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Abstract
This study proposed a parameterization methodology based on Landsat-7 ETM data and field observations and tested it for deriving an evaporative fraction (EF) over a heterogeneous landscape. As a case
study, the methodology was applied to the experimental area of CAMP/Tibet located on the central Tibetan Plateau. Four scenes of Landsat-7 ETM data were used in the study. Scenes of 9 June 2002 and 28
August 2002 were selected as case examples of summer and autumn, respectively; the scene of 2 December 2002 was selected as a winter case; and 24 March 2003 was selected as a spring case (or pre-monsoon
period). To validate the proposed methodology, the Landsat-7 ETM derived EFs were compared to
ground-measured values in four different months that spanned a wide range of surface conditions and
surface features. This comparison revealed that the predictions were in good accordance with the ground
measurements with absolute percent differences of less than 9.5%. It was concluded that the proposed
methodology successfully facilitates the retrieval of EF using Landsat-7 ETM data and field observations
over the study area.

1.

Introduction

Fluxes of sensible heat and evapotranspiration (ET) between the land surface and atmosphere over the Tibetan Plateau play an important role in the Asian Monsoon system, which
in turn is a major component involved in the
energy and water cycles of the global climate
system. The study of heat and ET fluxes between the land surface and atmosphere has
thus been of paramount importance for the Coordinated Enhanced Observing Period (CEOP)
Asia-Australia Monsoon Project (CAMP) on the
Tibetan Plateau (CAMP/Tibet, 2001–2005)
(e.g., Ma et al. 2003a; Ma et al. 2005). This project included an intensive observation period
(IOP) in addition to the longer-term observation at CAMP/Tibet. The experimental region,
about 150  250 km 2 , includes a variety of land
surfaces such as a large area of grassy marshland, some desertification grass-land areas,
many small rivers and several lakes (Fig. 1).
The large amount of data collected during these
campaigns provides the best opportunity to
study energy and water cycles over the Tibetan
Plateau.
Numerous studies have detailed land surface
sensible heat and ET fluxes over the CAMP/
Tibet area in the past several years (e.g., Yang
et al. 2002; Ma et al. 2002a; Ma et al. 2003a;
Yang et al. 2003; Yang et al. 2004; Choi et al.
2004; Zuo et al. 2005; Ma et al. 2005). These
studies were, however, at point-level or the
local-patch-level. Since areal rather than pointwise information of land-surface atmosphere
interaction is required, the aggregation of the
point-scale results to a regional scale is therefore necessary.

Remote sensing from satellites however offers the possibility to derive regional distributions of land surface heat fluxes and ET over
heterogeneous land surfaces in combination
with sparse field experimental stations. Our
purpose in this study is to estimate the regional
distribution of ET with the aid of high resolution (30  30 m) Landsat-7 ETM data and insitu data. ET from land is essential for understanding climate dynamics and ecosystem
productivity (e.g., Churkina et al. 1999) and it
also has applications in areas such as water resource management. We will introduce ‘‘evaporative fraction (EF)’’ as an index for ET after
Shuttleworth et al. (1989). EF is defined here
as:
L¼

lE
lE
¼
H þ lE Rn  G0

ð1Þ

Where H is the sensible heat flux, lE the latent
heat flux, Rn net radiation flux and G0 the soil
heat flux.
Our goal is not estimation of ET but that of
rather EF in the CAMP/Tibet area. This is due
to two reasons. First, EF is more suitable as an
index for surface moisture condition than ET.
Because ET is a function not only of the land
surface conditions (e.g., soil moisture and vegetation) but also of surface available energy
Rn  G0 (¼ H þ lE), ET cannot easily interpret
soil moisture conditions or drought status. Contrarily, EF can be more directly related to these
land surface conditions. Second, EF is useful
for scaling up instantaneous observations to
longer time periods. Except for geostationary
satellites, remote sensing observations of the
land surface are often only available for a very
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Fig. 1. Geographic map and site layout for CAMP/Tibet.

