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Abstract:

In this study, a parameterization method based on Landsat-7 Enhanced Thematic Mapper (ETM) data and field observations is
presented and tested for deriving the regional land surface variables, vegetation variables and land surface heat fluxes over a
heterogeneous landscape. As a case study, the method and two Landsat-7 ETM images are applied to the Jiddah area of Saudi
Arabia. The regional distribution maps of surface reflectance, normalized difference vegetation index, modified soil adjusted
vegetation index (MSAVI), vegetation coverage, leaf area index, surface temperature, net radiation flux, soil heat flux, sensible
heat flux and latent heat flux have been determined over the Jiddah area. The derived results have been validated by using the
‘ground truth’. The results show that the more reasonable regional distributions of land surface variables (surface reflectance,
surface temperature), vegetation variables (MSAVI and vegetation coverage), net radiation, soil heat flux and sensible heat flux
can be obtained by using the method proposed in this study. Further improvement of the method is also discussed. Copyright
 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Arid areas (e.g. Jiddah area of Saudi Arabia) with an
inhomogeneous landscape are characterized by extreme
gradients in land surface properties, such as wetness,
roughness and temperature, which have a significant but
local impact on the atmospheric boundary layer (ABL).
Observation of the actual extent over these areas is
essential to understand the mechanisms through which
inhomogeneous land surfaces may have a significant
impact on the structure and dynamics of the overly-
ing ABL. Progress in this research area requires spatial
measurements of variables such as surface hemispheri-
cal reflectance, radiometric surface temperature, normal-
ized difference vegetation index (NDVI), modified soil
adjusted vegetation index (MSAVI), vegetation cover-
age, leaf area index (LAI), local aerodynamic roughness
length, etc. On-board radiometric imaging by satellite can
provide useful estimates of most of these variables. In
using these variables we can derive the distribution of
land surface heat fluxes and evaporation over an inho-
mogeneous landscape.

A parameterization method based on Landsat-7 Enhan-
ced Thematic Mapper (ETM) data and field observations

* Correspondence to: Yaoming Ma, Institute of Tibetan Plateau Research,
Chinese Academy of Sciences, Beijing 100085, People’s Republic of
China. E-mail: ymma@itpcas.ac.cn

(e.g. vertical profiles of air temperature, humidity and
wind speed, surface radiation budget components and tur-
bulent heat fluxes, etc.) will be presented and tested for
deriving the regional land surface variables, vegetation
variables and land surface heat fluxes over the heteroge-
neous landscape of the Jiddah area of Saudi Arabia.

LANDSAT-7 ETM DATA AND FIELD
OBSERVATION DATA

Landsat-7 ETM provides a spectral radiance in seven
narrow bands, with a spatial resolution of 30 ð 30 m2

for three visible bands (bands 1, 2, 3) and three near-
infrared bands (bands 4, 5, 7), and 60 ð 60 m2 for the
thermal infrared band 6. The two ETM images used in
this study are at 10 : 00 (local time) 16 June 2002 and 10
January 2003 over the Jiddah area of Saudi Arabia. Both
of the days were very clear when the Landsat-7 ETM
overpassed the Jiddah area.

The most relevant data, collected at the Jiddah surface
station to support the parameterization of land surface
heat fluxes and analysis of the ETM images, consist of
surface radiation budget components, surface radiation
temperature, surface reflectance, vertical profiles of air
temperature, humidity, wind speed and direction mea-
sured by radiosonde, turbulent fluxes measured by the
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eddy-correlation technique, soil heat flux, soil tempera-
ture profiles, soil moisture profiles, and the vegetation
state, etc.

THEORY AND SCHEME

The general concept of the methodology is shown in
Figure 1. The surface reflectance for shortwave radiation
r0 is retrieved from the Landsat-7 ETM data with
atmospheric correction by a four-stream radiative transfer
assumption in the 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 shortwave and longwave radiation at the
surface. With these results, the surface net radiation Rn

is determined. The soil heat flux G0 is estimated from
Rn, Tsfc, r0 and MSAVI (Qi et al., 1994), which is also
derived from Landsat-7 ETM data. 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 �E can be
derived as the residual of the energy budget theorem for
land surface.

