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ABSTRACT

Dealing with the regional land surfaces heat fluxes over inhomogeneous land surfaces in arid and semi-
arid areas is an important but not an easy issue. In this study, one parameterization method based on
satellite remote sensing and field observations is proposed and tested for deriving the regional land surface
heat fluxes over inhomogeneous landscapes. As a case study, the method is applied to the Dunhuang
experimental area and the HEIFE (Heihe River Field Experiment, 1988–1994) area. The Dunhuang area
is selected as a basic experimental area for the Chinese National Key Programme for Developing Basic
Sciences: Research on the Formation Mechanism and Prediction Theory of Severe Climate Disaster in
China (G1998040900, 1999–2003). The four scenes of Landsat TM data used in this study are 3 June 2000,
22 August 2000, and 29 January 2001 for the Dunhuang area and 9 July 1991 for the HEIFE area. The
regional distributions of land surface variables, vegetation variables, and heat fluxes over inhomogeneous
landscapes in arid and semi-arid areas are obtained in this study.
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1. Introduction

The study on the energy exchanges between the
land surface and atmosphere is of paramount impor-
tance for arid and semi-arid areas, e.g., the HEIFE
(Heihe River Field Experiment) area and Dunhuang
areas in northwestern China. Oasis, Gobi, sand desert,
and mountains are distributed in the experimental ar-
eas. In other words, the experimental areas are typi-
cal inhomogeneous land surfaces. Some interesting de-
tailed studies concerning the land surface heat fluxes
over the two areas have been reported (Tsukamoto et
al., 1992; Tsukamoto et al., 1995; Mitsuta et al., 1995;
Hu et al., 1994; Maitani et al., 1995; Zhang et al., 2001
and Hu et al., 2002). This research was, however, on
a point level or a local-patch level. Since the areal,

and not only point-wise, information of land-surface
atmosphere interaction is required, the aggregation of
the individual results into a regional scale is necessary.
Remote sensing from satellites offers the possibility to
derive regional distribution of land surface heat fluxes.

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 a regional distribution
of them by using Landsat TM data and field observa-
tions.

2. Landsat TM data and field observation
data

The Landsat-5 Thematic Mapper (TM) and
Landsat-7 Thematic Mapper provide a spectral radi-
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ance in seven narrow bands, with a spatial resolution
of about 30×30 m2 for three visible bands (Band 1,
2, 3) and three near-infrared bands (Band 4, 5, 7),
and 120×120 m2 for the thermal infrared band 6 of
Landsat-5 TM and 60×60 m2 for the thermal infrared
band 6 of Landsat-7 TM. The four TM images used
in this paper are at 1000 LST 3 June 2000 (beginning
of summer), 22 August 2000 (end of summer), and 29
January 2001 (winter) over the Dunhuang area, and
1000 LST 7 July 1991 over the HEIFE area.

The most relevant data, collected at Dunhuang
and the HEIFE surface stations to support the pa-
rameterization of land surface heat fluxes and analy-
sis of TM images, consist of surface radiation budget
components, surface radiation temperature, surface re-
flectance, vertical profiles of air temperature, humid-
ity, wind speed, and direction measured at the PBL
towers, Sodar, radiosonde, tether-sonde and turbulent
fluxes measured by the eddy-correlation technique, soil
heat flux, soil temperature profiles, soil moisture pro-
files, and the vegetation state.

3. Theory and scheme

By combining satellite remote sensing (e.g., Land-
sat TM data) with field observations, the land surface

heat fluxes over an inhomogeneous land surface can
be derived. The general concept of the methodology
is shown in Fig. 1.

3.1 Net radiation

The regional net radiation flux can be derived from:

Rn(x, y) = [1− r0(x, y)]K↓(x, y) + L↓(x, y)

−ε0(x, y)σT 4
sfc(x, y) ,

(1)

where r0(x, y) is surface reflectance. It can be derived
from Landsat TM data using a four- stream radiative
transfer assumption for atmospheric correction in so-
lar spectral bands (Vehoef, 1997; Ma, 2001). Surface
temperature Tsfc(x, y) in Eq.(1) can be derived from
Landsat TM band-6 (10.2–12.5 µm) spectral radiance
(Ma, 2001). The incoming short wave radiation flux
and incoming long wave radiation flux K↓(x, y) and
L↓(x, y) in Eq.(1) can be derived from the radiative
transfer model MODTRAN (Ma, 2001). Surface emis-
sivity ε0(x, y) is determined by Valor and Caselles’s
method (1997):

ε0(x, y) =εv(x, y)Pv(x, y)

+ εg(x, y)[1− Pv(x, y)]

+ 4 < ε > [1− Pv(x, y)]Pv(x, y) , (2) 
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 Fig. 1. Diagram of the parameterization procedure by combining Landsat TM
data with field observations.
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and vegetation coverage by Carlson and Ripley (1997):

Pv(x, y) =
[
INDV(x, y)− INDVmin

INDVmax − INDVmin

]2

, (3)

where INDV is the Normalized Difference Vegetation
Index (NDVI) and INDVmin and INDVmax are the NDVI
values for bare soil and full vegetation respectively.