brief period of the day. ET, however, can
change drastically during a day because of
changes in the angle of the sun and from cloud
coverage. Therefore, even if we can accurately
estimate ET at the moment of satellite overpass, it cannot be directly related to daily or
daytime average ET. Contrarily, EF is well
known to be nearly constant during most of
the daytime period (e.g., Shuttleworth et al.
1989; Sugita and Brutsaert 1991; Crago 1996).
We have found that EF is nearly constant from
sunrise to sunset at the BJ station of CAMP/
Tibet during one day of both the dry season (18
April 2004) and the wet season (12 June 2004)
(see Fig. 2). Therefore, if we can estimate daily
or daytime average Rn  G0 , we can estimate
daily or daytime average ET from Eq. 1 by
using instantaneous EF derived by satellite.
In this study, the regional distribution of EF
will be estimated using a combination of
Landsat-7 ETM observations and ground-based
data and validated using eddy covariance
measurements of latent heat exchange. We first
describe the methodology and the data used in
Section 2. The application of the methodology
to the CAMP/Tibet period is presented in Section 3, where the distributions of EF are esti-

mated for four different phases, spring, summer, autumn and winter by using four scenes
of Landsat-7 ETM data. Discussions are also
presented in this section.
2.

Data and methodology

2.1 Data
The Landsat-7 Enhanced Thematic Mapper
(ETM) provides a spectral radiance in seven
narrow bands, with a spatial resolution of
about 30  30 m for three visible bands (Bands
1, 2, 3), three near infrared bands (Bands 4, 5,
7), and 60  60 m for the thermal infrared
Band 6. It is best to select the satellite data on
clear days to study the distribution and intermonthly variation of EF and energy budget
components. Unfortunately, it is rather difficult
to select this kind of satellite data over the
Tibetan Plateau area because of the strong
convective clouds when Landsat-7 ETM observations take place. Only four scenes of ETM
images could be selected during the intensive
observation period of the CAMP/Tibet. They
are at 10:00 (local time), 9 June 2002 (summer),
28 August 2002 (autumn), 2 December 2002
(winter) and 24 March 2003 (spring) over the
CAMP/Tibet area.

298

Journal of the Meteorological Society of Japan

Vol. 85A

of soil heat flux (Ma et al. 2003b). The methodology is as follows.
Net radiation
The regional net radiation flux can be derived from
Rn ðx; yÞ ¼ ð1  r0 ðx; yÞÞ  K# ðx; yÞ
4
þ L# ðx; yÞ  e0 ðx; yÞsTsfc
ðx; yÞ

Fig. 2. Diurnal variation of evaporative
fraction at BJ station of CAMP/Tibet.

The most relevant field data, collected at the
CAMP/Tibet surface stations to support the parameterization of EF and analysis of ETM images in this paper, consist of surface radiation
budget components, surface radiation temperature, surface reflectance, vertical profiles of air
temperature, humidity, wind speed and direction measured at the Automatic Weather
Stations (AWSs), Atmospheric Boundary Layer
(ABL) tower, radio-sonde, turbulent fluxes
measured by the eddy-correlation technique,
soil heat flux, soil temperature profiles, soil
moisture profiles, and the vegetation state.
2.2 Theory and scheme
The general concept of the methodology of determining EF is shown in Fig. 3. It has two
steps: The first one is to determine the surface
variables (surface reflectance and surface temperature) and surface heat fluxes (net radiation
flux, surface soil heat flux, sensible heat flux
and latent heat flux). The second is to estimate
the EF by Eq. 1 using the derived sensible heat
and latent heat fluxes.
a

Surface heat fluxes
The regional distribution of net radiation flux
ðRn Þ, soil heat flux ðG0 Þ, sensible heat flux ðHÞ
and latent heat flux ðlEÞ over heterogeneous
land surface of the CAMP/Tibet area can be
derived by combining the Landsat-7 ETM
data with field observations. The methodology
is same as the heat fluxes derived from the
NOAA /AVHRR data, except the determination