Net radiation

The regional net radiation flux can be derived from

Rn�x, y� D [1 � r0�x, y�]K#�x, y�C εsL#�x, y�

� ε0�x, y��T
4
sfc�x, y� �1�

where ε0�x, y� is the surface emissivity, K is the short-
wave (0Ð3–3 µm) radiation component and L is the long-
wave (3–100 µm) radiation component. In Equation (1),
εs is the longwave emissivity, and we have allowed
for an amount �1 � εs�L# of reflected longwave radia-
tion, which equals zero if the surface is a black body

with εs D 1 (Garratt, 1992). Surface reflectance r0�x, y�
can be derived from the integrated hemispherical plane-
tary reflectance (e.g. Koepke et al., 1985; Menenti et al.,
1989; Bastiaanssen, 1995; Wang et al., 1995). How-
ever, the linear regression relationships are in doubt,
because: (1) the ground measurement is only a point
value, whereas the satellite pixels are the average of many
point values; (2) few ground observation data coincide
with satellite data (Wen, 1999). A four-stream radia-
tive transfer assumption for atmospheric correction in
the solar spectral bands (Verhoef, 1997) is introduced to
derive the surface reflectance over the Jiddah area in this
study.

The incoming shortwave radiation flux K#�x, y� in
Equation (1) can be derived from the radiative transfer
model MODTRAN (Kenizys et al., 1996; Ma et al.,
2002), where atmospheric shortwave transmittance �sw

is obtained. Hence, K#�x, y� can be obtained as

K#�x, y� D �swK
#
TOA�x, y� �2�

where the regional variation of radiation flux perpendic-
ular to the top of atmosphere K#

TOA�x, y� is a spectrally
integrated form of in-band radiation flux perpendicular to
the top of atmosphere K#

TOA (b), and

K#
TOA�x, y� D K#

exo�b� cos �sun�x, y�

d2
s

�3�

where K#
exo (b) is the averaged in-band solar exo-

atmospheric irradiance undisturbed by �sun being zero, ‘b’
is an abbreviation of in-band, ds is the relative sun–Earth
distance, and �sun is the sun zenith angle.

The incoming longwave radiation flux L#�x, y� in
Equation (1) can also be derived from MODTRAN
directly (Ma and Tsukamoto, 2002). Surface tempera-
ture Tsfc�x, y� in Equation (1) can be derived from the
Landsat-7 ETM thermal infrared band-6 spectral radiance

Landsat-7 ETM data 

MODTRAN surface and 
aero-logical data

LAI

Vegetation
coverage 

MSAVI e0 r0 Tsfc K↓ L↓ Z0m

blending height approach 

G0 Rn H

lE

kB−1 ,d0

Figure 1. Diagram of the parameterization procedure by combining Landsat-7 ETM data with field observations
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(Ma and Tsukamoto, 2002). In other words, the distribu-
tion of land surface temperature is obtained as

Tsfc�x, y� D ε0�x, y�
�1/4TB�x, y� �4�

where TB is the brightness temperature at the surface,
which can be derived from the surface upward longwave
radiation flux (Ma and Tsukamoto, 2002), and ε0�x, y�
is the surface emissivity, which can be derived from
vegetation coverage Pv (Valor and Caselles, 1996), i.e.

ε0�x, y� D εv�x, y�Pv�x, y�C εg�x, y�[1 � Pv�x, y�]

C 4hεi[1 � Pv�x, y�]Pv�x, y� �5�

where εv�x, y� and εg�x, y� are the surface emissivities
for full vegetation and bare soil respectively, hεi is the
error item, and vegetation coverage (Carlson and Ripley,
1997)

Pv�x, y� D
[

NDVI�x, y�� NDVImin

NDVImax � NDVImin

]2

�6�

where NDVImin and NDVImax are the NDVI values for
bare soil and full vegetation respectively.

