five Monthly ET Products in Comparison With the Reference ET (mm) Estimated From the Water
Balance for the Four Basins on the TPa

Data Sets

Yellow Yangtze Qiangtang Qaidam

Mean BIAS RMSE CORR Mean BIAS RMSE CORR Mean BIAS RMSE CORR Mean BIAS RMSE CORR

Reference ET 34.0 29.4 22.3 14.3
GLDAS1_ET 40.0 6.0 14.7 0.96 28.0 �1.4 9.5 0.92 25.8 3.6 21.4 0.28 12.0 �2.2 7.3 0.88
GLDAS2_ET 32.9 �1.2 7.1 0.97 20.3 �8.9 11.8 0.95 20.5 �1.5 11.8 0.92 10.7 �3.5 5.6 0.93
JRA_ET 44.5 10.5 16.4 0.87 46.7 17.2 20.4 0.91 33.1 10.8 14.4 0.91 23.3 9.0 14.1 0.70
Zhang_ET 32.8 �0.8 5.5 0.95 23.2 �3.7 7.1 0.96
MODIS_ET 36.5 2.5 17.1 0.86 32.4 3.0 18.2 0.76

aSmaller BIAS and RMSE and larger correlation coefficients are in boldface.
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basins have total areas of 121,972 and 137,704 km2, respectively. The main soil types are alpine cold
desert, alpine meadow, alpine steppe, mountain meadow, gray cinnamonic, chestnut, swamp, and aeolian
[Bing et al., 2012]. The second type includes the Qiangtang Plateau and the Qaidam Basin, with total
areas of 700,000 and 257,768 km2, respectively. They are the highest inland basins with many rivers and
lakes in China. Water in the two inland basins evaporates after flowing into the lakes. The climate of
the four basins is classified as semiarid and subhumid plateau continental, with distinct wet and dry
seasons. The study region is strongly influenced by the summer Indian monsoon and East Asian monsoon
during summer [Yao et al., 2012]. The geographical distribution of the basins and hydrological stations are
shown in Figure 1.

2.2. Data Sets
2.2.1. Precipitation and Runoff Data
Precipitation (P) from the National Meteorological Information Center of the China Meteorological
Administration (CMA) and observed discharge (R) for Tangnaihai and Zhimenda are used to estimate the
ET by the water balance method. The precipitation data are spatially interpolated by the Thin Plate Spline
method from 2400 ground stations to generate gridded monthly data sets with a horizontal resolution

0.6

0.8

1.0

reference ET
  fit 
GLDAS1_ET
  fit 
GLDAS2_ET

Yellow

10 20 30 40 50 60 70 80 90 100 1100

0.2

0.4

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

  fit 
Zhang_ET
  fit 
JRA_ET
  fit 
MODIS_ET
  fit 

0.6

0.8

1.0

reference ET
  fit
GLDAS1_ET
  fit
GLDAS2_ET

Yangtze

0 10 20 30 40 50 60 70 80 90
0

0.2

0.4

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
C

um
ul

at
iv

e 
pr

ob
ab

ili
ty

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

  fit
Zhang_ET
  fit
JRA_ET
  fit
MODIS_ET
  fit

0.6

0.8

1.0

reference ET
  fit 

Qiangtang

0 10 20 30 40 50 60 70 80
0

0.2

0.4 GLDAS1_ET
  fit 
GLDAS2_ET
  fit 
JRA_ET
  fit 

0.6

0.8

1.0

reference ET
  fit 
GLDAS1ET

Qaidam

0 10 20 30 40 50 60 70
0

0.2

0.4

Monthly ET (mm)

GLDAS1_ET
  fit 
GLDAS2_ET
  fit 
JRA_ET
  fit

Figure 5. Distribution of the monthly domain-averaged ET values from the reference ET (mmmonth�1) and ET products
(mmmonth�1) for the period of 2003–2012. The dashed lines and the solid lines represent the values and their gamma
distribution fitting, respectively.
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of 0.5°×0.5° across China (18–54°N,
72–136°E). The data are available
from January 1961 to present and can
be downloaded from the China
Meteorological Data Sharing
Service System (http://cdc.cma.gov.cn/
home.do).