ð2Þ

where e0 ðx; yÞ is surface emissivity, K represents the short-wave (0.3–3 mm), and L is the
long wave (3–100 mm) radiation components,
respectively. Surface reflectance, r0 ðx; yÞ, can
be derived from integrated hemispherical planetary reflectance (e.g., Koepke et al. 1985; Menenti et al. 1989; Bastiaanssen 1995; Wang
et al. 1995; Ma et al. 1999). However the linear
regression relationships between surface reflectance, r0 ðx; yÞ, and integrated hemispherical
planetary reflectance, rp ðx; yÞ, are in doubt, because: 1) the ground measurement is only a
point value, while satellite pixels are the average of many point values, and 2) fewer ground
observation data have a coincident relationship
with satellite data (Wen 1999). A four-stream
radiative transfer assumption for atmospheric
correction in solar spectral bands (Verhoef
1997) is introduced to derive the surface reflectance over the CAMP/Tibet area in this study.
This means that the distribution of land surface reflectance can be derived as (Ma and Tsukamoto 2002b)
rsb ðx; yÞ ¼

7ði06Þ
X

wðiÞrsi ðx; yÞ

ð3Þ

i¼1

where wðiÞ is the weight of each band at surface, rsb is the broadband surface reflectance, rsi
is the band reflectance of Landsat-7 ETM.
The incoming short-wave radiation flux,
K# ðx; yÞ, in Eq. 2 can be derived from the radiative transfer model MODTRAN (Kneizys et al.
1996), where atmospheric short-wave transmittance, tsw , is obtained, and the atmospheric
profiles of air temperature and humidity measurements measured by a radio sonde system
have been used here. Hence K# ðx; yÞ can be obtained as
#
K# ðx; yÞ ¼ tsw KTOA
ðx; yÞ

ð4Þ

where the regional variation of radiation flux
perpendicular to the top of atmosphere,
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Fig. 3. Diagram of the parameterization procedure for evaporative fraction (EF) by combining Landsat-7 ETM data with field observations.

#
KTOA
ðx; yÞ, is a spectrally integrated form of inband radiation flux density perpendicular to
#
the top of atmosphere, KTOA
ðbÞ, and
#
ðx; yÞ ¼
KTOA
#
Kexo
ðbÞ

#
Kexo
ðbÞ cos ysun ðx; yÞ
ds2

ð5Þ

where
is the averaged in-band solar exoatmospheric irradiance undisturbed by ysun being zero, b is abbreviation of in-band, ds is the
ratio of the earth-sun distance to the average
distance, ysun is sun zenith angle.
The incoming long-wave radiation flux,
L# ðx; yÞ, in Eq. 2 can be derived from MODTRAN directly as well (Ma and Tsukamoto
2002b). Surface temperature, Tsfc ðx; yÞ, in Eq. 2
can be derived from Landsat-7 ETM thermal
infrared band-6 spectral radiance (Ma and Tsukamoto 2002b). Because Band 6 (10.2–12.5 mm)
is relatively transparent to radiation transfer
in the atmospheric layer under a cloud-free
sky, the absorption in this band is relatively
small except under turbid weather conditions,

the main substance of continuous absorption
are water vapor and aerosol. That is, the distribution of land surface temperature is obtained
as (Ma and Tsukamoto 2002b)
Tsfc ðx; yÞ ¼ e0 ðx; yÞ1/4 T B ðx; yÞ

ð6Þ

where e0 ðx; yÞ is surface emissivity, it can be derived from vegetation coverage Pv (Valor and
Caselles 1996), i.e.:
e0 ðx; yÞ ¼ ev ðx; yÞPv ðx; yÞ þ eg ðx; yÞð1  Pv ðx; yÞÞ
þ 4hdeið1  Pv ðx; yÞÞPv ðx; yÞ

