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Abstract 
Yaoming Ma, 2006, Determination of regional surface heat fluxes over heterogeneous 
landscapes by integrating satellite remote sensing with boundary layer observations, PhD 
thesis, Wageningen University, Wageningen, The Netherlands. 
 

Arid areas such as the Heihe River Basin and high elevation areas as the Tibetan 
Plateau with a heterogeneous landscape are characterized by extreme gradients in land 
surface properties such as wetness and roughness which have a significant but local impact 
on the Atmospheric Boundary Layer (ABL). Observation of the actual extent of these areas 
and their properties is essential to understand the mechanisms through which heterogeneous 
land surfaces may have a significant impact on the structure and dynamics of the overlying 
ABL. The latter applies specifically to energy and water fluxes. Progress in this research 
area requires spatial measurements of variables such as surface hemispherical reflectance, 
radiometric surface temperature, vegetation fractional cover, Leaf Area Index (LAI) and 
local aerodynamic and thermodynamic roughness lengths. It also requires the measurements 
of Normalized Difference Vegetation Index (NDVI), Modified Soil Adjusted Vegetation 
Index (MSAVI). Imaging radiometers on-board satellites can provide useful estimates of 
most of these variables. Using these variables in combination with the Surface Layer (SL) 
and ABL observations we are able to derive the distribution of land surface heat fluxes over 
heterogeneous landscapes.  

Based on the analysis of the land surface heterogeneity and its effects on the overlying 
air flow, SL observations, ABL observations and satellite Remote Sensing (RS) 
measurements [Landsat-5(7) TM (ETM) and NOAA/AVHRR measurements], three 
parameterization methodologies, which are called RS approach (RS + SL-assumptions), Tile 
approach (RS + SL-observations) and Blending height approach (RS + SL-observations + 
ABL-observations) are developed and demonstrated to estimate the surface heat flux 
densities over heterogeneous landscapes. The RS approach (see Figures 3.4 and 5.1) uses 
satellite measurements in combination with assumptions on the SL at and below a reference 
height of about 2m. The Tile approach (see Figures 3.4, 3.5 and 7.1) uses satellite 
measurements in combination with SL observations at and below a reference height of about 
20 m. The Blending height approach (see Figures 3.4, 3.6 and 7.2) uses satellite 
measurements in combination with SL and ABL observations at and below the blending 
height of about 200 m. 

The approaches were applied to heterogeneous areas: the HEIhe basin Field 
Experiment (HEIFE), the Arid Environment Comprehensive Monitoring Plan, 95 
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(AECMP’95), the Global Energy and Water cycle EXperiment Asian Monsoon Experiment 
on the Tibetan Plateau (GAME/Tibet), the Coordinated Enhanced Observing Period 
Asia-Australia Monsoon Project on the Tibetan Plateau (CAMP/Tibet) and the DunHuang 
EXperiment (DHEX). The distributions of NDVI, MSAVI, vegetation fractional cover, LAI, 
surface reflectance, surface temperature, net radiation flux, soil heat flux, sensible heat flux 
and latent heat flux have been determined over five different heterogeneous areas. These 
estimates have been compared with independent ground measurements of flux densities. At 
the validation sites relative deviations ( VV /δ ) were less than 10 %. The results derived 
from the Blending height approach were also compared over the HEIFE area with that 
derived from the RS approach.  

The results clearly show that the Tile approach and the Blending height approach using 
satellite measurements in combination with SL observations and ABL observations provided 
much better estimates of heat flux densities than the RS approach. 
    
Key words: satellite remote sensing, surface layer observations, atmospheric boundary 
layer observations, land surface variables, vegetation variables, land surface heat fluxes, 
validation, heterogeneous landscape, GAME/Tibet, CAMP/Tibet, HEIFE, AECMP’95, 
DHEX, NOAA/AVHRR, Landsat-5(7) TM(ETM)   
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1. Introduction 
 
1.1 Background 

 
The growing concern about the change of climate and environment has increased the 

number of land surface processes studies over heterogeneous areas (Table 1.1). 
The regional heat flux exchange between the land surface and atmosphere is of 

paramount importance for the land surface processes. It is also the main objective in a 
number of the land surface process experiments. How can one determine the regional 
distribution of surface heat fluxes on a quantitative level over heterogeneous landscapes?  

 
    One approach is to operate an atmospheric model. Numerical simulation models of 
regional heat fluxes have been developed for a range of scales and with different levels of 
physical complexity ( e.g. Manabe, 1969; Feddes et al., 1978; Anthes, 1983; Anthes et al., 
1987; Dickinson et al., 1986; Sellers et al., 1986; Avissar and Pielke, 1989; Entekhabi and 
Eagleson, 1989; Avissar, 1991; Famiglietti and Wood, 1991; Koster and Suarez, 1992; 
Sellers and Pitman, 1992; Xue and Shukla, 1993; Kroon and De Bruin, 1993; Walko et al, 
1995; Pielke et al., 1995; Sellers et al., 1995; Holtslag and EK, 1996; Van den Hurk et al., 
1997; Yan, 1999; Xue et al., 2001; Strack et al., 2003; Hu, 2004).  

Because the interactions between soil, vegetation and atmosphere vary both spatially 
and temporally, regional heat fluxes in heterogeneous natural landscapes are difficult to 
predict accurately by means of atmospheric models only. Most atmospheric models deal 
with terrestrial landscapes by assuming homogeneity of system variables and processes 
within each model grid. The so-called tile approach (Avissar and Pielke, 1989) has been 
proposed to build a more realistic description of heterogeneous land surfaces. Recently, 
sparse but growing evidence has been put forward on the relation between nature and spatial 
organization of the processes in the Surface Layer (SL) and Atmospheric Boundary Layer 
(ABL) and spatial heterogeneity of land surfaces (Avissar, personal communication). This 
trend will lead eventually to a more accurate prediction of heat fluxes at the land – 
atmosphere interface. Ground and satellite measurements that characterize the actual 
spatial variability of terrestrial landscapes will be needed to achieve this objective. 

 

Remote sensing from satellites offers the possibility to derive regional distribution of 
land surface heat fluxes over heterogeneous land surfaces in combination with sparse 
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Table 1.1 Major Land Surface Processes Experiments (LSPE) in the world (1986-2005) 
 
Experiments Experimental 

period 
Scale 
(km × km) 

Major objectives References 
 

 
HAPEX- 
MOBILHY 

 
1986 

 
100 × 100 

 
Water and energy exchange, 
regional hydrology 

 
Schmugge 
and Andre 
(1991) 

 
FIFE 

 
1988,1990 

 
10 × 10 

 
Water and energy  
exchange, biometeorology, 
remote sensing 

 
Sellers and 
Hall (1992) 

 
HEIFE 
AECMP’95 

 
1988, 
1990-1992, 
1994, 1995 

 
70 × 90 

 
Water and energy exchange 
in arid regions, regional 
hydrology, biometeorology,
remote sensing 

 
Wang et al. 
(1993), 
Hu et al. 
(1994) 

 
EFEDA 

 
1991, 1995 

 
85 × 130 
 

 
Desertification, 
biometeorology, 
remote sensing 

 
Bolle et al. 
(1993) 

 
HAPEX-Sahel 

 
1992 

 
100 × 100 

 
Biometeorology, remote 
sensing 

 
Goutorbe et 
al. (1994) 

 
BOREAS 

 
1993-1994 

 
1000 × 1000 

 
Biometeorology, 
remote sensing 

 
Hall and 
Sellers 
(1993) 

 
GCIP 

 
1995-2000 

 
2000 × 200 

 
Meteorology and 
remote sensing 

 
IGBP 
(1992) 

 
GAME/Tibet 
and TIPEX, 
GAME-Siberia, 
GAME-HUBEX 
GAME-Tropic 

 
1996-2000 

 
200 × 100 
(meso-scale) 
2000 × 1300 
(plateau area), 
100 × 100 for 
the other three 
area 

 
Water and energy exchange 
over the experimental areas, 
regional hydrology, 
snow cover, precipitation, 
biometeorology, 
remote sensing 

 
GAME ISP 
(1998) 

 
CEOP 
(CAMP/Tibet) 

 
2001-2005 

 
36 reference 
areas 
(250 × 150) 
 

 
Water and energy exchange 
over the experimental areas, 
regional hydrology, 
snow cover, precipitation, 
biometeorology, 
remote sensing 

 
Koike 
(2002) 

 
IMGRASS 

 
1997, 1998 

 
100 × 150 

 
Water and energy exchange 
over the grass land, regional 
hydrology, precipitation, 
remote sensing, 
biometeorology 

 
 
Lu (1997) 

 
MAGS 

 
1998, 1999 

 
1000 × 1000 

 
Hydrological process, 
climatic effect 

 
JSC (1994) 

 
AMAZON 

 
1998-2000 

 
3000 × 2000 

 
biometeorology,  remote 
sensing 

  
Sellers et al. 
(1993) 
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ground experimental stations. Remote sensing data provided by satellites are a means of 
obtaining consistent and frequent observations of spectral reflectance and emittance at 
elements in a patch landscape and on a global scale (Sellers et al., 1990). The land surface 
variables and vegetation variables, such as surface temperature T0, surface hemispherical 
reflectance r0, Normalized Difference Vegetation Index (NDVI), Modified Soil Adjusted 
Vegetation Index (MSAVI), vegetation fractional cover Pv, Leaf Area Index (LAI) and 
surface thermal emissivity ε0 can be derived directly from satellite measurements (e.g. 
Susskind et al., 1984; Perry and Lautenschlager,1984; Justice et al., 1985; Tucker, 1987; 
Pinty and Ramond, 1987; Clevers,1988; Menenti et al., 1989; Wan and Dozier, 1989; 
Becker and Li, 1990; Watson et al.,1990; Baret and Gauyot,1991; Price,1992; Kahle and 
Ally, 1992; Li and Becker,1993; Qi et al., 1994; Norman et al., 1995; Schmugge et al., 1995; 
Becker and Li,1995; Kustas and Norman,1997; Ma et al., 1997; Wen, 1999; Ma et al., 1999; 
Ma et al., 2002a; Ma et al., 2003a; Liang, 2004; Jia, 2004; Oku and Ishikawa, 2004).  

Regional heat fluxes can be determined indirectly with the aid of these land surface 
variables (Pinker, 1990).  