3.2 Soil heat flux

The regional soil heat flux G0(x, y) is determined
using a parameterization based on Modified Soil Ad-
justed Vegetation Index (MSAVI, IMSAV, Qi et al.,
1994):

G0(x, y) = Rn(x, y)[Tsfc(x, y)/r0(x, y)]

×(a+ br0 + cr20)[1 + dIMSAV(x, y)e] ,
(4)

where the constants a, b, c, d, and e are determined
from field data observed at the HEIFE and Dunhuang
observation stations; r0 is a daily mean reflectance
value, i.e. for the HEIFE case:

G0(x, y) = Rn(x, y)
Tsfc(x, y)
r0(x, y)

(0.00025 + 0.00436r0

+0.00845r20)[1− 0.979IMSAV(x, y)4] .
(5)

For the Dunhuang case:

G0(x, y) = Rn(x, y)
Tsfc(x, y)
r0(x, y)

(0.00028 + 0.00424r0

+0.00875r20)[1− 0.982IMSAV(x, y)4] ,
(6)

where

IMSAV(x, y) =
2r4(x, y) + 1−

√
[2r4(x, y) + 1]2 − 8[r4(x, y)− r3(x, y)]

2
(7)

where r3 and r4 are the band reflectance of Landsat TM Band-3 and Band-4 on the land surface.

3.3 Sensible heat flux

The regional distribution of sensible heat flux can be estimated from

H(x, y) = ρcpk
2u(x, y)

[Tsfc(x, y)− Ta(x, y)][
ln
z − d0(x, y)
Z0m(x, y)

+ kB−1(x, y)− ψh(x, y)
] [

ln
z − d0(x, y)
Z0m(x, y)

− ψm(x, y)
] . (8)

To simulate sensible heat flux on a large scale, a
straightforward method is to scale-up or aggregate the
regional sensible flux by a weighted average of the con-
tributions from different surface elements, based on the
principle of flux conservation. A method of “blend-
ing 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 TM

observation, the development of convection boundary
layer may adjust the surface-disorganized variability at
“blending height” where the atmospheric characteris-
tics become proximately independent of the horizontal
position (Mason, 1988). Based on this approach, the
regional sensible heat flux density H(x, y) can be de-
scribed as

H(x, y) = ρcpk
2uB

[Tsfc(x, y)− Ta(x, y)][
ln
zB − d0(x, y)
Z0m(x, y)

+ kB−1(x, y)− ψh(x, y)
] [

ln
zB − d0(x, y)
Z0m(x, y)

− ψm(x, y)
] , (9)

where ZB is the blending height and, uB is the wind
speed at the blending height. ZB and uB can be de-
termined by field measurements or numerical mod-
els. In this study, they are determined with the aid
of field measurements of radiosonde (Dunhuang area)
and tethersonde and Sodar (HEIFE area). Ta(x, y) in
Eq.(9) is the regional distribution of air temperature
at the reference height. An improved interpolation
method is proposed here to derive the regional distri-

bution of air temperature over the oasis-desert system
of HEIFE. In other words, the regional distribution
of air temperature Ta(x, y) over the HEIFE area can
be derived using this improved numerical interpolation
method based on a number of field observations of air
temperature and regional surface temperature as (Ma
et al., 2002)

Ta(x, y) = Tsfc(x, y)−DTa(x, y) . (10)
The regional distribution of air temperature Ta(x, y)
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in the Dunhuang area can be simply derived from
Ta-oasis(x, y) and Ta-Gobi-desert(x, y) due to only two
kinds of surfaces (oasis and Gobi-desert) existing in
Dunhuang area. The effective aerodynamic roughness
length Z0m(x, y) in Eq.(9) over the HEIFE area, in-
cluding the effect of topography, low vegetation (e.g.
grass), and taller plants (e.g., wheat canopy, trees and
shrubs), can be determined by Taylor’s model (Tay-
lor et al., 1989) since the surface conditions in the
HEIFE area are the same as in Taylor’s model. As for
the effective aerodynamic roughness length Z0m(x, y)
in the Dunhuang area, it can be simply derived from
Z0m−oasis(x, y) and Z0m−Gobi-desert(x, y) due to only
two kinds of surfaces (oasis and Gobi-desert) in the
Dunhuang area. Raupach’s method (Raupach, 1994)

is used to derive the zero-plane displacement d0(x, y)
in Eq.(9) over the HEIFE and Dunhuang areas, i.e.,