ð7Þ

where ev ðx; yÞ ¼ 0:985ðG0:007Þ and eg ðx; yÞ ¼
0:960ðG0:010Þ are surface emissivity for full
vegetation and bare soil respectively, hdei ¼
0:015ðG0:008Þ is the error item (Valor and
Caselles 1996), and vegetation coverage (Carlson and Ripley 1997)


NDVIðx; yÞ  NDVImin 2
Pv ðx; yÞ ¼
ð8Þ
NDVImax  NDVImin
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where NDVImin and NDVImax are the NDVI
values for bare soil and full vegetation respectively.
Soil heat flux
The soil heat flux can be determined from
knowledge of the soil temperature profile and
the resistance to heat transfer in the soil (e.g.,
Choudhury and Montheith 1988). However,
this approach cannot be used with satellite observations due to the difficulty in determining
soil temperature at depth and soil resistance to
heat transfer from remote sensing observations
(e.g., Bastiaanssen 1995; Ma et al. 2002c). As
an alternative, many investigations have
shown that the mid-day G0 /Rn ratio, G, is
reasonably predictable from special vegetation indices (Daughtry et al. 1990). G can be
considered as a function F which relates
G0 /Rn to other variables (Ma and Tsukamoto
2002b). Some researchers have concluded that
G0 /Rn ¼ G ¼ FðNDVIÞ (Clothier et al. 1986;
Kustas and Daughtry 1990). A better ratio of
G0 /Rn ¼ G ¼ Fðr0 ; Tsfc ; NDVIÞ was also found
(e.g., Choudhury et al. 1987; Menenti et al.
1991; Bastiaanssen 1995). The relationship between G0 ðx; yÞ and Rn ðx; yÞ derived in the Tibetan Plateau area (Ma et al. 2002c) will be used
to determine regional soil heat flux over the
CAMP/Tibet area here, and
G0 ðx; yÞ ¼ 0:35462ðG0:00235ÞRn ðx; yÞ
 47:79ðG0:7005Þ

ð9Þ

with a correlation coefficient r ¼ 0:93 and standard deviation SD ¼ 36:32234 (field data number N ¼ 3619). The accuracy of Eq. 9 will increase with the number of the field data.
Sensible heat flux
The regional distribution of sensible heat flux
is calculated from
Hðx; yÞ ¼ rCp

Tsfc ðx; yÞ  Ta ðx; yÞ
ra ðx; yÞ

where aerodynamic resistance is
 

1
z  d0 ðx; yÞ
ln
ra ðx; yÞ ¼
ku ðx; yÞ
Z0m ðx; yÞ

1
þ kB ðx; yÞ  ch ðx; yÞ

ð10Þ
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displacement height, Z0m is the aerodynamic
roughness, kB1 is the excess resistance for
heat transportation, ch is the stability correction function for heat. The friction velocity, u ,
can be derived from
 

u ðx; yÞ
z  d0 ðx; yÞ
ln
uðx; yÞ ¼
k
Z0m ðx;
 yÞ
 cm ðx; yÞ
ð12Þ
where cm is the stability correction function for
momentum.
From Eqs. 10, 11, and 12
Hðx; yÞ
¼ rCp k 2 uðx; yÞ 
ln

Tsfc ðx; yÞ  Ta ðx; yÞ
 

z  d0 ðx; yÞ
z  d0 ðx; yÞ
þ kB1 ðx; yÞ  ch ðx; yÞ  ln
 cm ðx; yÞ
Z0m ðx; yÞ
Z0m ðx; yÞ

