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[1] In this study, a parameterization method based on Landsat-7 ETM data and field
observations has been proposed and tested for deriving surface reflectance, surface
temperature, NDVI, MSAVI, vegetation coverage, LAI, net radiation flux, soil heat flux,
sensible heat flux and latent heat flux over heterogeneous landscape. As a case study,
the methodology was applied to the experimental area of the CAMP/Tibet, which located
at the central Tibetan Plateau. Two scenes of Landsat-7 ETM data were used in this
study. The scene of 9 June 2002 was selected as a case of summer, and the scene of
2 December 2002 was selected as a case of winter. To validate the proposed methodology,
the ground-measured surface reflectance, surface temperature, net radiation flux, soil heat
flux, sensible heat flux and latent heat flux are compared to Landsat-7 ETM derived
values. The results show that the derived surface variables and land surface heat fluxes in
two different months over the study area are in good accordance with the land surface
status. These parameters show a wide range due to the strong contrast of surface features.
Also, the estimated land surface variables and land surface heat fluxes are in good
agreement with ground measurements, and all their absolute percent difference is less than
9.9% in the validation sites. It is therefore concluded that the proposed methodology is
successful for the retrieval of land surface variables and land surface heat fluxes using the
Landsat-7 ETM data and filed observations over the study area.
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1. Introduction

[2] The energy and water cycles over the Tibetan Plateau
play an important role in the Asian Monsoon system, which
in turn are major components of the energy and water cycles
of the global climate system. The Tibetan Plateau contains
the world’s highest elevation (average elevation about
4000 m) relief features, some reaching into the midtropo-
sphere. It represents an extensive mass extending from
subtropical to middle latitudes and is spanning over
25 degrees of longitude. Because of its topographic character,

the plateau surface absorbs a large amount of solar radiation
energy (much of which is redistributed by cryospheric
processes), and undergoes dramatic seasonal changes of
surface heat and water fluxes [e.g., Ye and Gao, 1979; Ye,
1981; Yanai et al., 1992; Ye and Wu, 1998;Ma et al., 2002a;
Ma and Tsukamoto, 2002]. The study on the energy
exchanges between the land surface and atmosphere was
also of paramount importance for the CAMP/Tibet [Ma et al.,
2003a, 2005]. Some interesting detailed studies concerning
the land surface heat fluxes have been reported [e.g., Yang et
al., 2002, 2003, 2004;Ma et al., 2002a, 2003a, 2005; Choi et
al., 2004; Zuo et al., 2005]. These researches were, however,
on point-level or a local-patch-level. Since the area, but not
only point-wise, information of land-surface atmosphere
interaction is required, the aggregation of the individual
results into a regional scale is necessary.
[3] Remote sensing from satellites however offers the

possibility to derive regional distribution of land surface
heat fluxes over heterogeneous land surface in combination
with sparse field experimental stations. Remote sensing data
provided by satellites are a means of obtaining consistent
and frequent observations of spectral reflectance and emit-
tance of radiation at elements in a patch landscape and on a
global scale [Sellers et al., 1990]. The land surface variables
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and vegetation variables, such as surface temperature Tsfc,
surface hemispherical reflectance r0, Normalized Difference
Vegetation Index NDVI, Modified Soil Adjusted Vegetation
Index MSAVI, Leaf Area Index LAI and surface thermal
emissivity e0 can be derived directly from satellite observa-
tions [e.g., Susskind et al., 1984; Justice et al., 1985; Chédin
et al., 1985; Tucker, 1986; Pinty and Ramond, 1987; Wan
and Dozier, 1989; Menenti et al., 1989; Becker and Li,
1990, 1995; Watson et al., 1990; Baret and Guyot, 1997;
Price, 1992; Kahle and Alley, 1992; Li and Becker,1993; Qi
et al., 1994; Norman et al, 1995; Schmugge et al., 1995].
The regional heat fluxes can be determined indirectly with
the aid of these land surface variables and vegetation
variables [Pinker, 1990].
[4] Recent studies have explored several approaches to