Recent studies have explored several approaches to estimate the regional distribution of 
surface heat fluxes. These methods bridge the gap between the point/local measurements 
and the regional scale, and they required specification of the vertical temperature difference 
between T0 and the air temperature Ta and an exchange resistance (e.g. Kustas et al., 1989; 
Kustas, 1990; Menenti et al., 1991; Menenti and Choudhury, 1993; Wang et al, 1995; 
Bastiaanssen, 1995; Menenti and Bastiaanssen, 1997; Roerink and Menenti 1997; Ma et al., 
1997; Su et al., 1998; Su et al., 1999; Ma et al., 1999; Van den Hurk, 2001; Su, 2002; Jia 
2004). 

 
Remote sensing methods to estimate heat fluxes at the surface are still in a developing 

stage, and some shortcomings exist, such as:  
• Remote sensing retrieval algorithms did not pay sufficient attention to ABL aspects, in 

other words, the analysis of the characteristics of structure and transfer of the ABL was 
not robust, i.e. in the existing methods too many semi-empirical relationships and 
assumptions on the ABL were embedded, particularly in the procedures to calculate the 
surface roughness length (aerodynamic roughness length z0m and thermodynamic 
roughness length z0h), momentum flux (τ) and sensible heat flux (H).  

• T0, which is usually replaced by the surface radiative temperatures Trad and the near 
surface Ta is not determined by a robust approach.   
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• Most studies of the regional distribution of land surface heat fluxes have been performed 
in homogeneous moist or semi-arid regions. Investigations in heterogeneous landscapes 
of arid areas and high altitudes were rare. 

 

1.2  Objectives  
 

In this thesis a general conceptual framework is described to achieve the following 
ultimate objective: Providing a better satellite remote sensing parameterization 
methodology of regional land surface heat fluxes over heterogeneous landscapes by 
including SL and ABL observations. 

 
 This study will pay more attention to the following. 
 Deriving a more accurate regional distribution of the land surface variables and 

vegetation variables over heterogeneous landscapes. 
 Deriving a more accurate regional distribution of the net radiation flux Rn and the soil 

heat flux G0 over heterogeneous landscapes.  
 Limiting assumptions in the existing remote sensing retrieval methodology to estimate 

H: 
• To derive the structure characteristics of the Surface Layer (SL) and ABL with the 

available SL and ABL observational data (tethered balloon, radio-sonde, the PBL 
tower etc.). 

• To determine aerodynamic and thermodynamic variables (aerodynamic roughness z0m, 
thermodynamic roughness z0h and excess resistance to heat transfer kB-1) by means of 
SL observations and remote sensing measurements at high spatial resolution over 
heterogeneous land surfaces. 

• To derive the regional distribution of T0 at a high spatial resolution from the remote 
sensing surface brightness temperature TB. 

• To derive the regional distribution of Ta at high spatial resolution from the distribution 
of T0 and ground observations using a simple numerical interpolation model. 

 Assimilating the previous improvements into the remote sensing parameterization 
methodology to estimate the regional distribution of H and its temporal variation over 
heterogeneous landscapes. 
 Validating the improvement remote sensing parameterization methodology by using the 

surface, SL and ABL observations. 
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1.3 Outline of the thesis 

 
The theoretical framework of parameterization of heat exchanges at the land surface 

will be described in Chapter 2. The procedure to determine the four components of the 
surface energy budget will be given in detail in this chapter. 

 
In Chapter 3, three parameterization schemes will be proposed to determine the heat 

fluxes over heterogeneous surfaces. The first is to use satellite measurements and 
assumptions on the surface layer to estimate the regional land surface heat fluxes, which is 
called RS approach (RS+SL-assumptions). The second is to use satellite measurements and 
surface layer observations, which called Tile approach (RS+SL-observations). The third is 
to use satellite measurements and ABL observations, which named Blending height 
approach (RS+SL-observations+ABL-observations). Because both the surface 
heterogeneity and the SL and ABL characteristics are very important in the parameterization 
procedures, they will also be analyzed in detail in this chapter.  

 
In Chapter 4, land surface processes experiments of the Global Energy and Water cycle 

EXperiment (GEWEX) Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet, 
1996-2000), the Coordinated Enhanced Observing Period (CEOP) Asia-Australia Monsoon 
Project on the Tibetan Plateau (CAMP/Tibet, 2001-2005), the HEIhe basin Field 
Experiment (HEIFE, 1988-1993), the Arid Environment Comprehensive Monitoring Plan, 
95 (AECMP’95, 1 August–21 August 1995) and the DunHuang EXperiemnt (DHEX, 1 May 
2000–31 August 2002 ), with ground observational data, will be described.  

 
In Chapter 5, regional land surface heat fluxes over heterogeneous landscapes will be 

determined using the RS approach. It will be shown that the derived land surface heat fluxes 
over some areas determined in this way may not be accurate. In other words, the 
parameterization method has to be improved. Also the input land surface and atmospheric 
variables have to be determined over heterogeneous landscapes by using the SL and ABL 
observations and not from assumptions.  

 
Therefore, in Chapter 6, the SL and ABL processes will be analyzed in detail. Surface 

heterogeneity, the influences of the surface heterogeneity on the variables of the SL and 
ABL (wind speed u, Ta and specific humidity q) and land surface heat fluxes (the different 
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heat fluxes over the different land surface and in the different month) and some of the 
atmospheric variables (z0m, z0h and kB-1) will be analyzed and determined.  

 
    In Chapter 7, the Tile approach (RS + SL-observations) and the Blending height 
approach (RS + SL-observations + ABL-observations) will be used to derive land surface 
heat fluxes over heterogeneous landscapes. They will be applied to the areas of the 
GAME/Tibet, the CAMP/Tibet, the HEIFE, the AECMP’95 and the DHEX. The 
distributions of NDVI, MSAVI, vegetation fractional cover Pv, LAI, r0, T0, Rn, G0, H and the 
latent heat flux λE will be determined over these areas. “Ground truth” will be used to 
validate the derived results. A comparison between the results derived from the Blending 
height approach and the results derived from the RS approach over the HEIFE area will 
also be given in this chapter. 
 
   Finally, a summary and conclusions will be given.   
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

7  

 

2. Theoretical framework of parameterization of heat 
exchanges at the land surface 

 
    The exchange processes occurring at the land surface are of paramount importance for 
the re-distribution of moisture and heat in soil and atmosphere. In any given system at the 
earth’s surface, evapotransporation is the connecting link between the water budget and the 
energy budget. For a simple lumped system, when effects of unsteadiness, ice melt, 
photosynthesis and lateral advection can be neglected, the energy budget is (Brutsaert, 
1984): 
 

  0n GEHR ++= λ                (W m-2)                 (2.1) 
 

where Rn is the net radiation flux at the land surface, H and λE are the sensible and latent 
land surface heat fluxes respectively, and G0 is the soil heat flux (Figure 2.1). The sign 
convention of Eq.2.1 is that Rn is considered positive when radiation is directed towards the 
land surface, while G0, H and λE are considered positive when directed away from the land 
surface (Bastiaanssen, 1995). 
 

 

 
Figure 2.1 Schematic illustration of the energy balance at the land surface. 

  

For the regional land surface heat fluxes, the energy balance equation can be rewritten 
as (e.g. Bastiaanssen, 1995; Wang et al., 1995; Ma et al., 2002a; Ma et al., 2003a; Ma et al., 
2003b; Ma et al, 2004a; Ma et al., 2006): 

 
),(),(),(),( 0n yxGyxEyxHyxR ++= λ           (W m-2)        (2.2) 

Net radiation flux Rn 

Soil heat flux G0 

Sensible heat flux H 

Latent heat flux λE 
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The (x,y) notation indicates that a certain parameter is variable in the horizontal space 
domain with a resolution equal to the size of a pixel of a satellite image.  
 

2.1 Net radiation flux Rn(x, y) 
 

The regional net radiation flux Rn(x, y) can be derived from  
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where K↓(x,y) and K↑(x,y) are the incoming and outgoing solar radiation flux respectively, 
L↓(x,y) and L↑(x,y) are the incoming and outgoing long wave radiation flux respectively. 
r0(x,y) is the surface reflectance, T0(x,y) is the surface temperature and σ ( =5.678×10-8 W 
m-2 K-4) is the Stefan-Boltzman’s constant.  

In Eq.2.3, r0(x,y) can be derived from a linear relationship between the surface 
reflectance r0 and the spectrally integrated planetary reflectance rp (e.g. Menenti, 1984; 
Wang et al., 1995; Bastiaanssen, 1995; Ma et al., 1997; Ma et al., 1999) as  

 
byxrayxr += ),( ),( p0           ( - )      (2.4)  

 
where parameters a and b can be determined from the ground observations.  

To avoid the shortcoming of using the linear relationships to estimate r0 from rp 
(e.g.Wen, 1999), a four-stream radiative transfer assumption (e.g. Verhoef, 1997; Wen, 1999; 
Ma et al., 2002c; Ma, 2003c) is used to determine r0(x,y). The assumption is based on the 
radiative transfer among the satellite sensor, atmosphere layer and the land surface. By 
using the MODerate spectral resolution atmospheric TRANsmittance algorithm 
(MODTRAN) model, the surface narrow band reflectance can be derived, and the 
broadband reflectance of the land surface can be calculated as a weighted sum formula from 
the different band reflectance. 

The determination of r0 from satellite remote sensing data is affected by the 
atmospheric effects in the radiative transfer path (Verhoef, 1997). A schematic diagram 
(Figure 2.2) provides an illustration of radiative transfer process (Wen, 1999). The radiance 
which reaches the satellite remote sensor consists of four contributions:  

1) Direct sunlight reflected by the target. 
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2) Target reflected diffuse radiance.  
3) Molecular and aerosol particles back-scattered sunlight.  
4) A contribution from “background” outside the target.  
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Figure 2.2 The diagram of the radiative transfer process between the sun, atmosphere, 

land surface and satellite sensor in solar spectra. 

