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Evapotranspiration (ET) is a boundary condition for regional scale hydrological and climatological
modeling. Spatial knowledge of land surface ET is of principal interest for environmental
evaluation especially in semi-arid regions. The study used the Surface Energy Balance System
(SEBS) model based on Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) remote sensing and field observations data that have been used and tested for
deriving ET over the NamCo area in the Tibetan Plateau, located in the southwest of China. Two
ASTER scenes were used for estimating the ET over the study area. To validate the proposed
methodology, the ground-measured ET was compared to the ASTER derived ET values for the
study area. The results show that the derived ET in different months over the study area is in good
accordance with the in-situ data. The derived ET value over the study area is much closer to the
fieldmeasurement; the RMSE is 0.7 mm/d. It is therefore concluded that the SEBSmethodology is
successful for the retrieval of ET using the ASTER and in-situ data over the study area.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Climate change has highlighted the need to manage
water resources more sustainably, especially in the northern
Tibetan Plateau which utilizes bulk water for agricultural and
farm development. One of the main components of the water
balance is evapotranspiration (ET), and its quantification is
very important for water budgeting, especially in arid and
semiarid catchmentswherewater shortage is a critical problem.
ET is the integration of the energy and water cycles, and also
links the ecological processes of land surface hydrological
processes. Accurate determination of regional ET and estimation
of the evolution of the climate, water resources planning and
management, agricultural water saving crop production simu-
lation and environmental issues have important practical
significance. It is very important for water resources manage-
ment in the Tibetan Plateau.
ll rights reserved.
Land surface heat fluxes are basic components for
calculating ET in the Surface Energy Balance System (SEBS).
Energy and water cycles play an important role in the Asian
Monsoon system over the Tibetan Plateau. The Tibetan Plateau
is one of the world's highest plateaus with an average elevation
exceeding 4000 m in height above sea level. Because of its high
elevation, the Tibetan Plateau surface absorbs a lot of solar
radiation energy, and comes through dramatic seasonal changes
of surface heat fluxes (Ma, 2003a, 2004; Ma et al., 2002, 2006,
2009; Oku and Ishikawa, 2010; Oku et al., 2009; Yanai et al.,
1992). Some interesting detailed studies concerning the land
surface heat fluxes have been reported in the northern Tibetan
Plateau (Ma and Ma, 2006; Ma et al., 2006, 2008b, 2011; Ma,
2003a, 2003b, 2004; Oku and Ishikawa, 2010; Oku et al., 2009;
Yanai et al., 1992; Yang et al., 2003). These studies were based
on point-level or patch-level. Furthermore the previously
mentioned study pays close attention to land surface heat flux,
and does not involve ET. Remote sensing offers the possibility to
calculate regional distribution of ET over heterogeneous land
surface. Remote sensing data are provided by satellites, and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2013.10.020&domain=pdf
http://dx.doi.org/10.1016/j.atmosres.2013.10.020
mailto:wqma@lzb.ac.cn
http://dx.doi.org/10.1016/j.atmosres.2013.10.020
http://www.sciencedirect.com/science/journal/01698095


92 W. Ma et al. / Atmospheric Research 138 (2014) 91–97
obtained the signal of radiation at elements in a patch landscape
and on a global scale (Sellers et al., 1990). In the process
of calculating ET, the land surface variables are needed, such
as surface temperature, albedo and emissivity which can be
derived directly from satellite observations (Becker and LI,
1990; Chedin et al., 1985; Kustas et al., 1989; Kustas and
Norman, 1997; Ma et al., 2009; Monteith, 1973; Sobrino and
Raissouni, 2000; Su, 2002; Susskind et al., 1984; Van der
Kwast et al., 2009).