estimate the regional distribution of surface heat fluxes.
These methods require specification of the vertical temper-
ature difference between the surface temperature and the air
temperature and an exchange resistance [e.g., Kustas et al.,
1989; Kustas, 1990;Wang et al., 1995;Menenti et al., 1991;
Menenti and Choudhury, 1993; Bastiaanssen, 1995; Kustas
and Norman, 1997; Ma et al., 1999; Su, 2002]. However,
these remote sensing retrieval methods have been performed
in homogeneous moist or semiarid regions, and investiga-

tions in heterogeneous landscape of high altitudes (e.g., the
Tibetan Plateau area) were rare.
[5] NOAA/AVHRR data were used to determine regional

land surface heat fluxes over heterogeneous landscape of the
Tibetan Plateau [Ma et al., 2003a, 2003b, 2005]. However,
the resolution of the NOAA/AVHRR data is about 1 km �
1 km, and heterogeneity, the scale ofwhich is less than 1 km�
1 km over the Tibetan Plateau area, has been omitted.
[6] The purpose of this study is to upscale the point or patch

scale field observations of land surface variables and land
surface heat fluxes to regional distribution of themwith the aid
of high-resolution (30 m� 30 m) Landsat-7 ETM data and in
situ data. We first describe the methodology in section 2. The
application of the methodology to the CAMP/Tibet period is
presented in section 3, where the distribution of land surface
variables, vegetation variables and land surface heat fluxes
are estimated for two different phases, summer and winter.
Discussions are also given in the section.

2. Data and Methodology

2.1. Data

[7] The intensive observation period (IOP) and long-term
observation of the CAMP/Tibet (CEOP (Coordinated

Figure 1. Geographic map and the sites layout during the CAMP/Tibet.
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Enhanced Observing Period) Asia-Australia Monsoon Proj-
ect (CAMP) on the Tibetan Plateau, 2001–2005) have been
done successfully in the past four and half years. A large
amount of data has been collected, which is the best data set
so far for the study of energy and water cycle over the
Tibetan Plateau. The experimental region, about 150 �
250 km2, includes variety of land surfaces such as a large
area of grassy marshland, some desertification grassland
areas, many small rivers and several lakes (Figure 1). The
period and item of the collected data and the instruments in
the observational stations (sites) were shown in Table 1.
[8] Landsat-7 Enhanced Thematic Mapper (ETM) pro-

vide a spectral radiance in seven narrow bands, with a
spatial resolution of about 30 � 30 m2 for three visible
bands (bands 1, 2, and 3), three near infrared bands (bands 4,
5, and 7), and 60 � 60 m2 for the thermal infrared band 6. It
is better to select the satellite data in clear days to study the
distribution and intermonthly variation of energy budget
components. Unfortunately, it is difficult to select this kind
of satellite data over the Tibetan Plateau area because of the
strong convective clouds when Landsat-7 ETM observation
took place. Only two scenes of the ETM images could be
selected during the intensive observation period of the
CAMP/Tibet. They are at 1000 local time (LT), 9 June
2002 (summer) and 2 December 2002 (winter) over the
CAMP/Tibet area.
[9] The most relevant data, collected at the CAMP/Tibet

surface stations to support the parameterization of land
surface heat fluxes 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 PBL towers, AWSs, radiosonde,
turbulent fluxes measured by eddy correlation technique,
soil heat flux, soil temperature profiles, soil moisture
profiles, and the vegetation state, etc.