 

 
Based on Figure 2.2, the broadband surface reflectance has been calculated from a 

weighted sum of the band reflectance as (Wen, 1999):  

  

∑
≠

=

=
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where i is band number of the sensor, a (i) is the weight of each band at surface, b

sr  is the 
broadband surface reflectance, irs  is the band reflectance. Hence, the distribution of land 
surface reflectance can be derived as 
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Using the NOAA/AVHRR data, surface reflectance can be determined from linear 
relationships (Valiente et al., 1995) as:  

 

    cyxbryxaryxr ++= −− ),(),(),( 2AVHRR1AVHRRbroadband       (-)        (2.7) 

 
where a, b and c are constant depending on different experimental areas, broadbandr  is the 
surface reflectance, 1AVHRR −r and 2AVHRR −r are the band reflectance of AVHRR channel-1 
and channel-2, respectively 
 

In Eq. 2.3, regional distribution of surface temperature T0(x,y) can be derived in 
different ways depending on the different satellite data. Using the NOAA/AVHRR data, 
T0(x,y) can be derived from Split Window Technique (SWT) (e.g. Becker and Li, 1990; 
Becker and Li, 1995; Sobrino et al., 1994; Sobrino and Raissouni, 2000). It means that T0 
can be thought as a simple linear combination of the brightness temperatures Ti and Tj 
measured at two adjacent thermal infrared channels i and j, i.e. 

 

ji TATAAT 2100 ++=                 (K)             (2.8) 

 
where A0, A1and A2 are local coefficients which depend on spectral emissivities of surface 
and on the spectral transmittance of the atmosphere. The accuracy of T0 retrieval is 
dependent on the correct choice of the coefficients A0, A1and A2 (Becker and Li, 1995). The 
derived from NOAA AVHRR can be expressed as     
 

              ),,,,,( 54540 θεε WTTFT =         (K)             (2.9)  

   
where T4 and T5 are the brightness temperatures of channel 4 and 5 of AVHRR; ε4 and ε5 are 
the spectral emissivities of channel 4 and 5 respectively; W is water vapor content, and θ 
represents the view angle of satellite.  

T0(x, y) in Eq.2.3 can also be derived from Landsat TM thermal infrared band-6 
(10.2-12.5 µm) spectral radiance. Because the 10.2-12.5 µm TM band is relatively 
transparent to radiation transfer in the atmospheric 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. The upward thermal 
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radiance at wavelength λ passing through the local atmosphere layer Lλ is described by (Ma 
et al., 2002a) 

 

            λλ
λ

δ
χ BL

d
dL

−=                (Wm-2 )            (2.10) 

 
where δ is atmospheric optical thickness, χ=cosΘ, Θ is the zenith angle between normal of 
the horizon and radiative stream, and Bλ is black body radiance as given by Planck function 
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where c1 and c2 are constants. Boundary conditions for radiative transfer are: 
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Then the upward radiance can be derived after integrating Eq.2.17as 
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where Lλ (T0) is upward radiance emitted from land surface, δ′ is atmospheric optical 
thickness at an arbitrary altitude. The satellite sensor detected radiance LS(x, y) for each 
pixel is composed of two parts: contributions from land surface and the atmosphere  

  

),(),(),( 0S yxSyxLyxL += τ          (Wm-2)         (2.14) 

 
where L0(x,y) is emitted band radiance from the land surface, S(x,y) is band upward radiance 
at the top of atmosphere emitted from the atmosphere, and τ is band average transmittance. 
S(x,y) and τ can be derived from the MODTRAN model. Eq.2.14 can be rewritten as 
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τ/)],(),([),( S0 yxSyxLyxL −=         (Wm-2)        (2.15) 

 
Hence, the brightness temperature for each pixel at the land surface TB(x, y) can be 
expressed from Eq.2.15 for a given wavelength or remote sensor band as (e.g. Wang et al., 
1995; Ma, et al., 1997; Ma et al., 1999) 
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where c1 and c2 are constants. Therefore, the distribution of T0 can be obtained as:  

 

),(),(),( B4
1

00 yxTyxyxT
−

= ε           (K)               (2.17)   

       
where surface emissivity ε0(x,y) can be determined from NDVI (e.g. Van de Griend and Owe, 
1993; Bastiaanssen, 1995) and vegetation fractional cover (e.g. Sobrino et al., 1990; Valor 
and Caselles, 1996). i.e.  

 
),( NDVIln047.0009.1),(0 yxyx +=ε         ( - )         (2.18) 

 

or 

       
),()),(1(4)),(1)(,(),(),(),( vvvgvv0 yxPyxPdyxPyxyxPyxyx −><+−+= εεεε  ( - ) (2.19) 

 
where εv(x,y) = 0.985(±0.007) and εg(x,y) = 0.960(±0.010) are surface emissivity for full 
vegetation and bare soil respectively, >< εd = 0.015(±0.008) is the error, and vegetation 
fractional cover (Carlson and Ripley, 1997) 
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where NDVImin and NDVImax are the NDVI values for bare soil and full vegetation 
respectively. Normalized Difference Vegetation Index (NDVI) is: 
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where VISr and NIRr present surface reflectance averaged over ranges of wavelengths in 
the visible and near infrared regions of the spectrum, respectively 

 
In Eq.2.3, the regional downward short wave radiation flux K↓(x,y) can be obtained as 

 
),(),( TOAsw yxKyxK ↓

↓ = τ          (W m-2)           (2.22) 

 
where the atmospheric short wave transmittance τsw can be derived directly from 
MODTRAN, and the regional variation of the radiation flux perpendicular 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, which can be derived from 

 

2
s

sunexo
TOA

),(cos)b(),(
d

yxKyxK θ↓
↓ =       (W m-2)           (2.23)   

where K↓
exo(b) is the mean in-band solar exo-atmospheric irradiance undisturbed by the 

atmosphere θsun= 00, ds is the relative earth-sun distance, and θsun represents the sun zenith 
angle.  

L↓(x,y) in Eq.2.3 can be calculated from MODTRAN directly (e.g. Ma et al., 2002c; Ma, 
2003c), and it can also be estimated as a function of mean air temperature Ta in the 
atmospheric boundary layer (Jia, 2004)  
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According to Brutsaert (1984), the effective atmospheric emissivity εa is a function of 

water vapor pressure ea and air temperature Ta 
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2.2 Soil heat flux G0(x,y)     

 
The regional soil heat flux G0(x,y) can be determined by (Choudhury and Monteith, 

1988) 

 

  ),(/)],(),([(),( shs0ss0 yxryxTyxTcyxG −= ρ         (W m-2)         (2.26) 

  
where ρs is soil dry bulk density, cs is soil specific heat, Ts (x,y) stands for soil temperature at 
a determined depth, rsh (x,y) represents soil heat transfer resistance.  

),(0 yxG  cannot directly be mapped from satellite measurements through Eq.2.26. The 
difficulty is to derive rsh(x,y) and Ts(x,y) (e.g. Bastiaanssen, 1995; Wang et al., 1995; Ma et 
al., 1999; Ma et al., 2002a; Ma et al., 2003a; Ma et al., 2004a; Ma et al., 2006).  

To calculate the values of ),(0 yxG  solely from remote sensed data requires that it is 
to be made proportional to another term in the energy balance equation. A good candidate 
is ),(n yxR , which can be calculated with a minimal amount of meteorological information 
(Jackson et al., 1985). Indeed, early studies over bare soil (Fuchs and Hadas, 1972; Perrier, 
1975; Idso et al., 1975) suggested that for practical applications ),(),( n0 yxRyxG  is about 
0.3. However, Idso et al. (1975) found the ratio to vary with moisture being about 0.5 for 
dry soil and 0.3 for wet conditions. Brutsaert (1984) argued that combing all of Idso’s data 
together produced a coefficient 0.4. For vegetation surfaces under full cover, Monteith 
(1973) suggested values for the ratio would most likely vary between 0.05 and 0.1. 
Monteith’s conclusion was supported by a large quantity of hourly data for a short grass 
pasture where the daytime average was about 0.1 (De Bruin and Holtslag, 1982).  

For application to agriculture, the ratio must be made a function of some easily 
measured quantity that will allow the value of ),(),( n0 yxRyxG  to take intermediate 
values between around 0.3 at planting and around 0.1 when full cover is reached. Reginato 
et al. (1985) obtained an empirical equation for wheat where the coefficient was calculated 
from the height of crop. Choudhury et al. (1987) expressed the ratio as an exponential 
function of leaf area index yielding a correlation of 0.90.  

For regional energy studies, typically very little information on crop height and 
phytomass is available. However, there are indications that remotely sensed vegetation 
indices may be a surrogate for plant phytomass, Leaf Area Index (LAI) and vegetation 
fractional cover (Hinzman et al., 1986; Kollenkark et al., 1982a). As a result, n0 RG has 
been related to some vegetation index. For example, Jackson et al. (1987) employed an 
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equation give by K.L.Clawson (personal communication) that calculates n0 RG  using an 
exponential function of NDVI. Clothier et al. (1986) show that for alfalfa under full and 
sparse cover situations the Simple Ratio vegetation index (SR) was linearly related to 
midday n0 RG  with a linear regression coefficient r2= 0.76. Kustas and Daughtry (1990) 
showed that the midday values of n0 RG  were linearly related to SR and NDVI.  
    Nevertheless, vegetation indices like NDVI and SR are sensitive to solar position (i.e. 
to the zenith and azimuth view angles) and to the variability in soil reflectance factors. The 
effects of sun and view angle on the spectral response of vegetation canopies are dependent 
on the physiological properties of the vegetation such as canopy architecture and leaf angle 
distribution (Cowan, 1968; Kirchner et al., 1982; Kimes et al., 1985; Sellers, 1985). If it is 
an arable crop, row spacing, orientation and stage of growth will also affect the spectral 
behavior of the surface (Jackson et al., 1979; Kollenkark et al., 1982b; Kimes, 1983; Ranson 
et al., 1985). The view angle of the sensor has as well a significant effect (Ranson et al., 
1986; Gutman, 1987; Pinter et al., 1987). The variability in soil reflectance can have a major 
impact on vegetation indices (Huete et al., 1985; Huete, 1987) which are normally used for 
the modeling radiation absorption, vegetation fractional cover, biomass, and net 
photosynthesis of plant communities (Choudhury, 1987). 

   An improved relationship of ( )NDVITrΓRG ,, 00n0 =  was given by Menenti et al. 
(1991) and Bastiaanssen (1995) as 

 

]),(978.01[)0062.00032.0(
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0
n0 yxNDVIrr

yxr
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(2.27) 
 

where 0r is a daily mean reflectance value.  
 