Soil heat flux

The regional soil heat flux G0�x, y� is determined
through (Choudhury and Monteith, 1988)

G0�x, y� D �sCs
Tsfc�x, y�� Ts�x, y�

rsh�x, y�
�7�

where �s is the soil dry bulk density, Cs is the soil spe-
cific heat, Ts�x, y� is the soil temperature of a determined
depth, and rsh�x, y� is the resistance of soil heat trans-
portation. The regional soil heat flux G0�x, y� cannot
be mapped directly from satellite observations through
Equation (7). Many investigations have shown that the
midday G0/Rn ratio  is reasonably predictable from spe-
cial vegetation indices (Daughtry et al., 1990).  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 D  D F�NDVI� (Clothier
et al., 1986; Kustas and Daughtry, 1990). A better ratio of
G0/Rn D  D F�r0, Tsfc,NDVI� was also found (Choud-
hury et al., 1987; Menenti et al., 1991; Bastiaanssen,
1995). The parameterization scheme based on MSAVI
found over the Jiddah area is

G0�x, y� D Rn�x, y�
Tsfc�x, y�

r0�x, y�
�0Ð000 28 C 0Ð004 364r0

C 0Ð008 46r0
2�[1 � 0Ð978 92MSAVI�x, y�4]

�8�

where r0 is the surface reflectance averaged over the
period when the soil is heated from the sun. Sur-
face temperature Tsfc is expressed in degrees Celsius.

MSAVI(x, y) is derived from the band reflectance of the
Landsat-7 ETM as (Qi et al., 1994).

MSAVI�x, y�

D
2r4�x, y�C 1 �

√
[2r4�x, y�C 1]2

�8[r4�x, y�� r3�x, y�]

2
�9�

where r3 and r4 are the band reflectances of the Landsat-7
ETM band-3 and band-4 on the land surface.

Sensible heat flux

The regional distribution of sensible heat flux is
calculated from

H�x, y� D �Cp
Tsfc�x, y�� Ta�x, y�

ra�x, y�
�10�

where aerodynamic resistance is

ra�x, y� D 1

kuŁ�x, y�

ð
{

ln
[
z � d0�x, y�

Z0m�x, y�

]
C kB�1�x, y��  h�x, y�

}
�11�

where k is the von Karman constant, uŁ is the friction
velocity, z is the reference height, d0 is the zero-plane
displacement height, Z0m is the effective aerodynamic
roughness, kB�1 is the excess resistance for heat trans-
portation, and  h is the stability correction function for
heat. The friction velocity uŁ can be derived from

u�x, y� D uŁ�x, y�
k

{
ln

[
z � d0�x, y�

Z0m�x, y�

]
�  m�x, y�

}
�12�

where  m is the stability correction function for momen-
tum.

From Equations (10)–(12)

H�x, y� D �Cpk
2u�x, y�

Tsfc�x, y�� Ta�x, y�{
ln

[
z � d0�x, y�
Z0m�x, y�

]
C kB�1�x, y��  h�x, y�

}
{

ln
[
z � d0�x, y�
Z0m�x, y�

]
�  m�x, y�

}
�13�

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 conser-
vation. The 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 the Landsat-7 ETM observation taking place,
then the development of a convection boundary layer may
adjust the surface-disorganized variability at the ‘blend-
ing 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
proved successful in calculating areally averaged surface
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fluxes in recent years (Lhomme et al., 1994; Bastiaassen,
1995; Wang et al., 1995; Ma and Tsukamoto, 2002; Ma
et al., 2003). Based on this approach, the regional sensi-
ble heat flux H�x, y� can be described as

H�x, y� D �Cpk
2uB

Tsfc�x, y�� Ta�x, y�{
ln

[
zB � d0�x, y�
Z0m�x, y�

]
C kB�1�x, y��  h�x, y�

}
{

ln
[
zB � d0�x, y�
Z0m�x, y�

]
�  m�x, y�

}
�14�

where ZB is the blending height and uB is the wind speed
at the blending height. In this study, ZB and uB are deter-
mined with the aid of field measurements of radiosonding
system. Z0m�x, y� in Equation (14) over the Jiddah area
of Saudi Arabia includes the effect of topography, low
vegetation (e.g. shrubs), and taller plants (e.g. trees). It
is calculated using Taylor’s model (Taylor et al., 1989).
kB�1 is the excess resistance, which can be determined
from the LAI by using a widely used model (Qualls
and Brutsaert, 1995). d0 is the zero-plane displacement,
which can be calculated from the LAI by using Raupach’s
model (Raupach, 1994). Ta�x, y� in Equation (14) is the
regional distribution of air temperature at the reference
height; it can be derived from an interpolation method
(Ma and Tsukamoto, 2002).  h�x, y� and  m�x, y� in
Equation (14) are the integrated stability functions. For
an unstable condition, the integrated stability functions
 h�x, y� and  m�x, y� can be written as (Paulson, 1970){ m�x, y� D 2 ln[�1 C X�/2]