The regional heat fluxes can be determined indirectly
with the aid of these land surface variables and vegetation
variables using satellite data (Pinker, 1990). However,
there is few direct observation of ET or estimation found in
the Tibetan Plateau. Evaluation of the SEBS algorithm for
estimation of ET using the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) data for the
NamCo areas is essential, because it is important to retrieve
ET withmore accuracy and resolution ET. In the NamCo area,
all input data for SEBS (for example: land surface temper-
ature (Tsfc), air temperature (Ta)) are easy to obtain. So in
this article we used the SEBS to the evaluation of the
algorithm upscaling observed ET to the regional scale in the
NamCo area on the Tibetan Plateau with the aid of remote
sensing data.

In order to extend the calculation of land surface heat flux,
this paper applies the SEBS algorithm using ASTER along with
field observations for deriving ET over the NamCo area in the
Tibetan Plateau. Two ASTER scenes were used which are on
11 Jun. 2006 for the summer season and 25 Feb. 2008 for the
winter condition. To validate the proposed methodology, the
ground-measured ET was compared to the ASTER derived ET
values for the study area.
2. Data and methodology

2.1. Data

The recent availability of high-resolution, multi-band
imagery from the ASTER sensor has enabled us to estimate
ET. ASTER covers a wide spectral region with 14 bands from
the visible to the thermal infrared with high spatial, spectral
and radiometric resolutions. The spatial resolution depends
on wavelength: 15 m in the visible and near-infrared (VNIR),
30 m in the short wave infrared (SWIR), and 90 m in the
thermal infrared (TIR) (Yamaguchi et al., 1998).

A set of surface data relevant to support the parameter-
ization of ET and analysis of ASTER images is collected at
the NamCo station (Ma et al., 2008a). It consists of four
components of surface radiation budget, surface radiation
temperature, surface albedo, humidity, wind speed and
direction measured at the atmospheric boundary layer
(ABL) tower. The turbulent fluxes are also measured by the
eddy correlation (EC) technique. Soil heat flux, soil temper-
ature profiles, soil moisture profiles, and the vegetation state
are also observed (Fig. 1). The sensible heat flux and latent
heat flux using the EC system consist of Campbell CSAT3 and
LICOR-7500, and the fluxes are analyzed using the TK2
software (Foken and Wichura, 1996). So far, EC has been
recognized as the best measurement tool for sensible heat
flux and latent heat flux.
2.2. Theory and scheme

SEBS (Su, 2002) was proposed for the estimation of
atmospheric turbulent fluxes and evaporative fraction using
remote sensing data, in combination with meteorological
information at pixel scales. It consists of a set of tools
determining land surface physical parameters, such as surface
albedo, emissivity, surface temperature, vegetation coverage
etc. These parameters are estimated from spectral reflectance
and radiance measurements. The roughness length for heat
transfer is modeled from Su (2002).

In this study, the SEBS retrieval algorithm is used for the
ASTER data. The general concept of the methodology is shown
in a diagram (Fig. 2). The surface albedo for shortwave radiation
(r0) is retrieved from the narrowband–broadband conversion
by Liang (Liang, 2001). The land surface temperature (Tsfc)
is derived using a method developed by Jiménez-Muñoz
(Jiménez-Muñoz et al., 2006) from multispectral thermal
infrared data. Jiménez-Muñoz (Jiménez-Muñoz et al., 2006)
also evaluated a technique to extract emissivity information
from multispectral thermal infrared data adding vegetation
information. The radiative transfer model SMAC (Rahman
and Dedieu, 1994) computes the downward shortwave and
longwave radiations at the surface. With these results the
surface net radiation flux (Rn) is determined. On the basis of
the in-situ data, the soil heat flux (G0) is estimated from the
surface net radiation flux (Rn). The sensible heat flux (H) is
estimated from Tsfc, and regional latent heat flux (λE) is
derived as the evaporative fraction theorem (Su, 2002) for
land surface.