2.2. Theory and Scheme

[10] The general concept of the methodology is shown in
a diagram (Figure 2). The surface reflectance for short-wave

radiation (r0) is retrieved from Landsat-7 ETM data with the
atmospheric correction by a four-stream radiative transfer
assumption for atmospheric correction in solar spectral
bands [Verhoef, 1997] using aerological observation data.
The land surface temperature (Tsfc) is also derived from
Landsat-7 ETM data and aerological observation data. The
radiative transfer model MODTRAN [Berk et al., 1989]
computes the downward short-wave and long-wave radia-
tion at the surface. With these results the surface net
radiation flux (Rn) is determined. On the basis of the field
observations, the soil heat flux (G0) is estimated from Rn.
The sensible heat flux (H) is estimated from Tsfc, surface
and aerological data with the aid of so-called ‘‘blending
height’’ approach [Mason, 1988], and regional latent heat
flux (lE) can be derived as the residual of the energy budget
theorem for land surface.
2.2.1. Net Radiation
[11] The regional net radiation flux can be derived from

Rn x; yð Þ ¼ 1� r0 x; yð Þð Þ � K# x; yð Þ þ L# x; yð Þ
� e0 x; yð ÞsT4

sfc x; yð Þ W m�2
� �

ð1Þ

where e0 (x, y) is surface emissivity, K (W m�2) represents
the short-wave (0.3–3 mm) and L (W m�2) is the long-wave
(3–100 mm) radiation components, respectively. Surface
reflectance r0(x, y) 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(x, y) and
integrated hemispherical planetary reflectance rp(x, y) are
in doubt, because (1) the ground measurement is only a
point value, while the satellite pixel are the average of many
point values, and (2) fewer ground observation data are
coincidence with satellite data relationship [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. It means that the distribution

Table 1. Collected Field Data of the CAMP/Tibet (1 October 2002 to 30 September 2004)

Station (Site) Observation Item

Amdo (1) PBL tower: wind speed, wind direction, air temperature and humidity (1.5 m, 6.5 m and
14.0 m), surface temperature, soil temperature (�5 cm, �10 cm and �20 cm), soil heat flux
(�10 cm and �20 cm), solar radiation,air pressure, rain intensity; (2) radiation: short-wave
radiation (downward and upward), long-wave radiation (downward and upward)

Automatic weather station
(MS3608, D110)

wind speed, wind direction, air temperature and humidity, surface temperature, soil
temperature, soil moisture, solar radiation, air pressure

Automatic weather station
(BJ, ANNI, D105, MS3478)

wind speed (10 m, 5 m, 0.5 m), wind direction (10 m), air temperature and humidity
(2 m, 0.5 m), short-wave radiation (downward and upward), long-wave radiation
(downward and upward), air pressure, surface temperature, snow depth, precipitation,
soil heat flux (�10 cm, �20 cm), soil temperature (0 cm, 0 cm, �4 cm, �10 cm,
�20 cm, �40 cm), soil moisture (�4 cm, �20 cm)

Soil moisture-temperature
measurement system
(BJ, ANNI, D105, D110,
MS3608, Amdo, NODA,
WADD, MS3637)

(1) soil temperature (�4 cm, �20 cm, �60 cm, �80 cm, �100 cm, �130 cm, �160 cm,
�200 cm, �279 cm), (2) soil moisture (�4 cm, �20 cm, �60 cm, �100 cm, �160 cm,
�258 cm)

Turbulent measurement
(BJ, ANNI)

wind speed, wind direction, air temperature, relative humidity, the characteristic length scales
of surface layer (u*, T*, q*), sensible heat flux, latent heat flux, stability parameter, CO2 flux

Wind Profiler+RASS
(BJ, Naqu)

profile of air temperature, wind speed and direction

Radiosonde (BJ, Naqu) profile of air pressure, air temperature, relative humidity, wind speed and direction

D10305 MA ET AL.: REGIONAL LAND SURFACE HEAT FLUXES

3 of 12

D10305



of land surface reflectance can be derived as [Ma and
Tsukamoto, 2002]

rbs x; yð Þ ¼
X7 i6¼6ð Þ

i¼1

w ið Þris x; yð Þ �ð Þ ð2Þ

where w (i) is the weight of each band at surface, rs
b is the

broadband surface reflectance, and rs
i is the band reflectance

of Landsat-7 ETM.
[12] The incoming short-wave radiation flux K#(x, y)