ð13Þ
One approach to simulate sensible heat flux
on a large scale is to scale-up or aggregate the
regional sensible flux by a weighted average of
the contributions from different surface elements, based on the principle of flux conservation. In this study, we propose a method of
‘‘blending height’’ to derive the regional sensible heat flux. If the local-scale advection is
comparatively small during the period of the
Landsat-7 ETM observation taking place, the
development of a Convection Boundary Layer
(CBL) may adjust to the surface-disorganized
variability at a ‘‘blending height’’, where the atmospheric characteristics become proximately
independent of the horizontal position. The corresponding ‘effective’ surface variables can be
determined accordingly (Mason 1988). This
approach has proved to be successful for calculating areally averaged surface fluxes in recent
reports (e.g., Lhomme et al. 1994; Bastiaassen
1995; Wang et al. 1995; Ma and Tsukamoto
2002b; Ma et al. 2002d; Ma et al. 2003b). Based
on this approach, the regional sensible heat
flux, Hðx; yÞ, can be described as
Hðx; yÞ
¼ rCp k 2 uB 
ln

Tsfc ðx; yÞ  TaB
 

zB  d0 ðx; yÞ
zB  d0 ðx; yÞ
þ kB1 ðx; yÞ  ch ðx; yÞ  ln
 cm ðx; yÞ
0
0
Z0m
Z0m

ð14Þ

ð11Þ

where k is Von-Karman constant, u is friction
velocity, z is reference height, d0 is zero-plane

where ZB is blending height, uB and TaB is the
wind speed and air temperature at the blending height. In this study, ZB , TaB and uB are
determined with the aid of field measurements
made by the radio sounding system. We know
that the vertical u-profile can be measured
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Table 1. Comparison between this paper and SEBAL in estimating sensible heat flux Hðx; yÞ.
Variables

SEBAL

This paper

Air temperature
Ta ðx; yÞ

Air temperature at the reference height
was estimated from
Ta ðx; yÞ ¼ f ðTsfc ðx; yÞÞ

Air temperature at blending height
Tab was determined using ABL
observations

Reference height z

@2.0 m

Blending height zb was determined
using ABL observations

Aerodynamic
roughness length
z0m ðx; yÞ

z0m ðx; yÞ ¼ f ðNDVIðx; yÞÞ

Taylor’s model (Eq. 15) and land
surface and surface layer
observations

Excess resistance to
heat transfer
KB1 ðx; yÞ

2.3

The relationship between KB1 and
Tsfc

Zero-plane
displacement d0 ðx; yÞ

d0 ¼ ð2/3Þhv

d0 ¼ f ðLAIÞ (Eq. 16)

using a radio sounding system; that is, u changing with the height can be determined. Normally, wind speed increases with height, and
becomes a constant at height Z. The wind speed
measured using a radio sounding system at the
height Z is called uB and the height Z is named
ZB here. The air temperature at the blending
height, ZB , is TaB . Effective aerodynamic
0
roughness, Z0m
, in Eq. 14 over the CAMP/Tibet
area includes the effect of topography and low
vegetation (e.g., grass). It is calculated by using
Taylor’s model (Taylor et al. 1989), i.e.:
 0 




Z0m
2p 2
l1
ln
ln
¼ 3:5 a
ð15Þ
l1
Z0m
Z0m
where a is the amplitude of relief and l1 is the
wavelength of periodic relief. In other words,
the local roughness length, Z0m , over the
experiment area can be determined using the
turbulent measurements of an anemometerthermometer (Ma et al. 2002a). Then the effec0
tive aerodynamic roughness length, Z0m
, can be
determined from Eq. 15. The excess resistance
to heat transfer, kB1 , is shown as a function
of surface temperature over the Tibetan Plateau area, and kB1 ðx; yÞ ¼ 0:52ðTsfc ðx; yÞ 
Tair ðx; yÞÞ  1:85 (Ma et al. 2002a). d0 is a zeroplane displacement, which can be calculated
from the leaf area index (LAI) using Raupach’s
model (Raupach 1994), i.e.:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d0 ðx; yÞ 1  expð cd1 LAIðx; yÞÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼
1
ð16Þ
hðx; yÞ
cd1 LAIðx; yÞ