Soil effects are not accounted for the definition of NDVI (Huete et al., 1985; Huete, 
1989), parameterization based on Modified Soil Adjusted Vegetation Index (MSAVI, Qi et 
al., 1994) has been proposed over the arid area and high altitude area by Ma et al. (2002a), 
Ma et al. (2003a), and Ma et al. (2003b) as 

 
]),(1[)()),(),((),(),( 2

0000n0
eyxdMSAVIrcrbayxryxTyxRyxG +•++••=   (W m-2) 

(2.28) 
where the parameters a, b, c, d and e were determined by using the field data observed at six 
observation stations, and MSAVI is:  
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2.3 Sensible heat flux H(x,y) 
 

The sensible heat flux H can be estimated with a bulk transfer equation written in the 
form (Monteith, 1973):  

 

a

a0
p r

TT
cH

−
= ρ               (W m-2)          (2.30) 

 
where ra is the resistance to heat flow in the boundary above the land surface, Ta is the air 
temperature at the reference height, ρ is the air density, and cp is the air specific heat at 
constant pressure.  
 

Figure 2.3 is a schematic description of the model for sensible heat transfer nearby the 
land surface. It implies that the regional distribution of H can be rewritten as (e.g. Menenti 
et al., 1991; Menenti and Choudhury, 1993; Bastiaanssen, 1995; Wang et al., 1995; Ma et al., 
1999; Ma et al., 2002a; Ma et al., 2003a; Ma et al., 2004a; Ma et al., 2006 ) 
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The aerodynamic resistance in Eq.2.31 is  
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and 
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Figure 2.3 Schematic description of the model for sensible heat flux H transfer over a 
heterogeneous landscape. 
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where k is the Von-Karman constant, u* is the friction velocity, z is reference height, d0 is 
zero-plane displacement height, u is wind speed at the reference height, z0m is the 
aerodynamic roughness, kB-1 =ln(z0m/z0h) (Owen and Thomson, 1963; Chamberlain, 1968) is 
excess resistance to heat transfer, and ψm and ψh is the stability correction function. 

Combining Eqs.2.31, 2.32 and 2.33 yields: 

 

)],(
),(

),(
[ln)],(),(

),(
),(

[ln

),(),(),(),(

m
0m

0
h

1

0m

0

a02
P

yx
yxz

yxdz
yxyxkB

yxz
yxdz

yxTyxTyxukcyxH
ψψ

ρ
−

−
•−+

−
−

=
−

  

(W m-2) (2.34) 
 

Therefore, H(x,y) can be determined by Eq.2.34.  
 

Air temperature Ta(x,y) 
Ta(x,y) in Eq.2.34 is the air temperature at each pixel, which can be derived from the 

distribution of T0(x,y) and ground observations by using the linear relationship between 
Ta(x,y) and T0(x,y) (e.g. Davies and Tarpley, 1983; Wang et al., 1995; Bastiaanssen, 1995; 
Ma et al., 1999) In other words, the regional distribution of air temperature can be estimated 
as: 

 

 Ta(x,y)= aT0(x,y) + b                (K)             (2.35) 

Aerodynamic resistance ra(x,y) 

Surface temperatureT0(x,y) 

 Reference height z       Air temperature Ta (x , y) 
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where the parameters a and b can be determined using ground observations.  
A numerical interpolation method (Ding et al., 1989) to derive the distribution of air 

temperature from remote sensing surface temperature was used to analyze the “urban heat 
island effect” (Wu et al., 1993). It is used here to derive Ta(x,y) over heterogeneous 
landscape when there are observations of Ta and T0 at the stations (Ma et al., 2002a). T0 is 
taken as initial temperature field and it is smoothed using nine points filter (Figure 2.4). 
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Figure 2.4 The scheme of the interpolation method of nine points.  
 

This gives that the smoothed value of surface temperature T0(i,j)
* at the point (i,j). If 

there are a number of observation sites, the difference between the smoothed surface 
temperature T0(k)

* and the observed air temperature Ta(k) can be derived from 
 

          )(a)(a
*

)(0)(a kkkk dTTTdT −=              (K)         (2.37)   

             
If the difference between the smoothed surface temperature and the air temperature at grid 
point (i,j) is DTa(i,j) and dT1, dT2 , …, dTm are the differences between the smoothing surface 
temperature and the observed air temperature at the No.1, No.2, … , No.m observation sites,  
DTa(i,j) can be written as  

 

(i, j) 

(i+1, j) 

(i-1, j) (i-1, j-1) 

(i, j-1) 

(i+1, j-1) 

(i-1, j+1) 

(i, j+1) 

(i+1, j+1) 
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where rk is the distance between the observation point k and the grid point (i,j). The 
difference dTa(k) at an observation point can be interpolated to all the grid point (i,j) from 
Eq.2.37. Therefore, Ta value estimated by Eq.2.35 can here be corrected using DTa from 
Eq.2.38:  

 
),(),(),( a0a jiDTjiTjiT −=             (K)           (2.39)  

 
In other words, Ta(x,y) can be derived by using this improved numerical interpolation 
method based on a number of ground observations of air temperature and regional surface 
temperature as  

 
),(),(),( a0a yxDTyxTyxT −=        (K)         (2.40) 

 
Aerodynamic roughness length z0m(x,y) 

In Eq.2.34, z0m(x,y) can be roughly determined by using the Surface Layer (SL) and 
Atmospheric Boundary Layer (ABL) observations. Wieringa (1992) proposed typical values 
of z0m(x,y) for homogeneous surfaces and heterogeneous landscapes (Table 2.1). In this case, 
to be representative either a number of point measurements at moderate heights or one point 
measurement at a height above the reference height is required. As these measurements 
require a high tower, aircraft or tethered balloons, the ABL observations are generally very 
expensive and cumbersome. Bastiaanssen (1995) and Jia et al. (1999a) pointed out there 
were relationships between z0m and NDVI. The relationships can be used to estimated 
z0m(x,y). 
 
Zero-plane displacement d0(x,y) 

d0(x,y) in Eq.2.34can be roughly determined in two ways:  
1) As regards a complete canopy surface, there is a commonly accepted equation between 

d0 and vegetation height hv (Stanhill,1969; Brutsaert, 1984)  
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Table 2.1 Typical values for aerodynamic roughness length z0m over homogeneous surfaces 
and heterogeneous landscapes (after Wieringa, 1992)  
Surface z0m (m) 

Homogeneous surface  

Sea loose sand and snow 0.0002 

Concrete, flat desert, tidal flat 0.0002-0.0005 

Flat snow field  0.0001-0.0007 

Rough ice field  0.001-0.004 

Fallow ground 0.008-0.03 

Short grass and moss 0.02-0.06 

Long grass and heather 0.04-0.09 

Low mature agricultural crops 0.12-0.18 

High mature crops 0.35-0.45 

Continuous bash land  0.8-1.6 

Mature pine forest 0.4-0.7 

Dense low buildings 0.7-1.5 

Regularly-built large town 1.7-2.3 

Tropical forest ≥2.0 

Heterogeneous landscape  

Sea: tidal sea lake, tidal flat, snow-covered flat plain, featureless desert, tarmac and 
concrete, with a free fetch of several kilometers  

0.0002 

Smooth: featureless land surfaces without any noticeable obstacles and with 
negligible vegetation 

0.005 

Open: level country with low vegetation and isolated obstacles with separations of 
at least 50 obstacle heights 

0.03 

Roughly open: cultivated area with regular cover of low crops, or moderately open 
country with occasional obstacles at relatively horizontal distance of at least 20 
obstacle heights 

0.1 

Rough: recently developed‘young’ landscape with high crops or crops of varying 
height, and scatted obstacles at relative distances of about 15 obstacle heights  

0.25 

Very rough:‘old’cultivated landscape with many rather large obstacle groups 
separated by open spaces of about 10 obstacle heights and low large vegetation 
with small interspaces 

0.5 

Closed: landscape totally and quite regularly covered with similar size large 
obstacles with open spaces comparable to obstacle heights 

1.0 

Chaotic: centers of large towns with mixture of low-rise and height-rise buildings 
and irregular large forests with many clearings 

≥2.0 
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where c is constant, cBrutsaert=2/3 and cStanhill=0.64. Seginer (1974) pointed out   
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where hl is the mixing length at the top of the canopy.  

2) As regards a partial canopy, a simple description v0 / hd  given by Raupach (1994) can 
be used. 
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where cd1 is a free parameter ( Raupach, 1994). For a range of partial vegetation 
canopies, Raupach (1994) proposed to use cd1 =7.5. Leaf Area Index (LAI) in Eq.2.43 
can be derived using spectral vegetation indices. For normal sparse canopy, Kustas and 
Norman (1997) proposed:  

                     

)1(ln2 vPLAI −−=             (m2 m-2 )      (2.44)  

 and Li et al. (1997) proposed: 
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where r is the surface reflectance of a soil-vegetation mixture, rs and rv is the surface 
reflectance values for bare soil and full vegetation respectively.                

    
Excess resistance to heat transfer kB-1(x,y) 

Since the 1930s scientists have been studying kB-1 in Eq.2.34 for all kinds of natural and 
artificial surface ranging from aerodynamically smooth to rough. These studies led to a 
number of formulations for kB-1 (e.g. Sverdrup, 1937; Sheppard, 1958; Owen and Thomson,  
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Table 2.2 Some practical equations on the excess resistance to heat transfer kB-1 
Landscape Equation Reference 
 
Sparse vegetation 
 
 
 
 
 
 

 

)ln(PrRe 0*
1

θkzukkB m== ∗−  

 Reynolds number: 

   νmzu 0*Re =∗  

 Prandtl number: θν k=Pr  

v: kinematic molecular  viscosity 
kθ: molecular thermal 
 diffusivity 
 

 
Sheppard (1958) 
 
 
 
 
 
 

Rough surfaces and based on 
wind tunnel experiments 
 

nmkkB Pr)Re8( *1 α=−  

• α(~0.52) depending to some 
extent on the shape of the 
roughness elements； 

• m(~0.45) and n(~0.8) depend on 
the diffusivities in the sub-layer 

Owen and Thomson 
(1963) 
 

 
Bean crop 

 
3/1

*
1 )100(35.1 ukkB =−  

 
Thom (1972) 

 
Uniform vegetative surface 

 
2.0 

 
Garratt and Hicks (1973) 

 
Smooth surface 
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Kondo (1975) 

 
Heterogeneous surface :25% 8m 
high trees, 65% 1 m high dry 
grass and 10% bare soil 

 
2.5±0.5 

 
Garratt (1978) 
 

 
Sparse vegetation 

 

0.2)(Re46.2 25.0*1 −=−kB  

 
Brutsaert (1984) 

 
Bushes (~30%) and bare soil 
(70%) 

 

)(17.01
as TTukB −=−  

 
Kustas et al.(1989) 

 
Sparse vegetation 
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LAI
kkB , 

w is leaf width 

 
Jensen and Hummelshφj 
(1995), McNaughton and 
Van den Hurk (1995) and 
Qualls and Brutsaert 
(1995) 
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1963; Chamberlain, 1968; Thom, 1972; Garratt and Hicks, 1973; Kond, 1975; Garratt, 1978; 
Brusaert, 1984; Kustas et al., 1989; Kohsiek et al., 1993; Verhoef et al., 1997; Jia, 1999a; 
Ma et al., 2002d; Jia, 2004).  
   Some practical equations proposed by some scientists are shown in Table 2.2.  During 
the last two decades, the interest in the topic of kB-1 has been revived by the remote sensing 
community (e.g. Kustas et al., 1989; Sugita and Brutsaert, 1990; Stewart, 1995; Stewart et 
al., 1998; Jia, 2004) by using the bulk transfer equation to calculate H from the remotely 
sensed surface radiative temperature obtained from a satellite or aircraft, and the 
relationships between kB-1 and T0, kB-1 and T0-Ta, and kB-1 and u (T0-Ta) were found by 
Kustas et al. (1989), Guo and Wang (1993) and Ma et al.(2002d). The concept of kB-1 is 
being applied in many meteorological models, used for weather forecasting in recent years.  