The net radiation flux Rn is calculated as:

Rn x; yð Þ ¼ K↓ x; yð Þ−K↑ x; yð Þ þ L↓ x; yð Þ−L↑ x; yð Þ
¼ 1−r0 x; yð Þð Þ � K↓ x; yð Þ þ ε0 x; yð Þ � L↓ x; yð Þ−σT4

sfc x; yð Þ
n o

;

ð1Þ
where ε0(x,y) is the surface emissivity, K↓(Wm−2) express
the downward shortwave and L↓(Wm−2) is the longwave
radiation component, respectively. Surface albedo r0(x,y) is
modeled from narrowband–broadband transformation method
by Liang (Liang, 2001). The resultant linear equations are
collated in following equation.

r0 ¼ 0:484α1 þ 0:335α3−0:324α5 þ 0:551α6
þ 0:305α8−0:367α9−0:0015; ð2Þ

where αi(i = 1–9) corresponds to the ASTER band surface
reflectance.

The equation to calculate soil heat flux is parameterized as
(Su, 2002):

G0 ¼ Rn Γc þ 1− f cð Þ• Γs−Γcð Þ½ �; ð3Þ

where here, it is assumed that the ratio of soil heat flux to net
radiation Γc is 0.05 for full vegetation canopy (Monteith,
1973) and Γs is 0.315 for bare soil (Kustas et al., 1989). An
interpolation is then performed between these limiting cases
using the fractional canopy coverage, fc.

In order to derive the sensible and latent heat fluxes, the
similarity theory (Monin and Obukhov, 1959) is used here. In
ASL (Atmospheric Surface Layer), the similarity relationships
for the profiles of the mean wind speed, u, and the mean



Fig. 1. Sketch map of the study area and the site at NamCo area.
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temperature, θ0 − θa, are written in integral form as (Monin
and Obukhov, 1959)

u ¼ u�
k

ln
z−d0

z0m

� �
−Ψm

z−d0

L

� �
þΨm

z0m
L

� �� �
ð4Þ

θ0−θa ¼
H

k u�ρCp
ln

z−d0

z0h

� �
−Ψh

z−d0

L

� �
þΨh

z0h
L

� �� �
; ð5Þ

where z is the height above the surface, u = (τ0 ∕ ρ)1/2 is
the friction velocity, τ0 is the surface shear stress, ρ is the
density of air, Cp is the specific heat of air at constant pressure, k
Fig. 2. Diagram of parameterization procedure
(=0.4) is von Karman's constant, d0 is the zero plane
displacement height, z0m is the roughness height for momen-
tum transfer, θ0 is the potential temperature at the surface, θa is
the potential air temperature at height z, z0h is the scalar
roughness height for heat transfer, ψm and ψh are the stability
correction functions formomentumand sensible heat transfers
respectively, and L is the Obukhov length defined as (Monin
and Obukhov, 1959)

L ¼ ρCp u3
�θv

kgH
; ð6Þ
by combining ASTER and in-situ data.
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where g is the acceleration due to gravity and θv is the virtual
potential temperature near the surface.

To estimate the evaporative fraction, SEBS makes use of
energy balance of limiting cases at dry-limit and wet-limit,
such that the relative evaporation (ratio of the evaporation at
dry-limit to the evaporation at wet-limit) can be derived as

Λ r ¼ 1− H−Hwet

Hdry−Hwet
; ð7Þ

where the Hwet is the sensible heat flux at the wet limit and
Hdry is the sensible heat flux at the dry limit. The Hwet and Hdry

values were estimated as described in Su (Su, 2002). The
evaporative fraction (ratio of latent heat flux to available
energy) is estimated by

Λ ¼ λE
Rn−G0

¼ Λ r � λEwet

Rn−G0
; ð8Þ

where λEwet is the latent heat flux at the wet-limit (i.e. the
evaporation is only limited by the available energy under the
given surface and atmospheric conditions). The latent heat
flux (λE) is then calculated as

□λE ¼ Λ Rn−G0ð Þ: ð9Þ

Finally the daily ET (mm/d) can be written as:

ET ¼ 8:64� 107 � Λ � Rn−G0

λρw
; ð10Þ

where ρw is the density of water (1000 kg m−3), λ is the
latent heat of vaporization (J/g) and Rn is the average daily
net radiation (Wm−2) in this equation. Moreover the soil
heat fluxG0 (Wm−2) for 24 h is normally assumed negligible.
24 Λ 0, we calculated the instantaneous ET using remote
sensing data which would be integrated to daily ET by the
instantaneous ET with one day (24 h). This equation was
based on the assumption that evaporative fraction remains
constant approximately though the sensible and latent heat
fluxes may fluctuate strongly during a day.