Due to sparse distribution of precipitation
stations on the TP, the representativeness
of this precipitation data is explored
through comparing with another
precipitation data from China
Meteorological Forcing Data Set (CMFD)
[He and Yang, 2011]. This precipitation
from CMFD with higher temporal
resolution (3-hourly) and spatial
resolution (0.1°) was produced through
merging CMA station data, Tropical
Rainfall Measuring Mission satellite
precipitation data (3B42), and the Global
Land Data Assimilation System (GLDAS)
precipitation data. It was found that
domain-averaged P values from CMA
were comparable to those from CMFD
forcing data (shown in Figure 2a). The

mean annual differences between CMA and CMFD data for the four basins range from �5.0mm to 5.0mm
(shown in Figure 2b), which is considered small. Therefore, the P values from CMA, generated completely
by station data, are considered of reasonable quality for the following analysis.
2.2.2. Global ET Products
Five ET products were evaluated (details of the five ET products are presented in Table 1). Zhang_ET from
Zhang et al. [2010] and MODIS_ET from Moderate Resolution Imaging Spectroradiometer (MODIS) [Mu et al.,
2007] are produced by the Penman–Monteith method. Note that these two products do not cover the whole
TP. ET from the Global Land Data Assimilation System with Noah Land Surface Version 1 (hereafter
GLDAS1_ET) [Rodell et al., 2004a] and Noah Land Surface Version 2 (hereafter GLDAS2_ET) [Rodell et al.,
2004a] are also evaluated. GLDAS1_ET is produced by constantly updated meteorological data, while
GLDAS2_ET is forced by the Princeton meteorological forcing data set [Sheffield et al., 2006] for the period of
1948–2010, which is more suitable for analyzing the long-term trends. The last ET product is from the
Japanese 25 year Reanalysis (JRA) (hereafter JRA_ET) [Onogi et al., 2007]. JRA is a high-quality, homogeneous
data set in space and time for land surface hydrological cycles, proved by previous study [e.g., Takahashi et al.,
2006; Nakaegwa, 2008; Tosiyuki, 2008].
2.2.3. GRACE Data
The terrestrial water storage changes (ΔSs) are derived from the Gravity Recovery and Climate Experiment
(GRACE) land data [Tapley et al., 2004]. The descriptions of present status and solving of GRACE gravity field
solutions are presented in previous study [Tapley et al., 2004; Rodell and Famiglietti, 1999; Swenson and Wahr,
2002, 2006a, 2006b;Wahr et al., 2004]. Although the spatial resolution of GRACE data is around a few hundred
kilometers, a reasonable agreement between GRACE estimated and in situobservation has been found
[Yeh et al., 2006], and the usefulness of the data in hydrological applications has already been demonstrated for
basin scale [Rodell and Famiglietti, 2002; Longuevergne et al., 2010; Landerer and Swenson, 2012; Xue et al., 2013;
Long et al., 2014].

Here RL05 gridded data (available on the GRACE Tellus website) are extracted to examine the domain-
averaged changes of terrestrial water storage for the basins on the TP, which are processed at the
Center for Space Research (CSR), University of Texas; the Jet Propulsion Laboratory (JPL); and the
GeoForschungsZentrum (GFZ). A destriping filter and a glacial isostatic adjustment correction have been

Figure 6. Schematic diagram of the first step in the bias correction
method. The red lines represent the values and their fittings from
the reference ET estimated by the water balance method, while the
blue lines from the ET product. The corresponding functions for
the reference ET and the ET product are also expressed in the figure.
Parameters x′ and x″ are the ET values before and after the bias
correction at the first step.
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applied to the data to minimize the error [Landerer and Swenson, 2012; Swenson and Wahr, 2006b].
However, each center follows different data processing methods, which might cause some differences in
the solutions [Klees et al., 2007].

In order to explore the uncertainties of ΔS from RL05 products in estimating ET at the basin scale on the
Tibetan Plateau, the terrestrial water storage anomaly (TWSA) and ΔS from the three processing centers
(CSR, GFZ, and JPL) for the study regions are compared. Statistical values for the comparison are listed
in Table 2. It was found that TWSA from the three centers showed an overall agreement, demonstrated
by high temporal correlation coefficients and similar standard deviation of the monthly variation,
providing some confidence to derive monthly ΔS for the water balance calculation. Figure 3 also shows
the ranges of TWSA and ΔS, determined by GRACE data from the three centers and their means for

Figure 7. Comparison of the monthly ET products with the reference ET before and after the bias correction for the four basins on the TP.
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Figure 8. Seasonal cycle of the reference ET (mmmonth�1) and the ET products (mmmonth�1) before and after the bias
correction in the four basins averaged for the period of 2003–2012. The RMSE values (mmmonth�1) are shown in the
upper right corner of the figures.