 
Integrated stability functions ψh(x,y) and ψm(x,y) 

For unstable conditions, the integrated stability functions ψh(x,y) and ψm(x,y) in 
Eq.2.34 can be written as (Paulson, 1970):  
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where 25.0
0 )},(/)],([161{ yxLyxdzX −∗−= .  

For stable conditions, ψh(x,y) and ψm(x,y) in Eq.2.34 become (Webb, 1970):       
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The stability function ),(/)],([ 0 yxLyxdz −  will be solved by using the Businger scheme 
(Businger, 1988):    
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where L is Monin Obukhov stability length, Ri(x,y) is the Richardson number, and according 
to the definition of Richardson number, it can be approximately written as 
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where g is acceleration duo to gravity, u is the wind speed at the reference height z. 
 
2.4 Latent heat flux λE (x, y) 
 
    The latent heat flux can be determined as (e.g. Brutsaert, 1984; Rowntree, 1991) 
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where γ is the psychrometric constant, ea is vapor pressure of the air at the reference height z 
above the land surface, ra is the atmospheric resistance to transfer from the surface to the 
atmosphere, rs is the surface resistance to transfer from the soil (or the stomatal resistance in 
the case of vegetation), e*(T0) is the saturated vapor pressure at the surface temperature T0.  

The difficulty of using Eq.2.50, especially at the regional scale, is the estimation of ra 
and rs (e.g. Menenti and Choudhury, 1993; Bastiaanssen, 1995; Su, 2002; Jia, 2004). To 
avoid the difficulty, λE(x,y) can be derived as a residual in the surface energy balance 
equation of the land surface based on the condition of zero horizontal advection at z < zsur 
(e.g. Bastiaanssen, 1995; Wang et al., 1995; Ma et al., 1999; Su, 2002; Ma et al., 2002a; Ma 
et al., 2003a; Ma et al., 2004a; Ma et al., 2005; Ma et al., 2006), i.e.  

 

           ),(),(),(),( 0n yxGyxHyxRyxE −−=λ     (W m-2)            (2.51) 
 
2.5 Summary and Conclusions 
 

Based on satellite remote sensing and observations of the Surface Layer (SL) and 
Atmospheric Boundary Layer (ABL), the methodologies to determine the regional 
distribution of net radiation heat flux Rn(x,y), soil heat flux G0 (x,y), sensible heat flux H(x,y) 
and latent heat flux λE(x,y) at the land surface were established. The procedure given in the 
previous sections can be summarized as: 
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 The distribution of Rn(x,y) at the land surface can be determined from Eq. 2.3. Where 
incoming solar radiation flux K↓(x,y) and incoming long-wave radiation flux L↓(x,y) can 
be calculated from the MODerate spectral resolution atmospheric TRANsmittance 
model (MODTRAN) directly, surface reflectance r0(x,y) can be derived from a linear 
relationship between it and the spectrally integrated planetary reflectance rp or from 
four-stream radiative transfer assumption, surface temperature T0(x,y) can be derived 
from a Split Window Techniques (SWT) or from a radiative transfer model, and surface 
emissivity ε0(x,y) can be estimated from Normalized Difference Vegetation Index (NDVI) 
or from vegetation fractional cover Pv. 

 The distribution of G0(x, y) at the land surface cannot be calculated from the definition 
equation directly, but from Eqs.2.27 and 2.28, if the parameters a, b, c, d, e and the 
Modified Soil Adjusted Vegetation Index (MSAVI) can be derived from ground 
observational data and satellite data respectively. 

 The distribution of H(x,y) at the land surface can be derived from Eq.2.34 once the pixel 
values of surface temperature T0, the wind speed at the reference height u, air 
temperature Ta, zero-plane displacement height d0, excess resistance to heat transfer kB-1 
and the stability correction function ψm and ψh have been determined. 

 Because of the difficulties to estimate the heat transfer resistances between the 
atmosphere, land surface and soil, the distribution of λE(x, y) at the land surface is 
difficult to solve directly from Eq.2.50. Therefore, it is preferred to consider λE(x, y) as 
a residual of the surface energy balance equation at the land surface (Eq. 2.51). 
 
Due to insufficient knowledge some assumptions and approximations have been 

involved in the methodology, especially in the procedure of determining H(x,y).. But the 
assumptions and approximations in the procedure can be reduced to a minimum level when 
the micrometeorological parameters have been determined by using the SL and ABL 
observations. In other words, the land surface heat fluxes can be determined more 
accurately when the input variables in the methodology have been improved. 

 
As a conclusion, the heat fluxes at the land surface can be determined accurately by 

integrating satellite remote sensing with the SL and ABL observations. The ABL 
observations give the ground truth of each parameter and satellite remote sensing can 
directly measure land surface properties over large areas. Therefore, combining satellite 
remote sensing with the SL and ABL observations can yield better results for land surface 

 



 

26  

 

heat fluxes over heterogeneous landscapes.     
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3. Parameterization of heat fluxes at heterogeneous 
surfaces using surface and atmospheric boundary 
layer observations 

 
3.1 Introduction 

 
Land-atmosphere interactions are strongly heterogeneous spatial processes at the 

interface between the land surface and the Atmospheric Boundary Layer (ABL). This is true 
for practically every spatial scale varying from individual stomata to the whole earth. Heat 
fluxes are the key topic in the study of land-atmosphere interactions.  

Theories and models for energy exchange between heterogeneous land surface and 
the overlying atmosphere always involve some kind of implicit or explicit spatial averaging 
till now. These models usually express fluxes in terms of transfer coefficients over various 
exchange pathways, such as aerodynamic or surface resistances. Models are also usually 
nonlinear in the spatially changing independent variables. Because of the nonlinearities, it is 
not always easy to use transfer coefficients across spatial scales (Stewart et al., 1998), such 
as using empirical knowledge of conductance at a small scale to infer an averaged 
conductance for use in a bulk model at a large scale. Therefore, the ‘scaling problem’ in 
land-atmosphere interactions is essentially the problem of using information about exchange 
processes at one small scale, such as transfer coefficients, to characterize the same processes 
at the larger scale.  

Three spatial scales of great practical importance are the single energy-exchanging 
element, the homogenous land surface patch, and the heterogeneous landscape of linear 
scale up to a few hundred kilometers. For brevity, these will be called the leaf, canopy and 
regional scales, respectively (Raupach, 1995). The two primary scale transitions in practice 
are therefore leaf to canopy and canopy to region. Leaf-canopy scaling has been an issue for 
several decades, following the postulate by Monteith (1965) that a canopy acts as ‘big leaf’ 
with a canopy conductance equal to the parallel sum of the leaf stomata conductances. 
Canopy-regional scaling has advanced in part through the need for spatially averaged lower 
boundary conditions in large scale atmospheric models (Raupach, 1995), which is based on 
the scaling principle of conservation of mass and energy, and it is also the main focus of this 
chapter and this thesis. Using the idea of a ‘blending height’ above which the air flow is 
approximately spatially uniform, several researchers have proposed canopy-region scaling 
rules for momentum transfer, by quantifying the regionally momentum roughness length 
(e.g. Wieringa, 1986; Mason, 1988; Claussen, 1991; Menenti et al., 1991; Menenti and 
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Choudhury 1993; Menenti and Ritchie, 1994; Bastiaanssen, 1995; Wang et al., 1995; Ma et 
al., 1999; Ma et al., 2002a; Ma et al., 2003a; Ma et al., 2006). A similar treatment of heat 
exchange was given by Wood and Mason (1991), whereas Blyth et al. (1993) considered 
coupled sensible heat and latent heat exchange on the basis of heuristic scaling argument for 
transfer resistances. 

This chapter will consider the features of scaling problems for energy exchange over 
heterogeneous land surfaces, which are including the effects of the ABL, i.e. canopy-region 
scale translations. Because both surface heterogeneity and ABL are very important in the 
parameterization procedure of heat fluxes in the ABL overlying a heterogeneous surface, the 
plan of this chapter is as follows.  

— The characteristics of a heterogeneous land surfaces and its length scale of 
heterogeneity will be described in Section 3.2.  

— Section 3.3 will analyze the response of the ABL to the surface energy balance and 
large scale heterogeneity.  

— Blending height assumptions will be introduced and its height and relative length scale 
will be determined in Section 3.4.  

— In Section 3.5, constraints will be established to define larger-scale surface properties 
from their smaller-scale counterparts.  

— Three parameterization methodologies to determine land surface heat fluxes (i.e. the 
RS approach, the Tile approach and the Blending height approach) will be presented 
in Section 3.6.  

— Summary and conclusions are given in Section 3.7.      
 
3.2 Heterogeneous land surface and the length scales of heterogeneity 
 

The global land surface consists of landscape mosaics that are mixtures of natural and 
human managed patches that vary in size, shape and arrangement. This horizontal variability, 
i.e.heterogeneity, affects the processes taking place at the surface of the earth. Understanding 
how to account for and how to include heterogeneity in the climate models is essential for 
understanding the regional and global hydro-meteorological processes. Heterogeneity is 
defined in terms of contrast and scale. Contrast is the difference between patches and scale. 
Scale is the horizontal dimension of patches in the direction of the prevailing wind. Each 
patch represents a surface area differing from its surrounding, thus defining a discrete and 
internally homogeneous entity.  
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       Land surface heterogeneity influences the atmospheric flow and the energy and mass 
exchange with the surface. The influence depends on the scale of heterogeneity. As the surface 
conditions vary horizontally, only the lower layer of the ABL is in equilibrium with the 
underlying surface. In case of large scales, the entire ABL will adapt to heterogeneities, while 
for smaller scales only the lower part of the ABL responds to the heterogeneity before an air 
mass moves forward and over a different patch.  