3. Case studies and validation

As a case study, 2 scenes of ASTER data over the NamCo
area of the Tibetan Plateau are used here. Fig. 3 shows the
distribution maps of ET around the NamCo area. Fig. 4 shows
the number of pixel distribution of daily ET for the NamCo
area.

3.1. Remote sensing data results

We selected ASTER satellite data for clear days on 11 Jun.
2006 and 25 Feb. 2008 to study the distribution of ET. Using
the SEBS methodology, the regional distribution of ET was
derived. All of the ET distributions derived from the satellite
data were also compared with in-situ measurements at the
NamCo site.

Regional ET showed awide range due to the strong contrast
of surface features in different years, such as grass land, bare
land and wet land in different seasons. The derived remote
sensing ET value in early summer was higher than in other
seasons. The maximum ET value can reach up to 9 mmper day
in the NamCo area.

Fig. 3 showed the distribution ET near the NamCo area
derived from ASTER images. Only the summer and winter
cases were selected, because of the choice with the ASTER
data in this area where the variety in the weather conditions
limited remote sensing images from west to east, and from
north to south. The distribution patterns of derived ET were a
little complicated. The derived ET showed a wide range, and
this was in good accordance with land surface status. A high
value area can be seen (red color part) in this scene on 11
June 2006, where wet and grass lands are located. From
winter to summer, the ET increased greatly with the high
value parts of ET expanding in the image. This phenomenon
can also be seen in the frequency distribution histograms
(Fig. 4). The histogram usually moves toward the right, which
indicated an increase of ET.

RMSE (Root mean square error) is a good measure of
accuracy. From Fig. 4 we can see the peak and low values in
different ET distributions. SD (Standard deviation) is 2.69 mm/d
and the average daily ET is 4.4 mm/d on 11 Jun. 2006. Also SD is
0.96 mm/d and the average daily ET is 1.5 mm/d on 25 Feb.
2008 (Fig. 4). The following equations are the RMSE and SD
equations (Cai et al., 2007):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm
j¼1

P j−Oj

� �2

vuut ; ð11Þ

μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm
j¼1

P j

vuut ; ð12Þ

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm
j¼1

P j−μ
� �2

vuut ; ð13Þ

where Pj is the remote sensing results, and Oj is the observation
data. m is the number ofmodeling results. μ is themean value of
each result.

3.2. Validation of ET with flux tower data

From Figs. 3 and 4, we can see that the derived ET in
different years over the NamCo area is close for the land
surface in-situ observation results. The derived ET values are
30 to 40% larger than field measurements over the study area
(Fig. 5), they are 39.5% and 38.9% on 11 Jun. 2006 and on 25
Feb. 2008, respectively. From the remote sensing results and
observations, the RMSE is 0.7 mm/d during the two remote
sensing data simulations. The RMSE is used to measure the
differences between values predicted by a model and the
values actually observed. These individual differences are
called residuals when the calculations are performed over
the data sample that was used for estimation.

4. Concluding remarks

In this paper, SEBS is introduced and some general results
are gained. The regional distributions of ET over the NamCo
area are also derived by using ASTER and in-situ data. The
results are in good agreement with the field observation over



Fig. 3. Distribution maps of ET over the area around NamCo station. (For interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)
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land area. In otherwords, the regional ET over the heterogeneous
landscape can be determined by using the satellite remote
sensing and the atmospheric boundary layer observations.

All the results in this paper were only obtained from the
semi-arid region of the NamCo area. In order to up-scale the
ET to all of the heterogeneous landscapes of the Tibetan
Plateau, more field observations and more satellite data
should be used in the future, especially in the lake area. The
proposed parameterization method should also be improved
to determine the regional ET over the whole Tibetan Plateau.
It is very important for agricultural and sustainable develop-
ment in semi-arid region.
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