Figure 9. Changes in the sign of the correlation coefficient between themeanmonthly reference ET from 2003 to 2012 and
those from the five ET products before and after the bias correction for the four basins. The plus and minus signs indicate
the positive and negative correlation coefficients, respectively.
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the four basins from January 2003 to
December 2012. There are larger variations for
TWSA and ΔS, especially for the upper Yellow
River basin. Similar to the study by Tang et al.
[2013], the GRACE products from the three
processing centers are averaged to extract ΔS
from January 2003 to December 2012 in our
study to minimize the impact from individual
errors of the three TWSA estimates.

2.3. Method

The traditional water balance method,
shown in equation (1), is used to estimate ET
(hereafter, reference ET) for the four basins
[e.g., Hobbins et al., 2004; Rodell et al., 2004b;
Xue et al., 2013].

ET ¼ P � R� ΔS (1)

where P is the total precipitation (mm), R is the river discharge (mm), and ΔS is the change in terrestrial water
storage (mm; including surface, subsurface, and groundwater changes).

Normally, P and R are obtained from in situ observation, and ΔS is assumed negligible over a long period
(usually annual or longer time scale) [e.g., Hobbins et al., 2004; Xue et al., 2013]. But at the monthly scale, ΔS is
not negligible and should be considered. For the inland basins (Qiangtang Plateau and Qaidam Basin), the
discharge is zero, and the traditional water balance equation can be simplified to equation (2).

ET ¼ P � ΔS (2)

Bias (BIAS), root-mean-square error (RMSE), and correlation coefficient (CORR) are used as evaluation criteria
for the ET products against the reference ET, and they are defined as

BIAS ¼
XN
i¼1

Ai � Bið Þ=N (3)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Ai � Bið Þ2=N
vuut (4)

CORR ¼

XN
i¼1

Ai � A
� �

Bi � B
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Ai � A
� �2s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

Bi � B
� �2q (5)

where N represents the number of months of the study period and Ai and Bi are from themonthly ET products
and the reference ET, respectively.

As a result of the different horizontal resolutions among P, ΔS, and the five ET products, all data are
consistently resampled to a 0.5°×0.5° grid for comparison in this study. To detect temporal trends for all
time series data, a linear regression (least squares method) is used for the annual and seasonal basin-
averaged values. The seasons considered are spring (March–May), summer (June–August), autumn
(September–November), and winter (December–February).

3. Results
3.1. Evaluation of ET Products

In our study, we use the gridded P values provided by CMA, in situ observed R, and the estimated ΔS from
GRACE to estimate ET by the water balance method. Figure 4 shows the monthly variations of the reference

Figure 10. Correlation coefficients among seasonal mean-corrected
ET products in the four basins during the period of 1983–2006. The
dashed line represents the 95% significant level.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022380

LI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 13,088



ET for the two river basins (by equation (1)) and
the two inland basins (by equation (2)). The
reference ET shows a clear seasonal cycle with
maxima in summer and minima in winter. The
maxima for the upper Yellow River basin are
generally larger than those for the upper Yangtze
River basin. In the Qiangtang Plateau, the
maxima are consistently larger than those for the
Qaidam Basin. The variability of ET is dominant
by the seasonal cycles of precipitation and runoff
on the two river basins as well as precipitation on
the two inland basins.

The monthly time series from the five ET products
are also shown in Figure 4 and are compared
with the reference ET for the four basins (Table 3).
The five ET products exhibit substantial
differences. For the upper Yellow River basin, all
the ET products reproduce the seasonal cycles
well, although the BIAS and RMSE are very
different, with a range of �0.8–10.5mm for BIAS
and 5.5–17.1mm for RMSE. Overall, GLDAS2_ET
and Zhang_ET perform well with smaller
BIAS/RMSE (�1.2/7.1mm for GLDAS2_ET and
�0.8/5.5mm for Zhang_ET) and higher
correlation coefficients (0.97 for GLDAS2_ET and
0.95 for Zhang_ET), while MODIS_ET is of
relatively poor quality with the largest RMSE and
the smallest correlation coefficient among the
five ET products. GLDAS1_ET and JRA_ET’s
performance is moderate.