C ln[�1 C X2�/2] � 2 arctan�X�C 0Ð5

 h�x, y� D 2 ln[�1 C X2�/2]

�15�

where X D f1 � 16[z � d0�x, y�]/L�x, y�g0Ð25. For a sta-
ble condition, the integrated stability function  m�x, y�
and  h�x, y� become (Webb, 1970)

 m�x, y� D  h�x, y� D �5[z � d0�x, y�]/L�x, y� �16�

The stability function [z � d0�x, y�]/L�x, y� is calculated
by Businger’s method (Businger, 1988):{ [z � d0�x, y�]/L�x, y� D Ri�x, y� (unstable)

[z � d0�x, y�]/L�x, y�
D Ri�x, y�/[1 � 5Ð2Ri�x, y�] (stable)

�17�

where Ri�x, y� is the Richardson number; and according
to the definition of the Richardson number, the approx-
imate analytical solutions of Ri found by Yang et al.
(2001) will be used here.

Latent heat flux

The regional latent heat flux �E�x, y� 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.

�E�x, y� D Rn�x, y��H�x, y��G0�x, y� �18�

CASE STUDY AND VALIDATION

Figures 2 and 3 show the distribution maps of surface
reflectance, surface temperature and surface heat fluxes
around the Jiddah area of Saudi Arabia. Their frequency
distributions are shown in Figures 4 and 5. The distri-
bution maps of surface reflectance, NDVI, MSAVI and
LAI in Figure 2 are based on 3200 ð 3200 pixels with
a size of 30 ð 30 m2. The distribution maps of surface
temperature in Figure 2 and land surface heat fluxes (net
radiation, soil heat flux, sensible heat flux and latent
heat flux) in Figure 3 are based on 1600 ð 1600 pix-
els with a size of 60 ð 60 m2. Derived land surface
heat fluxes are validated by field measurements. Since
it is difficult to determine where the exact locations
of the experimental sites are, the values of a 5 ð 5
pixel rectangle, surrounding the determined Universal
Transverse Mercator coordinates, are compared with the
field measurements. The mean absolute percent differ-
ence (MAPD) can quantitatively measure the difference
between the derived results (Hderived�i�) and measured val-
ues (Hmeasured�i�):

MAPD D 100

n

n∑
iD1

jHderived�i� �Hmeasured�i�j
Hmeasured�i�

�19�

The results show that:

1. The derived surface variables (land surface reflectance
and surface temperature) and surface heat fluxes (net
radiation flux Rn, soil heat flux G0, sensible heat fluxH
and latent heat flux �E) 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. Surface
reflectance is from 0Ð07 to 0Ð62 in June and from 0Ð06
to 0Ð51 in January. Surface temperature ranged from
24 to 78 °C in June and from 8 to 58 °C in January.
Net radiation changed from 425 to 850 W m�2 in June
and from 85 to 565 W m�2 in January. Soil heat flux
varied from 100 to 250 W m�2 in June and from 20
to 260 W m�2 in January. Sensible heat flux is from
70 to 370 W m�2 in June and from 20 to 290 W m�2

in January, and latent heat flux varied from �20 to
C550 W m�2 in June and �50 to C550 W m�2 in
January (Figures 3 and 5). The negative latent heat
flux means that there is negative water vapour flux
over the Jiddah area. This phenomenon occurs over
the desertification area (Wang and Mitsuta, 1990,
1992).

2. The derived pixel values (Figures 2 and 3) and average
values (Figures 4 and 5) of surface reflectance, surface
temperature, net radiation flux, soil heat flux, sensible
heat flux and latent heat flux in June are higher than
those in January.