(W m�2) in equation (1) can be derived from radiative
transfer model MODTRAN [Kenizys et al., 1996], where
atmospheric short-wave transmittance tsw is obtained, and
the atmospheric profiles measured by the radiosonde system
have been used here. Hence K#(x, y) (W m�2) can be
obtained as

K# x; yð Þ ¼ tswK
#
TOA x; yð Þ W m�2

� �
ð3Þ

where the regional variation of radiation flux perpendicular
to the top of atmosphere KTOA

# (x, y) (W m�2) is a spectrally
integrated form of in-band radiation flux density perpendi-
cular to the top of atmosphere KTOA

# (b) (W m�2), and

K
#
TOA x; yð Þ ¼ K#

exo bð Þ cos qsun x; yð Þ
d2s

W m�2
� �

ð4Þ

where Kexo
# (b) (W m�2) is the averaged in-band solar

exoatmospheric irradiance undisturbed by qsun (rad) being
zero, b is abbreviation of in-band, ds (AU) is the ratio of the
Earth-Sun distance to the average distance, qsun (rad) is Sun
zenith angle.
[13] The incoming long-wave radiation flux L#(x, y)

(W m�2) in equation (1) can be derived from MODTRAN
directly as well [Ma and Tsukamoto, 2002]. Surface tem-
perature Tsfc(x, y) (K) in equation (1) can be derived from

Landsat-7 ETM thermal infrared band 6 spectral radiance
[Ma and Tsukamoto, 2002]. Because band 6 (10.2–12.5 mm)
is relatively transparent to radiation transfer in the atmo-
spheric layer under the cloud-free sky, the absorption in this
band is relatively small except under the turbid weather
condition, the main substance of continuous absorption are
water vapor and aerosol. In other words, the distribution of
land surface temperature is obtained as [Ma and Tsukamoto,
2002]

Tsfc x; yð Þ ¼ e0 x; yð Þ�
1
4TB x; yð Þ Kð Þ ð5Þ

where e0 (x, y) is surface emissivity, which can be derived
from vegetation coverage Pv [Valor and Caselles, 1996],
i.e.,

e0 x; yð Þ ¼ ev x; yð ÞPv x; yð Þ þ eg x; yð Þ 1� Pv x; yð Þð Þ
þ 4hdei 1� Pv x; yð Þð ÞPv x; yð Þ �ð Þ ð6Þ

where ev (x, y) = 0.985(±0.007) and eg (x, y) =
0.960(±0.010) are surface emissivity for full vegetation
and bare soil, respectively, hdei = 0.015(±0.008) is the error
item [Valor and Caselles, 1996], and vegetation coverage
[Carlson and Ripley, 1997]

Pv x; yð Þ ¼ NDVI x; yð Þ�NDVImin

NDVImax � NDVImin

� �2
�ð Þ ð7Þ

where NDVImin and NDVImax are the NDVI values for bare
soil and full vegetation respectively.
2.2.2. Soil Heat Flux
[14] The regional soil heat flux density G0(x, y) (W m�2)

is determined through [Choudhury and Monteith, 1988]

G0 x; yð Þ ¼ rsCs

Tsfc x; yð Þ � Ts x; yð Þ
� �

rsh x; yð Þ W m�2
� �

ð8Þ

Figure 2. Diagram of parameterization procedure by combining Landsat-7 ETM data with field
observations.
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where rs (kg m�3) is soil dry bulk density, Cs (J kg
�1 K�1)

is soil specific heat, Ts(x, y) (K) represents soil temperature
of a determined depth, and rsh(x, y) (s m�1) stands for
resistance of soil heat transportation. The regional soil heat
flux G0 (x, y) (W m�2) cannot directly be mapped from
satellite observations through equation (8) for the difficulty
to derive the soil heat transportation resistance rsh(x, y)
(s m�1) and the soil temperature at a determined depth
Ts(x, y) (K) [e.g., Bastiaanssen, 1995; Ma et al., 2002b].
Many investigations have shown that the midday 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, 2002]. Some researchers have concluded that
G0/Rn = G = F(NDVI) [Clothier et al., 1986; Kustas and
Daughtry, 1990]. A better ratio of G0/Rn = G = F(r0, Tsfc,
NDVI) was also found [Choudhury et al., 1987; Menenti et
al., 1991; Bastiaanssen, 1995]. The relationship between G0