For the upper Yangtze River basin, Zhang_ET is
the best at reproducing monthly variations, with
relatively small BIAS and RMSE. Both GLDAS1_ET
and GLDAS2_ET underestimate ET, but they
reproduce the monthly variation fairly well with
relatively high correlation coefficients (0.92 for
GLDAS1_ET and 0.95 for GLDAS2_ET). Similar to
the upper Yellow River basin, MODIS_ET and
JRA_ET overestimate ET to a large extent. JRA_ET
has a high correlation coefficient with the
reference ET, demonstrating that the product
reproduces monthly variations better than
MODIS_ET. A previous study [Xue et al., 2013]
had discussed possible reasons for differences
among several ET products for the upper
Yellow and Yangtze River basins, which
suggested that the underestimation of GLDAS2_ET

was mainly caused by its negative bias for precipitation, whereas the overestimation of JRA_ET was due to
the overestimation of downward shortwave radiation. Due to high downward shortwave radiation flux inputs
from the Global Modeling and Assimilation Office, MODIS_ET greatly overestimated ET in both basins.

The comparisons of Zhang_ET and MODIS_ET with the reference ET cannot be done for the Qiangtang
Plateau and Qaidam Basin because of the lack of estimates for the two basins. On the Qiangtang Plateau,
GLDAS2_ET and JRA_ET fairly realistically reproduce the monthly variations of ET with correlation

Figure 11. Annual variation of the mean seasonal ET anom-
aly (mm) (relative to the period of 1983–2006) from the cor-
rected GLDAS2_ET, Zhang_ET, and JRA_ET for the upper
Yellow River basin: (a) spring, (b) summer, (c) autumn, and
(d) winter. The shades indicate the range determined by the
three ET products. The linear trends of the mean ET, precipi-
tation, runoff, and air temperature are given in Table 4.
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coefficients higher than 0.91, but there are
larger BIAS and RMSE values for JRA_ET. By
comparison, GLDAS1_ET displays relatively poor
performance in reproducing the monthly ET
variability. For the Qaidam Basin, GLDAS1_ET and
GLDAS2_ET show similar performance, and
JRA_ET follows them.

3.2. Probability Distribution Fitting

From the above analyses, all the ET products have
poor performance in reproducing the maxima in
summer and to some extent also the minima in
winter. The gamma distribution has been proven to
be effective presentation of precipitation [e.g., Piani
et al., 2010; Liao et al., 2004] and evapotranspiration
[e.g., Bouraoui et al., 1999]. To examine the
distribution of ET values from the five products, the
gamma distribution [Thom, 1958], with shape
parameter α and scale parameter β (by equation (6)),
is assumed to be suitable for ET over the four basins
with parameters determined on a monthly scale.

f γ x α; βjð Þ ¼ xα�1 1
βαΓ αð Þ e

�x
β ; x ≥0; α; β > 0 (6)

In this study, the cumulative distribution functions
(CDFs) are constructed for the reference ET and
the five ET products over the four basins for all
months within the period of 2003–2012 (Figure 5).
Except for MODIS_ET, all ET products display
similar CDF compared with that of the reference
ET. The differences between the five ET products
and the reference ET are mainly caused by the
biases in the ET estimates.

3.3. Bias Correction of ET Products

To improve the accuracy of ET products at the
monthly scale, a bias correction is performed to all
the ET products. The bias correction includes
two steps. The first step is to use the gamma
distribution of the reference ET during 2003 and
2012 to correct the distribution of the ET products.
A schematic diagram to demonstrate the
correction procedure is shown in Figure 6.