where h is the vegetation height, and it is
10 cm over our experimental area. cd1 in Eq.
16 is a free parameter, and for a range of partial vegetation cover, Raupach (1994) proposed
to use cd1 ¼ 7:5. LAI was determined from vegetation coverage (Kustas and Norman 1997). In
other words, LAI ¼ 2 lnð1  Pv Þ:ch ðx; yÞ and
cm ðx; yÞ in Eq. 14 are the integrated stability
functions. For unstable conditions, the integrated stability functions, ch ðx; yÞ and cm ðx; yÞ,
can be written as (Paulson 1970)
8
cm ðx; yÞ ¼ 2 ln½ð1 þ XÞ/2
>
>
<
þ ln½ð1 þ X 2 Þ/2
ð17Þ
 2 arctanðXÞ þ 0:5p
>
>
:
ch ðx; yÞ ¼ 2 ln½ð1 þ X 2 Þ/2
where X ¼ f1  16½z  d0 ðx; yÞ/Lðx; yÞg 0:25 . For
stable conditions, the integrated stability functions cm ðx; yÞ and ch ðx; yÞ become (Webb 1970)
cm ðx; yÞ ¼ ch ðx; yÞ
¼ 5½z  d0 ðx; yÞ/Lðx; yÞ

ð18Þ

The stability function ½z  d0 ðx; yÞ/Lðx; yÞ is
calculated by Businger’s method (Businger,
1988).
8
½z  d0 ðx; yÞ/Lðx; yÞ
>
>
< ¼ R ðx; yÞ
ðunstableÞ
i
ð19Þ
>
½z  d0 ðx; yÞ/Lðx; yÞ
>
:
¼ Ri ðx; yÞ/½1  5:2Ri ðx; yÞ ðstableÞ
where Ri ðx; yÞ is the Richardson number, by the
definition of Richardson number. The approxi-
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Fig. 4.

Distribution of evaporative fraction (EF) over the CAMP/Tibet area.
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mate analytical solutions of Ri found by Yang et
al. (2001) will be used here.
The difference between this paper and the
SEBAL model (Bastiaanssen 1995) in estimating the sensible heat flux, Hðx; yÞ, is shown in
Table 1. The advantages of the method presented in this paper will be documented
through the following case studies.
Latent heat flux
The regional latent heat flux lEðx; yÞ can be
derived as the residual of the energy budget
theorem for land surface based on the condition
of zero horizontal advection at z < zsur , i.e.:
lEðx; yÞ ¼ Rn ðx; yÞ  Hðx; yÞ  G0 ðx; yÞ

ð20Þ

b

Evaporative fraction EF
If the evaporative fraction (EF) defining
equation (Eq. 1) is used to the ETM pixel scale,
it will become
Lðx; yÞ ¼

lEðx; yÞ
Hðx; yÞ þ lEðx; yÞ

ð21Þ

The EF value is between 0.0 and 1.0. L equaling 0.0 means that the surface is very dry (e.g.,
the very dry sand desert surface), and there is
no evapotranspiration from the surface. L
equaling 1.0 means that surface is very wet
(e.g. water surface), and there is maximum
evapotranspiration from the surface.
3.

Case studies and validation

Figure 4 shows the distribution maps of EF
over the partly heterogeneous surface of the
CAMP/Tibet area (see the dash frame on the
CAMP Meso Scale Map of Fig. 1). The distribution maps of net radiation flux are also shown
in Fig. 4 (the others were omitted). The frequency distributions of net radiation flux and
EF are shown in Fig. 5. Figure 4 is based on
3400  2000 pixels. Derived EFs are validated
using field measurements. Since it is difficult
to determine where the exact locations of the
experimental sites are, the values of a 5  5
pixel rectangle, surrounding the determined
Universal Transverse Mercator (UTM) coordinate, are compared with the field measurements. The EFs derived from Landsat-7 ETM
data were compared with the field measurements at the BJ and ANNI sites and are shown
in Fig. 6 and Table 2. The derived surface temperature and land surface heat fluxes (net radi-
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ation flux, Rn , soil heat flux, G0 , sensible heat
flux, H, and latent heat flux, lE) were also compared with the field measurements at BJ and
ANNI sites; they are also shown in Table 2.
The absolute percent difference (APD) can
quantitatively measure the difference between
the derived results, ðVderivedðiÞ Þ, and measured
values, ðVmeasuredðiÞ Þ, as
APD ¼