3. The derived surface reflectance and surface temper-
ature in this study are in good accordance with
the field measurements, with MAPD less than 6%
(Table I).
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Figure 2. Distributions of surface reflectance and surface temperature around the Jiddah area of Saudi Arabia

Table I. Comparison of the derived results (Calibrated) versus
those measured values (Measured) with MAPD

Calibrated Measured MAPD (%)

r0 0Ð180 0Ð171 5Ð26
Ts (°C) 38Ð0 36Ð03 4Ð68
Rn �W m�2� 307Ð0 316Ð2 2Ð91
G0 �W m�2� 94Ð0 89Ð2 5Ð38
H �W m�2� 149Ð0 159Ð5 6Ð60
�E �W m�2� 64Ð0 67Ð5 5Ð18

4. The derived net radiation flux over the study area is
very close to the field measurement, with MAPD less
than 3%(Table I).

5. Problems exist in the NDVI definition equation
because of the external factor effect, such as soil
background variations (Huete et al., 1985; Huete,
1989). To reduce the soil background effect, Qi et al.
(1994) proposed using MSAVI. Therefore, the param-
eterization method based on MSAVI for soil heat flux
density is better than that based on NDVI on a hetero-
geneous land surface. Although the derived regional
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Figure 3. Distributions of surface heat fluxes around the Jiddah area of Saudi Arabia

soil heat flux based on MSAVI is a bit higher than the
measured value, the parameterization method based on
MSAVI for soil heat flux is suitable for the inhomoge-
neous land surface of the Jiddah area, and the MAPD
is about 5Ð38% (Table I).

6. The derived regional sensible heat flux and latent
heat flux, with MAPD of around 6% at the valida-
tion site, are in good agreement with the field mea-
surements (Table I). 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 Jiddah area of Saudi Arabia

CONCLUDING REMARKS

In this study, the regional distributions of land surface
variables (surface reflectance and surface temperature),
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Figure 4. Frequency distributions of surface reflectance and surface temperature around the Jiddah area of Saudi Arabia

vegetation variables (NDVI, MSAVI, vegetation cover-
age and LAI) and land surface heat fluxes (net radiation,
soil heat flux, sensible and latent heat flux) over hetero-
geneous arid areas of Jiddah, Saudi Arabia, were derived
with the aid of Landsat-7 ETM data and field observa-
tions. This forms a sound basis for studying land surface
variables, vegetation variables and land surface fluxes.

Dealing with the regional land surface heat fluxes
over heterogeneous landscape is not an easy issue. The
parameterization method presented in this study is still in
the development stage:

1. From Equation (14), it is better to use air temperature
and wind speed at the reference height when we
calculate the sensible heat flux, and we only propose
one method to calculate regional air temperature at
the reference height. The wind speed at the reference
height over the study area should be derived by using
some numerical models, and the spatial resolution of
the models should be 30 m ð 30 m.

2. Only two Landsat-7 images at a specific time of a spe-
cific day are used in this study. To obtain more accurate
regional land surface fluxes, their seasonal variations
and even day-by-day variation over the Jiddah area
of Saudi Arabia need to be examined and compared
with other areas (e.g. the Tibetan Plateau area and the
desertification area over northwest China), more field
observations (PBL tower and radiation measurement
system, radiosonde system, turbulent fluxes measured
by the eddy-correlation technique, soil moisture and

soil temperature measurement system, etc.), and other
satellites, such as the Moderate Resolution Imaging
Spectroradiometer and National Oceanic and Atmo-
spheric Administration Advanced Very High Resolu-
tion Radiometer, have to be used. It is also worth trying
the Surface Energy Balance Index method (Menenti
and Choudhury, 1993) and the Surface Energy Balance
System (Su, 2002).

Vegetation variables cannot be validated in this study
as no such measurements were made during the exper-
iments. More attention should be paid to the measure-
ments of vegetation variables, such as NDVI, LAI and
vegetation coverage, in future experiments.
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Figure 5. Frequency distributions of land surface heat fluxes around the Jiddah area of Saudi Arabia
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