First, the gamma distribution (Fγ) is fitted to the monthly reference ET over the period of 2003–2012, which
creates two parameters (αreference, βreference). Then, the same gamma distribution is applied to the monthly
ET values of each product during 2003 and 2012 to get the corresponding CDFs. With the mean distribution
mapping of the reference ET (αreference, βreference), the inverse function (Fγ

� 1) is used to get the corrected
values by means of the CDFs. This procedure can be expressed mathematically in terms of the gamma CDF (Fγ)
and its inverse (Fγ

� 1) as

ET corrected ¼ F�1
γ Fγ ETproduct αproduct; βproduct

��� �
αreference; βreferencej

� �
(7)

The second step of the bias correction method is to eliminate annual bias using the ratio of annual reference
ET to annual values from the ET products obtained in the first step using equation (8).

Figure 12. The same as Figure 11 but for the upper Yangtze
River basin.
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ET final mð Þ ¼ Pannual � Rannualð Þ
ETcorrected að Þ �ETcorrected mð Þ (8)

where ETcorrected(m) and ETcorrected(a) represent the
monthly and annual total ET from the ET products,
respectively; Pannual and Rannual are the observed
annual total P and R for the river basins; and the
difference between Pannual and Rannual is the
annual reference ET. For the Qiangtang Plateau
and Qaidam Basin, Rannual is zero, and Pannual is
equal to the annual reference ET. ETfinal(m) is the
final corrected ET values for each ET product. The
bias correction ensures that the corrected monthly
ET products follow the gamma distribution of the
reference ET and agree with interannual variation
of the reference ET.

To evaluate the performance of the bias
correction, comparisons between the reference
ET and the five ET products before and after the
bias correction for the four basins are carried out.
The corresponding fittings and the statistical
values are shown in Figure 7. After the bias
correction, all the corrected ET products, except
the GLDAS1_ET on the Qiangtang Plateau,
show improved error statistics with reduced RMSE
and higher correlation coefficients. Moreover, all
the biases have been practically removed due
to the correction, showing the effectiveness of
the bias correction.

The comparisons of seasonal cycles among the ET
products before and after the bias correction and
the reference ET are shown in Figure 8. The root-
mean-square error (RMSE) is used to evaluate the
performance. It was obvious that the correction
effectively removed the bias and reduced RMSE for
all products except GLDAS1_ET for the Qiangtang
Plateau. As a result, the seasonal cycles after the
correction are much more realistic as compared
with the reference.

In order to evaluate the ability of the ET products
before and after the bias correction in capturing
the interannual variability, Figure 9 shows the
variation of correlation coefficient of seasonal
mean reference ET with the five ET products over
the four basins for the period of 2003–2012. It was

found that the bias correction also helped in improving the ability of nearly all the ET products to capture the
interannual variability of seasonal means. Thus, we will use the bias-corrected ET values to detect the
long-term variability.

3.4. Water Balance Analysis

Among the five ET products, Zhang_ET, GLDAS2_ET, and JRA_ETuse a continuous forcing data set as input for
the periods of 1983–2006, 1948–2010, and 1979–2012, respectively. While MODIS_ET data are only available
for a shorter period (2000–2012), GLDAS1_ET uses a constantly changing forcing data set as input, which is

Figure 13. Annual variation of the mean seasonal ET anomaly
(mm) (relative to the period of 1983–2006) from the corrected
GLDAS2_ET and JRA_ET for the Qiangtang Plateau: (a) spring,
(b) summer, (c) autumn, and (d) winter. The shades indicate
the range determined by the two ET products. The linear
trends of the mean ET, precipitation, and air temperature are
given in Table 4.
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unsuited for detecting the long-term trend. Here
three data sets (GLDAS2_ET, JRA_ET, and
Zhang_ET) are selected to further detect seasonal
trends of ET over the four basins for the common
period (1983–2006). It should be noted that
Zhang_ET does not have data for Qiangtang
Plateau and Qaidam Basin, and only two data
(GLDAS2_ET and JRA_ET) have full coverage.

To further demonstrate the consistency of the
bias-corrected ET values, correlations among the
three corrected ET products (Zhang_ET,
GLDAS2_ET, and JRA_ET) in the same period of
1983–2006 are shown in Figure 10. The three
corrected ET products indeed reproduce similar
interannual variability, and the correlation
coefficient between GLDAS2_ET and JRA_ET is the
highest among all the correlation coefficients of
the three products. The highest correlation
coefficients are found in summer and autumn,
followed by spring and then winter. This
comparison implies that the corrected ET
products provide more confidence for
understanding the trends of ET and the impact of
climate change on water balance, especially in
warm seasons.