Length scales of heterogeneity have been classified in several ways in the past (e.g. 
Avissar, 1995; Raupach and Finnigan, 1995). Here we use two dynamic time-scales for the 
ABL processes: 

1) The mixing time-scale ** / wzt i=  (the time-scale for a scalar to mix fully through the 
ABL, where *w  is the convective velocity scale, and zi is the convective inversion 
height). 

2) The entrainment time scale )//(e +−= wdtdzzt ii . It is the time scale for renewal of 
the air in the ABL by entrainment from above, where w is the mean vertical velocity, and 
the ‘ + ’ subscript denotes conditions in the troposphere just above z= zi.  
Typically, *t  is of the order of 102 s in the early morning, quickly rising to around 103 s 

later in the day as zi increases, and te is of the order of the time since dawn (Raupach and 
Finnigan, 1995).  

The corresponding length scales are Um *t  (typically 1-5 km) and Um te (typically 100 
km or more) for the typical values of *t  and te, where Um is the mean wind speed in the 
well-mixed bulk of the ABL (Raupach and Finnigan, 1995). For different length scales, their 
characteristics can be defined as follows. 

 Over micro-scale heterogeneity with patch length scale X ≤ Um *t , air temperature and 
humidity respond to surface conditions only in a thin surface layer of depth << zi, above 
which they take the uniform, average values Θm and Qm. Micro scale advection ( the 
interaction between vertical and horizontal gradients) in the surface layer is significant 
in these conditions. At this scale, methods have been developed that take into account 
the effect of small scale heterogeneities on surface-atmosphere fluxes (Raupach and 
Finnigan, 1995). 
 For macro-scale heterogeneity with patch length scale X ≥ Um te, the ABLs over 
adjacent patches are energetically independent, because air cannot flow from patch to 
patch during the time it takes for the daytime ABL to evolve. The ABL evolution is 
controlled by the surface fluxes and tropospheric conditions above the ABL. This is the 
scale at which the ABL can be regarded as self-organizing, subject to these external 

 



 

30  

 

conditions. 
 Between micro-scale heterogeneity and macro-scale heterogeneity, meso-scale 
heterogeneity occurs when Um *t ≤ X≤ Um te. Patches of this scale are not necessarily 
energetically independent, because the potential air temperature Θ and humidity Q 
(although well-mixed vertically through the bulk of the ABL) continue to adjust to 
changes in the surface state over distances much larger than Um *t . This is advection at 
the ABL scale, rather than at the surface layer scale as for micro-scale heterogeneity. 
Aggregation of heterogeneity at the meso-scale is often parameterized in climate 
modelling. In the first generation models, the average grid fluxes were computed from 
the dominant surface type. Avissar and Pielke (1989) and Koster and Suarez (1992) 
improved this approach by calculating the flux for each surface type and deriving the 
average flux. Their approach assumes that each surface type is independently coupled to 
the ABL. It should be noted that the lower part of the ABL is adjusted to surface 
conditions, while the upper part conditions to evolve. Under these conditions 
observations of Θ and Q in the lower ABL allow us to treat meso-heterogeneous patches 
as independent. 

 

3.3 Characteristics of the atmospheric boundary layer over a heterogeneous landscape 

 
The controlling role of the ABL on the regional surface energy balance has been 

recognized by many researchers (e.g. Deardorff, 1978; Menenti, 1984; Troen and Mahrt, 1986; 
McNaughton and Spriggs, 1986; Avissar and Pielke, 1989; Menenti et al., 1989; Menenti et 
al., 1991; Menenti and Choudhury, 1993; Xue and Shukla, 1993; Pielke et al., 1995; 
Bastiaanssen, 1995; Wang et al., 1995; McNaughton and Raupach, 1996; Kustas and 
Norman, 1997; Ma et al., 2002a; Ma et al., 2003a; Jia, 2004; Ma et al., 2005; Ma et al., 
2006). In the context of land-atmosphere interactions, the ABL has two key general 
properties. First, it acts as a natural integrator by accumulating entities exchanged at the 
surface, such as heat, water vapor, and CO2. This means that the spatial variability of 
concentrations of these entities in the ABL is limited even when their fluxes at the surface 
change rapidly, so that the ABL concentrations are relatively insensitive to short-term small 
scale details of the surface fluxes, and are mainly determined by the long history of the 
surface fluxes over the lifetime of the ABL (the time since dawn). Second, for the key ABL 
state variables such as air temperature, wind speed and humidity involved in the Surface 
Energy Balance (SEB)-heat and water vapor-the ABL concentrations influence fluxes, 
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forming a negative-feedback loop. The coupled concentrations and fluxes therefore tend to 
evolve toward equilibrium values, at rates determined by characteristics time scales. The 
nature of SEB-ABL feedback also depends fundamentally on the entrainment processes at 
the top of the ABL, because these are largely driven by the surface heat fluxes (e.g. 
McNaughton and Spriggs, 1986; McNaughton and Jarvis, 1991; Raupach, 1991; Raupach and 
Finigan, 1995; McNaughton and Raupach, 1996).  

In order to describe the response of the ABL to the SEB at large scale heterogeneities, a 
slab ABL model (McNaughton and Raupach, 1996) will be discussed, to explain the ABL 
behaviour, two important ABL time scales, and changes in air flow over heterogeneous land 
surface will be discussed in this section. 

 

3.3.1 General characteristics of the atmospheric boundary layer 

 
The interaction of air flow with the land surface results in boundary-layer flow. The 

ABL or the Convective Atmospheric Boundary Layer (CABL) is caused by the frictional 
drag of the land surface and heating from the surface. The height of this layer depends on 
the strength of the surface-atmosphere interaction. In the absence of strong meso-scale 
circulation and in cloud-free conditions, the height is controlled by the surface sensible heat 
and momentum flux at the atmosphere-land interface. During daytime there is an upward 
transfer of heat caused by warming of the surface of the earth resulting in a ABL thickness 
of 1to 2 km. At night the height shrinks to less than 100 m due to a downward transfer of 
heat. During daytime the momentum exchange is a negligible factor controlling the 
thickness of the ABL, while at night it is dominant. The magnitude of this influence strongly 
depends on the wind speed and surface roughness. The greater the roughness, the more 
effective the exchange of momentum will be, causing a stronger development of ABL. The 
vertical fluxes in the ABL tend to decrease with height. Above the ABL, turbulence weakens 
through the diminishing shear while large-scale eddies (e.g. depressions and fronts) become 
more important. The lowest level where shear becomes insignificant is known as the 
gradient level or the upper limit of the ABL. 

 
Usually the ABL is divided into different layers, including a Surface Layer (SL) and 

Outer layer (see Figure 3.1). In the outer layer the flow depends on the Coriolis force in 
near-geostrophic balance and is hardly sensitive to surface friction. In unstable conditions 
strong convective forces mainly drive the motions in this layer and it is therefore called  
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Figure 3.1 Schematic diagram of the layers of the Atmospheric Boundary Layer (ABL). 
The ABL is divided into different layers, including a Surface Layer (SL) and outer layer. 

 

 
mixed layer. 

 
The SL develops within the lower 10 % of the ABL (e.g. Garratt, 1992). In the SL the 

change in fluxes with height is negligibly small, as compared to the outer layer, where the 
fluxes change significantly with the height. The SL is therefore also known as the constant 
flux layer in dynamic equilibrium with the underlying land surface. The SL is only quasi 
steady-state, since the height of the layer may vary with time, even if the surface conditions 
stay constant. The SL may extend to 200 m in daytime, while at night it shrinks and may 
only be a few meters thick. The thickness is hardly affected by the Coriolis force but 
strongly affected by the heat fluxes from the surface to the atmosphere. 

 

3. 3. 2 A slab model for the diurnal behaviour of the atmospheric boundary layer     

 
An analytical approach is to use a simple ‘slab’ or ‘mixed-layer’ model for the 

development of the day time ABL. McNaughton and Spriggs (1986), McNaughton (1989), 
and Cleugh and Grimmond (1993) argued that a slab ABL model provides a rational link 
between the surface energy balance and large scale atmosphere motions. The dynamic 
simplifications of the slab ABL model are appropriate for studies of land-atmosphere energy 
exchanges because the key property of the ABL which influences the surface energy balance 
is the rate of entrainment of overlying air into the ABL. With an appropriate entrainment 
parameterization to describe the ABL growth rate, this property can be described fairly 
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realistically in a slab model.  
The slab model assumes that the ABL is well mixed by convective turbulence and is 

bounded above by a capping inversion at height zi(t). The scalar conservation equation, 
height-integrated from z=0 to z=zi in an air column moving with the mean wind field, is then: 
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where Cm(t) is the mixed-layer scalar concentration (uniform in the ABL), w is the mean 
vertical velocity, the + subscript denotes conditions in the troposphere just above z=zi, and FC 
is the scalar flux at the surface and t is time. This equation prescribes that Cm should change 
when FC changes because of heterogeneity under the condition of dynamic equilibrium.  

The slab model can be solved for the daytime evolution with time t of five variables, all 
of which are averaged over small-scale heterogeneities (therefore capitalized here): the mixed 
layer potential temperature Θm(t) and specific humidity Qm(t), the land-atmosphere fluxes of 
sensible heat flux FH(t) and latent heat flux FE(t) and the convective inversion height zi(t). 
However, there are clear restrictions to the applicability of the ABL slab models: they are 
inappropriate over terrain with large topographic variations, or in disturbed meteorological 
conditions such as fronts. 

 
3.3.3 Time scales of the atmospheric boundary layer 

 
The ABL has two significant time (and therefore length) scales. One is the dynamical 

time scale dt , and another is the time qt  for thermodynamic adjustment of the ABL to 
changes in the surface energy balance.  