(x, y) (W m�2) and Rn(x, y) (W m�2) found in the Tibetan
Plateau area [Ma et al., 2002b] will be used to determine
regional soil heat flux over the CAMP/Tibet area here, and

G0 x; yð Þ ¼ 0:35462 �0:00235ð ÞRn x; yð Þ � 47:79 �0:7005ð Þ
W m�2
� �

ð9Þ

with a correlation coefficient r = 0.93 and standard deviation
SD = 36.32234 (field data number N = 3619).
2.2.3. Sensible Heat Flux
[15] The regional distribution of sensible heat flux is

calculated from

H x; yð Þ ¼ rCp
Tsfc x; yð Þ � Ta x; yð Þ

ra x; yð Þ W m�2ð Þ ð10Þ

where aerodynamic resistance is

ra x; yð Þ ¼ 1

ku* x; yð Þ ln
z� d0 x; yð Þ
Z0m x; yð Þ

� 	
þ kB�1 x; yð Þ � yh x; yð Þ

� �

s m�1
� �

ð11Þ

where k is Von-Karman constant; u* (m s�1) is friction
velocity, z (m) is reference height, d0 (m) is zero-plane
displacement height, Z0m (m) is the aerodynamic roughness,
kB�1 is the excess resistance for heat transportation, yh is
the stability correction function for heat. The friction
velocity u* can be derived from

u x; yð Þ ¼
u* x; yð Þ

k
ln

z� d0 x; yð Þ
Z0m x; yð Þ

� 	
� ym x; yð Þ

� �
m s�1
� �

ð12Þ

where ym is the stability correction function for momentum.
[16] From equations (10)–(12)

H x; yð Þ ¼ rCpk
2u x; yð Þ

 Tsfc x; yð Þ � Ta x; yð Þ
ln

z�d0 x;yð Þ
Z0m x;yð Þ þ kB�1 x; yð Þ � yh x; yð Þ

h i
� ln

z�d0 x;yð Þ
Z0m x;yð Þ � ym x; yð Þ

h i

W m�2
� �

ð13Þ

[17] 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, on the basis of the principle of
flux conservation. A method of ‘‘blending height’’ is
proposed to derive the regional sensible heat flux in this
study. If the local-scale advection is comparatively small
during the period of Landsat-7 ETM observation taking
place, the development of convection boundary layer may
adjust the surface-disorganized variability at ‘‘blending
height,’’ where the atmospheric characteristics become
proximately independent of the horizontal position. The
corresponding ‘‘effective’’ surface variables can be deter-
mined accordingly [Mason, 1988]. This approach has been
proven to be successful to calculate areally averaged surface
fluxes in recent years [Lhomme et al., 1994; Bastiaanssen,
1995; Wang et al., 1995; Ma and Tsukamoto, 2002]. On the
basis of this approach, the regional sensible heat flux H(x, y)
can be described as

H x; yð Þ ¼ rCpk
2uB

 Tsfc x; yð Þ � Ta x; yð Þ
ln

zB�d0 x;yð Þ
Z0
0m

þ kB�1 x; yð Þ � yh x; yð Þ
h i

� ln
zB�d0 x;yð Þ

Z 0
0m

� ym x; yð Þ
h i

W m�2
� �

ð14Þ

where ZB (m) is blending height and uB (m s�1) is the
wind speed at the blending height. In this study, ZB (m) and
uB (m s�1) are determined with the aid of field measure-
ments of radiosonding system. One knows that the vertical
u profile can be measured by using radiosonding system, in
other words, u (m s�1) changing with the height can be
determined. Normally, wind speed is increasing with the
height, and it will become a constant at the height Z (m).
The wind speed measured by using radiosonding system at
the height Z (m) is called uB (m s�1) and the height Z (m) is
named ZB (m) here. Effective aerodynamic roughness Z00m
(m) in equation (14) over the CAMP/Tibet area is including
the effect of topography and low vegetation (e.g., grass). It
is calculated by using Taylor’s model [Taylor et al., 1989],
i.e.,