Water balance analyses for the four basins were
carried out for the common period of 1983–2006
based on the observed P, R, and the mean ET
data averaged over the corrected Zhang_ET,
GLDAS2_ET, and JRA_ET data. Figures 11–14 show
the range and mean of the three ETs, while
Table 4 provides the estimated linear trends of the
seasonal mean P, R, ET, and Tair.

For the upper Yellow River basin, the annual
average ET and R make up 69% and 31% of the
total available water (P), respectively. Although
P in spring, autumn, and winter has an increasing
trend, a strong decreasing trend in summer
caused an annual decreasing P trend of �0.8mm/
decade. Four season mean R has a negative
trend, which is more prominent in spring, summer,

and winter than that in autumn. Changes in R for the basin are sensitive to P, with a correlation coefficient of
0.80 between annual P and R, which confirms the dominant role of P on R over this region [Zhou and Huang,
2012; Zhang et al., 2011]. For this region, R tended to decrease in summer and autumn as a result of
evapotranspiration losses exceeding precipitation supply [Liu et al., 2012], while the decreasing of R in
spring and winter is possibly dominated by the variation of ΔS. Additionally, the influence of human
activities on the water budget over this region is negligible. However, the degenerating frozen soil, which
caused more water infiltration, may be another reason for the decrease in R for this region [Zhou and
Huang, 2006].

For the upper Yangtze River basin, the annual average ET and R make up 75% and 25% of the total P,
respectively, which is different from the upper Yellow River basin due to different geographic settings.
Except for R in spring-summer, seasonal mean P, R, and ET all have increased, but only the changes in P in

Figure 14. The same as Figure 13 but for the Qaidam Basin.
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spring and winter are significant at the 95% significant level. The annual mean P correlates well with the
annual mean R and the annual mean ET, with correlation coefficients of 0.76 and 0.91, respectively, which
means that the changes in P to a large extent determine the changes in R and ET. Moreover, some previous
study found that glacier melting due to warming is another reason for the increasing R over this region
during the 21st century [e.g., Bai and Rong, 2012].

Recent studies about increasing temperature trends at higher elevations on the Qinghai-Tibetan Plateau
[Liu and Chen, 2000; Qin et al., 2009;Wang et al., 2011] also happen on the Qiangtang Plateau, with a value
of 0.9°C decade�1 in winter season. The maxima trends of P and ET appear in summer for the Qiangtang
Plateau during the period of 1983–2006. For the Qaidam Basin, there are maxima trends of P in summer,
while the maxima trends of ET appear in spring. Located in the semiarid and subhumid region, the Qaidam
Basin has 60% of the annual precipitation in the summer. Therefore, the concentrated summer
precipitation may have produced the infiltration access runoff, which leads to less contribution to ET. This
means that the maxima trends of P in summer do not necessarily lead to maxima of ET in summer in
this basin.

4. Summary and Conclusions

Evapotranspiration data from five global sources were evaluated for four large basins of the Tibetan Plateau
against the ET estimated by the water balance method (reference ET) at monthly scale. During the
comparison period (2003–2012), the five ET products display varying, sometimes substantial, differences
compared with the reference ET, despite similar seasonal variations.

A bias correction method, based on the probability distribution mapping, was applied to the five ET products
at monthly scales. Compared with the reference ET, the correction not only effectively removed the biases but
also substantially reduced RMSEs and improved temporal variations, especially the seasonal cycle. Therefore,
the corrected ET products are considered reasonable and of high quality, which adds confidence for the
further trend analysis.

Surface water balance changes in the four basins for the period of 1983–2006 are then analyzed using the
corrected ET from GLDAS2_ET, JRA_ET, and Zhang_ET as well as observed P and R. In the upper Yellow
River basin, there is a general increasing trend for ET in all seasons, especially for summer and autumn,
along with the warming trend in the basin. For the upper Yangtze River basin, P and ET also show
increasing trends in all the seasons, while R decreased in spring and summer and increased in autumn and
winter. Moreover, P and ET for the Qiangtang Plateau and Qaidam Basin increased in all seasons. It is
interesting to note that while there are dominating positive trends for P, dominating negative trends for R,
and all positive trends for Tair on the seasonal basis for all the four basins, ET shows a positive seasonal
trend for all the seasons and basins.
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