The dynamical time scale dt  is a scale for the overturning time of convective motions 
in the ABL, and also for the time needed for these motions to adjust dynamically after a 
sudden change in surface flux (e.g. Briggs, 1988; Raupach, 1991; Garratt, 1992; Raupach and 
Finnigan, 1995) or in the surface characteristics. This time scale is defined as 

 

∗= wht /ABLd               ( s )                (3.2) 

 

where ABLh  is the height of the ABL and ∗w  is the convective velocity scale in the ABL:  
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where g is acceleration due to gravity, Tr is a reference absolute temperature, w is the 
vertical velocity and wθv is the surface layer virtual flux of vertical potential temperature θv.  
Full adjustment occurs in a time around *ABL /4 wh  which is also the time required for 
complete vertical mixing of scalars through the depth of the ABL (McNaughton and 
Raupach, 1996). At midday, taking the ABL height ABLh  = 1000 m and ∗w = 2 m s-1 as 
typical values, full adjustment takes about half an hour, though it is quicker in the early 
morning when ABLh  is lower. During this time the ABL air mass moves with the averaged 
wind speed in the ABL, U, through a distance *ABL /4 wUh . If U= 5 m s-1, then the 
adjustment distance is about 10 km at the midday. To resolve processes at scales less than 
these, we have to use a model which describes the mixing in detail. If our scale of interest is 
larger, then the assumption of well-mixed ABL is satisfactory. 
     We define qt  as the time scale for the saturation deficit D(t) to become independent 
of the initial saturation deficit D0, following a transition in surface properties time for 
thermodynamic adjustment of the ABL to changes in the SEB. The saturation deficit is a 
significant quantity because of its link with evaporation. If qt is short, then the local ABL 
state is controlled by local conditions only and is influenced little by upwind surface. If 
however qt is long, then the state of the upwind surface is significant and past history of the 
ABL air mass has a significant influence on the local ABL state, and hence, via D(t) on the 
local surface energy balance.  

  
Air flow and mixing impose an influence from distant events on local energy balance, 

and therefore naturally integrate events at one scale into a larger scale. As the length scale 
increases, the range and extent of air mixing also increases through a hierarchy of physical 
processes encompassing many orders of magnitude in both space and time-scales. This 
hierarchy of processes for the atmosphere is shown in Table 3.1 (Raupach and Finnigan, 
1995). At the largest scale, the time scale for mixing is significantly longer than that of the 
energy source that drives the hydrological and climate systems ( diurnal radiative forcing), so 
that on a diurnal time scale, little mixing occurs. It is this property that defines from the 
atmospheric viewpoint the regional scale as the area over which the ABL is self-organizing on 
diurnal time-scales, and largely not affected by events in neighbouring regions. 

 



 

35  

 

Table 3.1 Atmospheric mixing processes (after Raupach and Finnigan, 1995) 

Length scale (m) Time scale (s) Process Typical situation 
10-5 10-5 Molecular diffusion in static fluid Substomatal cavity 
10-3 10-1 Advection diffusion in laminar 

flow 
Leaf boundary layer 

10-1-102 10-1-102 Shear-driven turbulence Canopy layer and surface layer 
102-103 102-103 Buoyancy-driven turbulence Convective mixed layer 
103-105 103-105 Buoyancy-driven mean flow Meso-scale circulations;  

thermally driven hill and valley 
flows; mountain waves, bores, 
hydraulic jumps (flow systems 
locked into topography) frontal 
systems; convective storms 

105-107 105-106 Two dimensional turbulence, 
gyres 

Weather systems on continent 
scale 

 
The above approach uses a slab or mixed-layer model of the ABL, according to the 

semi-Lagrangian view in which we track the properties of columns of air as they move 
across the landscape. ‘Semi-Lagrangian column view’ means that the ABL is envisaged as a 
well-mixed column of air moving across the landscape, accumulating and integrating scalar 
entities along its path as it passes over a succession of different surface types. Two 
constraints upon this approach must be noted. Firstly, a mixed-layer model is only 
meaningful when applied over time td (and therefore length) scales large enough for the 
ABL to be treated as fully mixed, that is, over times larger than about *ABL /4 wh  and 
lengths larger than *ABL /4 wUh  (Mcnaughton and Raupach, 1996). Mixed layer models 
cannot describe ABL evolution on shorter space and time scales. Therefore, in considering 
the evolution of a moving column of air with a mixed layer model, we are implicitly 
speaking of a column at least *ABL /4 wUh  in linear extent. Secondly, we must ask to what 
extent a column of air remains unchanged during its motion, given that the column is 
continuously smeared or mixed with neighboring columns by the horizontal dispersion 
induced mainly by wind shear in combination with vigorous vertical mixing. This smearing 
is the reason for calling the approach ‘semi-Lagrangian’.  

 
3.3.4 Air flow over a heterogeneous land surface 
 

In case of heterogeneous surfaces an important effect of changes in the surface 
characteristics on wind speed is the change in surface roughness from one patch to another 
(see Figure 3.2). Flow over a change in surface roughness will result in an Internal Boundary 
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Layer (IBL) developing over the new surface. The IBL is usually much shallower than the 
ABL, since the horizontal extent of the surface patches is usually small. The height of the IBL 
depends on the scale of heterogeneity and on the height of the surface layer. At the same time, 
the height of the IBL depends on the fetch or distance from the leading edge (the edge 
between two surfaces or patches, see Figure 3.2) as well as on the roughness of the surface. 
Only in the lower 1-10 % of the IBL, the air is fully adjusted to the surface, and this layer is 
called fully adjusted layer (Figure 3.2). The remainder of the layer is a transition zone where 
air is modified but not fully adjusted. The air above the IBL is only affected by the surface 
upwind direction. Any difference in roughness between the adjacent patches will result in a 
change of momentum exchange downwind of the discontinuity, influencing the wind speed in 
the fully adjusted layer. For example, a change from a smooth to a rough surface would result 
in a greater drag, increasing the stress and decreasing the wind speed. 

 

 
 

Figure 3.2 The development of an internal boundary layer as air flows from a smooth dry 
surface (e.g. Gobi desert) to a rough vegetated wet surface. The quantities z01 and z02 

represents aerodynamic roughness length on the land surface No.1 and No.2 respectively, 
and d0 is zero-plane displacement. 

 
Thus types of landscape roughness elements at different scales are important as they 

have a major impact on the local state of ABL. The obstacles may vary from tree lines to hills. 
Every hill, dune, valley or tree line creates a perturbation in the flow pattern. Topography or 
obstacles create an area of high pressure on the upstream slowing the wind and resulting in 
absorption of momentum. Separation may take place behind a sudden drop in topography or 
behind an obstacle. Obstacles like tree lines are usually sufficiently porous to prevent 
separation of air flow. The effect on roughness depends on the shape, size, and spatial 
distribution of these obstacles. For air flow over an area with a low density of obstacles, 
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Wind 
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aerodynamic roughness increases with obstacle density. For dense arrays of obstacles, the 
roughness of the surface will decrease again, as the flow raises above the obstacles. 

Many researchers have stated clearly that air flow has an auto-conservative property in 
the IBL (e.g. Zhou et al., 1988; Hu et al., 1990). Theoretical research and observational results 
(e.g. Brandley, 1968; Zhou et al., 1988, Hu et al., 1990) stated that there is a “4/5 power law” 
between the depth of IBL i.e. IBLz  and the fetch x past the change in the IBL, i.e. IBLz ~x4/5 

or x)10/1( . IBLz does not have any obvious relationship with stratification. The depth of the 
fully adjusted layer or Balance Layer (BL) is about xz )200/1(~BL  or IBL)10/1( z . In order 
to carry out flux observations it is estimated that the BL depth should be about 

xxz )300/1(~)50/1(BL ≈  (Hu, et al., 1990). It means that if an observation is done at the 
height ZBL, the footprint on the underlying surface is x=50 IBLz ~300 IBLz . For example, if the 
footprint x is 1000 m, the observation height (or the reference height) should be 3 m~20 m. 

 

3.4 Blending height assumption 
 

 One of the key ABL properties related to the scale of heterogeneity is the blending height 
zb above the surface, at which atmospheric properties such as wind, and scalars such as air 
temperature and humidity become horizontally well mixed (i.e.uniform) (Wieringa, 1986; 
Mason, 1988; Claussen, 1990; Claussen, 1991).  

 
In micro-scale heterogeneity, zb has been studied both for wind speed (e.g.Wieringa, 1986; 

Mason, 1988) and scalars (e.g. Claussen, 1990; Claussen, 1991; Wood and Mason 1991; 
Blyth et al., 1993). For steady flow over a flat but heterogeneous surface in thermal neutral 
conditions, the perturbation part of the linearized equation of motion is 
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where ),()(),( zxuzUzxu ′+= is the time-mean velocity and ),(),( zxΓzx ττ ′+= is the 
time-mean stress, and the capitals denote horizontal averages. The pressure term is ignored 
(Kaimal and Finigan, 1994). Using a mixing-length model to estimate τ for neutral 
conditions, we can write 

 
2

22 ⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
z
uzkτ ;  z

uzkU
∂

′∂
=′ ∗2τ           (N m-2)        (3.5) 

 



 

38  

 

where )/(5.0 zukzΓU ∂∂==∗ is the background friction velocity, and the second equation 
is linearized by neglecting products of perturbation terms. We now equate order of 
magnitude estimates for the left-and-right-hand sides of Eq.3.4. The term on the left is of 
order XuU /b ′ , where X is a length scale for stream-wise heterogeneity and Ub a 
background advection velocity. The term on the right is estimated in different ways by 
different researchers. 

 Mason (1988) assumed that u′  ‘adjusts to the new surface in the usual logarithmic 
way’, implying 
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The height zb is defined by assuming Eq.3.4 being in balance. Mason 
assumed b/~/ zz ττ ′∂′∂ , Eq.3.7 can be rewritten to 
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where k=0.4 is the von Karman constant, and X is a length scale of heterogeneity in the 
stream-wise direction (e.g. X=Λ/2π for sinusoidal heterogeneity with wavelength Λ ). 
The resulting zb is here an estimate of the height up to which equilibrium conditions 
prevail over the new surface. Z0m in Eq.3.9 is the effective (or averaged) roughness 
length. If one area is including the effect of topography, low vegetation (e.g. grass), 
taller plants (e.g. wheat canopy, trees and shrubs), Z0m can be determined by the Arya’s 
model(Arya et al.,1975). It means that the local roughness length z0m can be determined 
by using the turbulent measurements of anemometer-thermometer, radio sonde and the 
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PBL tower firstly (see Chapter 6). Then Z0m, can be derived from 
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where obstacles is effective (average) obstacle height, CD is drag coefficient, which is 
given by Wooding et al. (1973), k is Von Karman’s constant, 

obstaclebobstacleobstacle 2/// hXhBhbm ++= , b the base width of obstacles , B is the base 
width of the region with separated air flow behind obstacles, Xb is the wind profile 
recovering distance behind the obstacle, 1obstacle / sh=λ , and s1 is the spacing of 
obstacles.  