ln
Z 0
om

Z0m

� 	
¼ 3:5 a

2p
l1

� 	2

ln
l1

Z0m

� 	
�ð Þ ð15Þ

where a (m) is the amplitude of relief and l1(m) is the
wavelength of periodic relief. In other words, the local
roughness length Z0m (m) over the experiment area can be
determined by using the turbulent measurements of
anemometer-thermometer [Ma et al., 2002a]. Then effective
aerodynamic roughness length Z00m (m) can be determined
from equation (15). The excess resistance to heat transfer,
kB�1, is shown as a function of surface temperature over the
Tibetan Plateau area, and kB�1 (x, y) = 0.52(Tsfc (x, y) � Tair
(x, y)) � 1.85 [Ma et al., 2002a]. d0 (m) is zero-plane
displacement, which can be calculated from leaf area index
(LAI) by using Raupach’s model [Raupach, 1994], i.e.,

1� d0 x; yð Þ
h x; yð Þ ¼

1� exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cd1LAI x; yð Þ

p� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cd1LAI x; yð Þ

p �ð Þ ð16Þ

where h is the vegetation height, and it is 10 cm over our
experimental area. cd1 in equation (16) is a free parameter,
and for a range of partial vegetation cover, Raupach [1994]
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proposed to use cd1 = 7.5. Ta(x, y) (K) in equation (14) as the
regional distribution of air temperature at the reference
height, which can be derived from an interpolation method
based on a number of field observations of air temperature
and regional surface temperature [Ma and Tsukamoto, 2002]
as

Ta x; yð Þ ¼ Tsfc x; yð Þ � DTa x; yð Þ Kð Þ ð17Þ

where DTa(x, y) (K) is the difference between the smoothing
surface temperature and the air temperature measured on
grid point (x, y). yh(x, y) and ym(x, y) in equation (14) are
the integrated stability functions. For unstable condition, the
integrated stability functions yh(x, y) and ym(x, y) can be
written as [Paulson, 1970]

ym x; yð Þ ¼ 2 ln 1þ Xð Þ=2½ � þ ln 1þ X 2ð Þ=2½ � � 2 arctan Xð Þ þ 0:5p

yh x; yð Þ ¼ 2 ln 1þ X 2ð Þ=2½ �

8<
: �ð Þ

ð18Þ

where X = {1 � 16[z � d0(x, y)]/L(x, y)}
0.25. For stable

condition, the integrated stability functions ym (x, y) and yh

(x, y) become [Webb, 1970]

ym x; yð Þ ¼ yh x; yð Þ ¼ �5 z� d0 x; yð Þ½ �=L x; yð Þ �ð Þ ð19Þ

The stability function [z � d0(x, y)]/L(x, y) is calculated by
Businger’s method [Businger, 1988].

z� d0 x; yð Þ½ �=L x; yð Þ ¼ Ri x; yð Þ unstableð Þ

z� d0 x; yð Þ½ �=L x; yð Þ ¼ Ri x; yð Þ= 1� 5:2Ri x; yð Þ½ � stableð Þ

8<
: �ð Þ

ð20Þ

where Ri(x, y) is Richardson number, and according to the
definition of Richardson number, the approximate analytical
solutions of Ri found by Yang et al. [2001] will be used
here.
2.2.4. Latent Heat Flux
[18] The regional latent heat flux lE(x, y) (W m�2) 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.,