1− d0(x, y)
h(x, y)

=
1− exp(−

√
cd1ILA(x, y))√

cd1ILA(x, y)
, (11)

where ILA is the leaf area index (LAI), h(x, y) is
the height of vegetation and cd1 is a free parameter
(Raupach, 1994). In other words, the zero-plane dis-
placement d0(x, y) can be derived when LAI and the
vegetation height are determined over the two areas.
kB−1(x, y) in Eq.(9) is determined by using the rela-
tionship between kB−1(x, y) and Ts(x, y), ψh(x, y) and
ψm(x, y) in Eq.(9) are the integrated stability func-
tions. They can be determined by using the models of
Paulson (1970) and Webb (1970).

Fig. 2. Maps of land surface heat fluxes for the HEIFE area. 1000 LST, July 9, 1991.
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Fig. 3. Maps of land surface heat fluxes for the Dunhuang area. 1000 LST.
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Table 1. The distribution range and peaks of land surface variables, vegetation variables, and land surface heat
fluxes over the Dunhuang area

Range Oasis (peak) Gobi desert (peak)

NDVI 0.00–0.46 ∼ 0.30 ∼ 0.00

MSAVI 0.00–0.40 ∼ 0.26 ∼ 0.00

Pv 0.00–0.95 ∼ 0.28 ∼ 0.00

r0 0.10–0.30 ∼ 0.17 ∼ 0.22

3 Jun 2000 LAI 0.00–8.80 ∼ 1.80 ∼ 0.00

Tsfc(
◦C) 2.0–63.0 ∼ 26.0 ∼ 48.0

Rn (W m−2) 250–550 ∼ 520 ∼ 330

G0 (W m−2) 1–105 ∼ 36 ∼ 74

H (W m−2) 2–405 ∼ 50 ∼ 245

λE (W m−2) 0–520 ∼ 450 ∼ 50

NDVI 0.00–0.74 ∼ 0.64 ∼ 0.06

MSAVI 0.00–0.65 ∼ 0.50 ∼ 0.00

Pv 0.02–0.98 ∼ 0.85 ∼ 0.02

r0 0.08–0.36 ∼ 0.14 ∼ 0.23

22 Aug 2000 LAI 0.00–8.80 ∼ 2.10 ∼ 0.00

Tsfc(
◦C) 5.0–57.0 ∼ 15.0 ∼ 49.0

Rn (W m−2) 260–660 ∼ 600 ∼ 330

G0 (W m−2) 15–120 ∼ 40 ∼ 103

H (W m−2) 0–300 ∼ 30 ∼ 230

λE (W m−2) –20–650 ∼ 550 ∼ 30

Table 2. The distribution range and peaks of land surface variables, vegetation variables, and land surface heat
fluxes over the HEIFE area (9 July 1991)

Range Oasis (peak) Gobi desert (peak)

NDVI 0.10–0.75 ∼ 0.66 ∼ 0.15

MSAVI 0.08–0.92 ∼ 0.80 ∼ 0.25

Pv 0.00–0.95 ∼ 0.78 ∼ 0.20

r0 0.04–0.30 ∼ 0.12 ∼ 0.26

LAI 0.00–5.80 ∼ 2.80 ∼ 0.45

Tsfc(
◦C) 5.0–55.0 ∼ 16.0 ∼ 44.0

Rn (W m−2) 290–750 ∼ 650 ∼ 380

G0 (W m−2) 30–105 ∼ 50 ∼ 90

H (W m−2) 0–300 ∼ 90 ∼ 230

λE (W m−2) 0–700 ∼ 500 ∼ 100

3.4 Latent heat flux

The regional latent heat flux λE(x, y) is derived as
the residual of the energy budget theorem for the land
surface, i.e.,

λE(x, y) = Rn(x, y)−H(x, y)−G0(x, y) . (12)