jVderivedðiÞ  VmeasuredðiÞ j
VmeasuresðiÞ

ð22Þ

BJ station (31.37 N, 91.90 E, 4534 m ASL)
and ANNI station (31.25 N, 92.17 E, 4480 m
ASL) of the CAMP/Tibet have been conducted
successfully on the Naqu area located in the
central Tibetan Plateau. Its surface is essentially flat and open. Prior to the Asia summer
monsoon period, the surface is very dry and
covered by dry grass; as the surface becomes
wet at the onset of the Asia summer monsoon,
the grasses starts grow. The turbulent fluxes
measurements (BJ: KAIJO-DA600; ANNI:
CSAT3) were as set up at 20 m above the
ground at two stations. The density of water
vapor and concentration of carbon dioxide was
obtained by LI-7500. The instruments respond
quickly for gathering information, also can be
stably used over a long period of time in the
field. The data logger system is the control system (CR5000). The measurement frequency of
the eddy system is 10 Hz, and the flux data is
output every 30 minutes.
The results show that:
(1) The derived evaporative fractions (EFs) in
the four different months over the study area
are in good accordance with the land surface
status. The experimental area includes a variety of land surfaces such as a large area of
grassy marshland, some desertification grassland areas, many small rivers and several
lakes; therefore, these derived parameters
show a wide range due to the strong contrast
of the surface features. A quite large probability of EF ¼ 1 values in June, August and March
(Fig. 5) show that there is much water surface
(lakes, small pool and rivers) over the study
area during these times. The EFs around a
lake in the distribution maps are much lower
in June and August. The reason is that most of
the area around the lake is desertification type
grass land, and was dry with low moisture in
June and August.
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Fig. 5.

Frequency distribution of evaporative fraction (EF) over the CAMP/Tibet area.
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Fig. 6. Comparison of derived results with field measurements for the evaporative fraction over the
CAMP/Tibet area, together with a 1 : 1 line.

(2) The derived pixel value and average value
(Figs. 4 and 5) of EFs in June and August are
higher than those in December and March.
EFs in June and August are mostly from 0.60
to 1.0, and EFs in December are mostly around
0.25. This means that there is much more evaporation in summer and autumn than in winter
and spring in the central Tibetan Plateau area.
The reason is that most the land surface is covered by green grass in summer and autumn but
by snow and ice during winter and spring in the
experimental area. That is, sensible heat and
latent heat fluxes play different roles in the
partitioning of the net radiation flux in different months in the Tibetan Plateau: sensible
heat flux plays the main role in December and
March, while latent heat flux plays the main
role in June and August.
(3) Because the land surface cover and property in March is very complex (with ice, snow,
seasonal and long-living permafrost, grasslands
and lakes, etc., existing in this month), the distribution of EFs in this month is thus complicated.
(4) The derived regional EFs with APD less
than 9.5% at validation sites in the CAMP/
Tibet area is in good agreement with field
measurements (Fig. 6 and Table 2). The reason
is that the radiation transportation processes
and the process in the atmospheric boundary
layer were considered in more detail by our
methodology. The results demonstrate that our
proposed parameterization methodology for EF
is reasonable and it can be used over the central Tibetan Plateau area.

4.