lE x; yð Þ ¼ Rn x; yð Þ � H x; yð Þ � G0 x; yð Þ W m�2
� �

ð21Þ

3. Case Studies and Validation

[19] Figure 3 shows the distribution maps of surface
reflectance and surface temperature around the CAMP/Tibet
area. Their frequency distributions are shown in Figure 4.
Figure 5 shows the distribution maps of surface heat fluxes
around the CAMP/Tibet area. Their frequency distributions
are shown in Figure 6. Figures 3 and 5 are based on 3400 �
2000 pixels. Derived land surface heat fluxes are validated
by using field measurements. Since it is difficult to deter-
mine where the exact locations of the experimental sites are,
the values of a 5 � 5 pixel rectangle, surrounding the
determined Universal Transfer Macerator (UTM) coordi-
nate, are compared with the field measurements. The land
surface variables and land surface heat fluxes derived from
satellite data were compared with the field measurements at
BJ and ANNI sites (surface temperature was also compared
with the field measurements at MS3608 AWS station), and
they are shown in Figure 7 and Table 2. The measured
surface soil heat fluxes in Table 2 were calculated from soil
heat flux measured at �10 cm and the soil temperature
measured at surface and �10 cm. The absolute percent

Figure 3. Distribution maps of land surface variables over the CAMP/Tibet area. L, lake.
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difference (APD) can quantitatively measure the difference
between the derived results (Hderived(i)) and measured values
(Hmeasured(i)) as

APD ¼
Hderived ið Þ � Hmeasured ið Þ
�� ��

Hmeasures ið Þ
�ð Þ ð22Þ

[20] The results show the following:
[21] 1. The derived surface variables (land surface reflec-

tance and surface temperature) and surface heat fluxes (net
radiation flux Rn, soil heat flux G0, sensible heat flux H and
latent heat flux lE) in two different months over the study
area are in good accordance with the land surface status.
The experimental area includes variety of land surfaces such
as a large area of grassy marshland, some desertification
grassland areas, many small rivers and several lakes; there-
fore these derived parameters show a wide range due to the
strong contrast of surface features. Surface reflectance is
from 0.01 to 0.50 in June and from 0.01 to 0.55 in
December. Surface temperature ranged from 0
C to 52
C
in June and from –59
C to 18
C in December. Net radiation
flux changed from 164 W m�2 to 774 W m�2 in June and
from 22 W m�2 to 550 W m�2 in December. Soil heat flux
varied from 0 W m�2 to 240 W m�2 in June and from
0 W m�2 to 155 W m�2 in December. Sensible heat flux is
from 0 W m�2 to 448 W m�2 in June and from 0 W m�2 to

345 W m�2 in December, and latent heat flux varied from
0 W m�2 to 550 W m�2 in June and 0 W m�2 to 152 W m�2

in December (see Figures 3–6). Surface reflectance, surface
temperature and sensible heat flux around the lake in the
distribution maps are much higher in June, and at the same
time, net radiation flux, soil heat flux and latent heat flux are
lower in the area. The reason is that most of around lake area
is the desertification grass land, and it was dry and has low
moisture over there.
[22] 2. The derived pixel value (Figures 3 and 5) and

average value (see Figures 4 and 6) of surface temperature,
net radiation flux, soil heat flux and latent heat flux in June
are higher than that in December. It means that there is
much more evaporation in summer than in winter in the
central Tibetan Plateau area. It is also pointed out that the
heating density (H + lE = Rn � G0) in summer is much
higher than that in winter in the central Tibetan Plateau area.
The reason is that most the land surface is covered by green
grass in summer and it is covered by snow and ice during
winter on the experimental area.
[23] 3. Even the resolution of Landsat-7 ETM is different

with the NOAA/AVHRR, the derived results here are also
comparable to those derived from NOAA/AVHRR data
[Ma et al., 2003b] around this area. For example, the
derived results of net radiation flux, soil heat flux, sensible
heat flux and latent heat flux from Landsat-7 ETM data in
the BJ site (Naqufx (or Naqu) site during the GAME/Tibet