4. Case study and validation

Figures 2 and 3 show the distribution maps of land
surface heat fluxes over the HEIFE area and Duhuang
areas. The frequency distributions of land surface
fluxes over the two areas are shown in Fig. 4. The

derived land surface heat fluxes are validated by field
measurements. In Fig. 5, the derived results are plot-
ted against the measured values in the fields of Dun-
huang and the HEIFE for four terms of the energy
balance. The 1:1 line is also plotted in the graphs.
The land surface heat fluxes, which were derived from
SEBAL (Wang et al., 1995; Ma et al., 1999), are plot-
ted in Fig. 5 as well. 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) co-
ordinate, are compared with the field measurements.
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Fig.4. Frequency distribution of land surface heat fluxes. (a) HEIFE; (b) Dunhuang 
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Fig. 4 Frequency distribution of land surface heat fluxes. (a) HEIFE; (b) Dunhuang.
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Fig.5. Validation of the derived results against the field measurements for land surface heat fluxes, together with 
1:1 line. Cal.1: former results (Wang et al. 1995; Ma et al. 1999). Cal.2: this research.  
(a) HEIFE; (b) Duhuang. 
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Fig. 5 Validation of the derived results against the field measurements for land surface heat fluxes, together
with the 1:1 line. Cal.1: former results (Wang et al., 1995; Ma et al., 1999)¶Cal.2: this research. (a) HEIFE;
(b) Duhuang.
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The mean absolute percent difference (MAPD, DMAP)
can quantitatively measure the difference between
the derived results (Hderived(i)) and measured values
(Hmeasured(i)):

DMAP =
100
n

n∑
i=1

( | Hderived(i) −Hmeasured(i) |
Hmeasured(i)

)
.

(13)

The results show that: (1) the derived land surface
variables (land surface reflectance and surface tem-
perature), vegetation variables (NDVI, MSAVI, veg-
etation coverage Pv and LAI, and land surface heat
fluxes (net radiation flux Rn, soil heat flux G0, sen-
sible heat flux H, and latent heat flux λE) over two
case study areas are in good accordance with the land
surface status. These parameters in summer show a
wide range due to the strong contrast of surface fea-
tures during this season, and there are two peaks in the
figures of all distribution maps and all frequency distri-
butions histograms. The first ones correspond to oasis
and the other peak corresponds to the Gobi desert
(see Table 1 and Table 2). Although there are differ-
ences between oasis and Gobi desert for land surface
variables, vegetation variables, and land surface heat
fluxes over the two areas in winter, they are not clear;
(2) the derived surface reflectance and surface temper-
ature in this research are in good accordance with the
field measurements, and they are better than the re-
sults derived from the regression relationship (Wang et
al., 1995; Ma et al., 1999) with MAPD (mean absolute
percent difference) less than 10%; (3) the derived net
radiation fluxes over the two areas are very close to
the field measurements with MAPD less than 7%; (4)
the parameterization method based on MSAVI for soil
heat flux is suitable for the inhomogeneous land sur-
face of arid and semi-arid areas. Although the derived
regional soil heat flux is slightly higher than the mea-
sured value, the MAPD gets smaller than the former
derived value based on the NDVI (Wang et al., 1995;
Ma et al., 1999); (5) the derived regional sensible heat
fluxes with MAPD of around 6% at five validation sites
in Dunhuang and HEIFE are in good agreement with
the field measurements; (6) the derived regional latent
heat flux, which is based on the energy balance equa-
tion, is acceptable for the whole HEIFE area and Dun-
huang area; and (7) net radiation flux and latent heat
flux in summer (June and August) are much higher
than in winter over the oasis area of Dunhuang, but
the sensible heat flux is much lower than in winter.
Net radiation flux, sensible heat flux, and soil heat flux
are much higher in summer than in winter over Gobi
desert area of Dunhuang, and latent heat flux over the
the Gobi desert is very low in summer (∼40 W m−2).

This is caused by the seasonal difference and land sur-
face status difference between summer and winter.

5. Concluding remarks

In this study, the regional distributions of land sur-
face variables (surface reflectance and surface temper-
ature), vegetation variables (NDVI, MSAVI, vegeta-
tion coverage, and LAI) and land surface heat fluxes
(net radiation, soil heat flux, and sensible and latent
heat flux) over the inhomogeneous areas of Dunhuang
and HEIFE are derived with the aid of Landsat TM
data and field observations. Compared with previous
studies (Wang et al., 1995; Ma et al., 1999), the new
method has been proved to be a better approach for
getting related air-land parameters over heterogeneous
landscape due to the improvements in old parameter-
izations (Wang et al., 1995; Ma et al., 1999). This
study forms a sound basis to study land surface vari-
ables, vegetation variables, and land surface fluxes over
inhomogeneous landscapes.

The vegetation variables cannot be validated in
this research due to the lack of such measurements
during the HEIFE and Dunhuang experiments. In fu-
ture experiments, more attention should be paid to the
measurements of vegetation variables, such as NDVI,
LAI, and vegetation coverage.
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