Concluding remarks

In this study, a parameterization methodology to estimate the regional distribution of
evaporative fraction ðEFÞ for the determination
of regional distributions of evapotranspiration
over heterogeneous landscapes was proposed
using Landsat-7 ETM data and field observations. We then applied it to the central Tibetan
Plateau area. The derived results over our
study area were found to be reasonable. Thus
our method provides a sound basis to study
evapotranspiration and land surface fluxes
over a heterogeneous landscape.
Dealing with regional evapotranspiration and
land surface heat fluxes over heterogeneous
landscapes is not easy. The parameterization
method presented in this study is still undergoing development:
1) Only four Landsat-7 ETM images, each at
a specific time of a specific day are used in this
study. To obtain more accurate regional evapotranspiration and land surface fluxes, their seasonal variations and even daily variations over
the CAMP/Tibet area, or indeed the whole Tibetan Plateau area, more field observations
(PBL tower and radiation measurement system, AWS, radio sonde system, turbulent fluxes
measured by eddy-correlation technique, soil
moisture and soil temperature measurement
system, etc.) and another satellite data such as
MODIS (Moderate Resolution Imaging Spectroradiometer) and NOAA (National Oceanic
and Atmospheric Administration)/AVHRR (Advanced Very High Resolution Radiometer) will
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Table 2. Comparison of the derived surface temperatures, surface heat fluxes and evaporative fraction (Cal.) versus values measured (Meas.) at the CAMP/Tibet site with APD.
Tsfc [ C]
June

August

December

March

BJ

ANNI

BJ

ANNI

BJ

ANNI

BJ

ANNI

Cal.

28.0

31.0

17.0

16.0

26.0

25.0

6.0

5.0

Meas.

26.5

28.8

18.5

17.0

27.8

23.6

5.6

4.8

APD

5.7%

7.6%

8.1%

5.9%

6.5%

5.9%

7.1%

4.2%

2

Rn [W m ]
June

August

December

March

BJ

ANNI

BJ

ANNI

BJ

ANNI

BJ

ANNI

Cal.

562

565

540

684

380

403

413

548

Meas.

540

542

506

662

357

385

385

520

APD

4.1%

4.2%

6.7%

3.3%

6.4%

4.7%

7.3%

5.4%

G0 [W m2 ]
June

August

December

March

BJ

ANNI

BJ

ANNI

BJ

ANNI

BJ

ANNI

Cal.

105

104

154

152

74

73

85

83

Meas.

98

99

147

142

69

68

79

78

APD

7.1%

5.1%

4.8%

7.0%

7.2%

7.4%

7.6%

6.4%

2

H [W m ]
June

August

December

March

BJ

ANNI

BJ

ANNI

BJ

ANNI

BJ

ANNI

Cal.

163

152

191

205

239

310

247

364

Meas.

157

158

216

211

234

326

257

345

APD

3.8%

3.8%

6.9%

2.8%

2.1%

4.9%

3.9%

5.5%

2

lE [W m ]
June

August

December

March

BJ

ANNI

BJ

ANNI

BJ

ANNI

BJ

ANNI

Cal.

294

309

195

327

67

20

81

101

Meas.

284

283

190

350

62

19

76

99

APD

3.5%

9.2%

2.6%

6.6%

8.1%

5.3%

6.6%

2.0%

L []
June

August

December

March

BJ

ANNI

BJ

ANNI

BJ

ANNI

BJ

ANNI

Cal.

0.643

0.670

0.505

0.615

0.219

0.060

0.247

0.217

Meas.

0.644

0.642

0.468

0.624

0.210

0.055

0.228

0.233

APD

0.16%

4.40%

7.90%

1.44%

4.29%

9.10%

8.33%

2.69%
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have to be used. It will also be worthwhile to
apply the SEBI (Surface Energy Balance Index,
Menenti and Choudhury 1993) method and
SEBS (Surface Energy Balance System, Su
2002).
2) This study implies that the parameterization method is only applicable to clear-sky
days (to apply MODTRAN and detect surface
temperature). To extend its applicability to
cloudy skies, we should consider using microwave remote sensing to derive surface temperatures and other land surface variables.
We intend to undertake all these works in
our ongoing studies.
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