Figure 4. Frequency distribution of surface reflectance and surface temperature for the CAMP/Tibet
area at 1000 LST.
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period) in June are 562 W m�2, 105 W m�2, 161 W m�2

and 296 W m�2, respectively, and at the same time, the
derived values from NOAA/AVHRR data are 578 W m�2,
108 W m�2, 178 W m�2 and 292 W m�2, respectively. The
reason is that the validation site (BJ site (Naqufx (or Naqu)
site) is homogeneous, and the resolution of satellite data has
no effect over there.
[24] 4. Surface reflectance and surface temperature

derived from the four-stream radiative transfer assumption
for atmospheric correction are better than that derived from

the linear regression relationship because of its better
considering in the radiative transfer process and overcoming
the shortages, therefore the derived surface reflectance and
surface temperature in this research are in good accordance
with the field measurements with APD less than 8.0%
(Figure 7 and Table 2).
[25] 5. The derived net radiation flux over the study area

is very close to the field measurement with APD less than
6.5% (Figure 7 and Table 2). It is caused by the improve-
ment on surface reflectance and surface temperature.

Figure 5. Distribution maps of land surface heat fluxes over the CAMP/Tibet area. L, lake.
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Figure 6. Frequency distribution of land surface heat fluxes for the CAMP/Tibet area at 1000 LST.
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[26] 6. The regional soil heat flux derived from the
relationship between soil heat flux and net radiation flux
is suitable for heterogeneous land surface of the CAMP/
Tibet area, and the APD is less than 7.5% at validation sites
(Figure 7 and Table 2) because of the relationship itself was
derived from the same area [Ma et al., 2002b].
[27] 7. The derived regional sensible heat flux and latent

heat flux with APD less than 5.5% and 10% at validation
sites in the CAMP/Tibet area is in good agreement with
field measurements (Figure 7 and Table 2). The reason is
that the process of atmospheric boundary layer was consid-
ered in more detail in our methodology. It is pointed that the

proposed parameterization methodology for sensible heat
flux and latent heat flux is reasonable, and it can be used
over the central Tibetan Plateau area.

4. Concluding Remarks

[28] In this study, the regional distributions of land
surface variables (surface reflectance and surface tempera-
ture), vegetation variables (NDVI, MSAVI, vegetation cov-
erage and LAI) and land surface heat fluxes (net radiation
flux, soil heat flux, sensible heat flux and latent heat flux)
over heterogeneous central Tibetan Plateau area were

Figure 7. Comparison of the derived results with the field measurements for the surface reflectance,
surface temperature and land surface heat fluxes over the CAMP/Tibet area, together with 1:1 line.
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derived with the aid of Landsat-7 ETM data and the field
observation. It forms a sound basis to study land surface
variables, vegetation variables and land surface fluxes.
[29] Dealing with the regional land surface heat fluxes

over heterogeneous landscape is not an easy task. The
parameterization method presented in this study is still in
developing stage:
[30] 1. Only two Landsat-7 ETM images at a specific time

of specific day are used in this study. To obtain more accurate
regional land surface fluxes, their seasonal variations and
even variation day by day over the CAMP/Tibet area, and
even the whole Tibetan Plateau area, more field observations
(PBL tower and radiation measurement system, radiosonde
system, turbulent fluxes measured by eddy correlation
technique, soil moisture and soil temperature measurement
system etc.) and another satellite such as MODIS (Moderate
Resolution Imaging Spectroradiometer) and NOAA
(National Oceanic and Atmospheric Administration)/
AVHRR (Advanced Very High Resolution Radiometer) have
to be used. It is also worth trying SEBI (Surface Energy
Balance Index [Menenti and Choudhury, 1993]) method and
SEBS (Surface Energy Balance System [Su, 2002]).
[31] 2. This study implies the parameterization method is

only applicable to clear-sky days (to apply MODTRAN and
detect surface temperature). In order to extend its applica-
bility to cloudy skies, we should consider using microwave
remote sensing to derive surface temperature and other land
surface variables.
[32] Vegetation variables cannot be validated in this study

because there were no such measurements during the
experiments. More attention should be paid to the measure-
ments of vegetation variable, such as NDVI, LAI and
vegetation coverage in the coming experiments.
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