If one area is including the effect of topography (mountain) and low vegetation 
(grass land), effective aerodynamic roughness length Z0m can be determined by the 
Taylor’s model(Taylor et al.,1989), i.e.  

 

  )ln()2(5.3)ln(
m0

12

1m0

0m

z
a

z
Z λ

λ
π

=          (-)           (3.11) 

 
where a is the amplitude of relief and 1λ is  the wavelength of periodic relief. In other 
words, the local roughness length z0m can be determined by using the turbulent 
measurements of anemometer-thermometer or the PBL tower (see Chapter 6). Then Z0m 
can be determined from Eq. 3.11 (see Menenti and Ritchie, 1994).   

 
 Jackson and Hunt (1975) introduced an order of magnitude analysis for inner layer 
depth in the linear theory of flow over low hills, which has since become standard (see 
Kaimal and Finigan, 1994 for a review) and has been adapted to roughness changes by 
Belcher et al. (1990). If zb is a height scale for the inner layer, then Eq.3.5 gives 
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    where u′ and zb are here to be understood as velocity and height scales and the second 
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relationship includes a dimensionless O(1) function of position. Equating this 
with XuU /b ′ , we obtain  
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 Eq.3.8 and Eq.3.9 estimate the depth of the equilibrated layer over the downwind surface 

following a transition in surface properties. This is the layer within which the velocity and 
scalar concentration profiles have approximately readjusted to logarithmic forms ( in neutral 
conditions) appropriate to downward surface. Its depth is ])/([ 2

bUUXO ∗ , where bU is a 
mean velocity scale for the layer.  

In contrast, Eq.3.13 and Eq.3.14 estimate the depth of the ‘influenced layer’, or the height 
to which perturbations can diffuse by turbulent transport. Within a neutral surface layer, its 
depth is )]/([ bUUXO ∗ . Finigan et al. (1990) showed experimentally that this is a good 
estimate for the height to which mean vorticity perturbations diffuse in the flow over low 
hills. Many researchers have used similar advection-diffusion principles to suggest 
equations for the depth of the developing internal boundary layer be in consistent with a 
depth of )]/([ bUUXO ∗  (see Kaimal and Finigan, 1994 for a comprehensive review).  

 

3.5 Generic constraints over heterogeneous land surfaces 

 
Constraints must be established to define larger-scale surface properties from their 

smaller-scale counterparts. One generic tool for imposing consistent constraints will be 
discussed here as i.e. the primary physical constraint, that net fluxes of conserved scalars must 
average linearly over the land surface. 

The scalar conservation equation can be written as  
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where C is the concentration of the conserved scalar, Cf is the sum of turbulent and 
molecular flux density vectors, and U is the mean velocity vector. Eq.3.15 provides a 
primary physical constraint on areal up scaling. For modeling purposes, this equation is 
always integrated spatially over air volumes R such as the air space in a canopy layer, a 
general circulation model grid cell or the entire ABL. Let R be bounded partly by the 
land-atmosphere interface, so that its closed bounding surface AL SSS += consists of a part 

LS coincident with the land-atmosphere interface (vegetation, soil, lake and hill etc.) and a 
part AS in the air. Using the divergence theorem, the conservation equation can be 
integrated over R  
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where Un and Cf are the inward-normal components of U and Cf on S, and x is a position 
coordinate. The three terms on the right-hand side correspond respectively to advection, 
atmospheric divergence and the scalar input into R by surface fluxes. If the last term is 
written as SLFC, with CC fF =  an averaged flux over the surface LS , then Eq.3.16 
requires that 

 

∑∫∫
=

==
n

i
ii

S

faSf
S

F
1

CC
L

C d1

L

     (W m-2)              (3.17) 

 
where LS  consists of several patches i ( i=1 to n) with area Si, normalized areas 

L/ SSa ii =  and flux densities fCi. Eq.3.17 means that scalar mass conservation requires 
elemental surface fluxes to average linearly, with area weighting, across the land surface. To 
satisfy mass conservation area averages of other land-atmosphere interaction parameters 
(surface temperature, conductance and so on) need to be consistent with this constraint. 
Eq.3.17 applies to net fluxes of conserved scalars, in particular, sensible heat flux Hf , latent 
heat flux Ef and their sum EHA fff += , i.e. the available energy flux. Eq.3.17 also applies 
to net irradiances (quantum fluxes) in any spectral waveband, as these are also net scalar 
fluxes.  
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3.6 Parameterization of land-atmospheric interactions using satellite measurements in 
combination with surface layer and atmospheric boundary layer observations 

 
Satellite Remote Sensing (RS) data provide consistent and frequent observations of 

spectral reflectance and emittance of radiation at patches landscape. Therefore, combining 
them with ABL observations we can analyze the interaction between the land surface and 
atmosphere. Based on the theory presented in the previous sections and in combination with 
satellite measurements, three methodologies can be identified to estimate the heat fluxes 
over heterogeneous landscapes if the land surface can be classified into n categories 
according to the surface characteristics (Figure 3.3). 

 The first is to use satellite measurements and assumptions on the Surface Layer (SL) 
nearby the surface (e.g. 2 m), which is called RS approach (RS+SL-assumptions)  
 The second is to use satellite measurements and SL observations, which called Tile 
approach (RS+SL-observations).  
 The third is to use satellite measurements in combination with SL and ABL observations, 
which called Blending height approach (RS+SL-observations+ABL-observations). 

 

 

 
 
 
  
 
 
 
 
 
 
 
 

 
              Surface 1           Surface 2             Surface 3          Surface 4  

         
Figure 3.3 Different approaches at three different scales. zi is the convective inversion 
height, zb is the blending height, z is the reference height nearby the surface and x is the 
footprint . 
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Figure 3.4 Conceptual scheme of the RS approach, the Tile approach and the Blending 
height approach. The variable zref denotes reference height. 
 

In the RS approach, surface albedo-surface reflectance r0, surface temperature T0, 
surface emissivity ε0 and Normalized Difference Vegetation Index (NDVI) at the surface can 
be derived from satellite measurements (Figure 3.4). It also takes the reference height 
nearby the surface (e.g. 2m), full adjustment occurs above the overlying new land surface in 
a time around *ref /4 wz . It means that the air flow adjusts to the new surface properties 
very quickly, i.e. during the time the air mass nearby the surface moves with the averaged 
wind speed, U, through a distance 4Uzref/ ∗w . For example, U= 3 m s-1 and the convective 
velocity scale, =*w 1 m s-1 as a typical value at 10 o’clock of the local time, therefore, the 
full adjustment time is about 8 s and the full adjustment distance is about 24 m. This 
distance is equal and like the satellite pixel size.  

Hence, the values of atmospheric variables (air temperature Ta and specific humidity q 
at the reference height, zero-plane displacement d0, aerodynamic roughness length z0m, 
thermodynamic roughness length z0h and the excess resistance to heat transfer kB-1) above 
each satellite pixel should be used when surface heat fluxes are estimated. It means that the 
RS approach needs many measurements at each satellite pixel. But it is difficult to 
determine these values at each satellite pixel. Therefore, assumptions and approximations 
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were involved in the approach. 
 
In the Tile approach (Figures 3.4 and 3.5), taking the reference height zref on SL (e.g. 

20 m), full adjustment occurs above the overlying new land surface in a time 
around *ref /4 wz . It means that during the time the air mass in the surface layer moves with 
the averaged wind speed, U, through a distance 4Uzref/ ∗w . For example, U= 4 m s-1 and the 
convective velocity scale, =*w 1 m s-1 as a typical value at 10 o’clock of the local time, 
therefore, the full adjustment time is about 80 s and the full adjustment distance on the new 
surface is about 320 m. The new surface can be considered as a tile if it is homogeneous, 
and only one resistance can be used above it. In other words, the tile is a linear combination 
of the full adjusted distance.  

Then, using the satellite measurements at the surface and the Surface Layer (SL) 
observations on a tile at and below the reference height, the heat fluxes over a 
heterogeneous landscape can be estimated.  

 Firstly, surface reflectance r0, surface temperature T0, surface emissivity ε0 , 
Normalized Difference Vegetation Index (NDVI), Modified Soil Adjusted Vegetation 
(MSAVI), vegetation fractional cover Pv, Leaf Area Index (LAI)) at the surface are 
derived from satellite measurements.  

 Secondly, SL observations on a tile: wind speed u, air temperature Ta and specific  
humidity q at the reference height. Zero-plane displacement d0, aerodynamic 
roughness length z0m, thermodynamic roughness length z0h and the excess resistance to 
heat transfer kB-1 and the like in SL below the reference height over the i-tile are used 
to estimate the sensible heat flux H and the latent heat flux λE. 

 
Hence, in mathematical terms: 
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Surface 1                   Surface 2                      Surface 3              Surface 4  

 
Figure 3.5 The diagrammatic sketch of the Tile approach using the observed data and the 
derived parameters from the ABL measurements at (and below) the reference height nearby 
the surface and satellite measurements at the surface to estimate the surface heat fluxes. zref-1, 
zref-2, zref-3 and zref-4 are the reference height nearby the surface. 
 
where γ is the psychometric constant, e0 is the vapor pressure at the surface, ea is air vapor 
pressure at the reference height, rah is aerodynamic resistance for heat between land surface 
and reference height, and rae is aerodynamic resistance for vapor transfer between land 
surface and reference height. Therefore, H and λE over whole area can be derived from 
Eq.3.17 as 
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where a (i) is the fractional ratio of each tile.  

 
 In the Blending height approach (Figures 3.4 and 3.6), taking the blending height zb 

as the reference height, full adjustment occurs above the overlying new land surface in a 
time around 4zb/ ∗w . During the time the air mass below zb moves with the averaged wind 
speed, U, through a full adjustment distance 4Uzb/ ∗w . It means that after a time t = 4zb/ ∗w , 
the atmospheric characteristics variables (u, Ta and q) at and above zb will become well 
mixed (uniform) horizontally around the distance scale 4Uzb/ ∗w . For example, the blending 
height zb is about 300 m, U = 5 m s-1 and the convective velocity scale =*w 1 m s-1 as a 
typical value at 10 o’clock of the local time, therefore, the full adjustment time is about 20 
minutes and the full adjusted distance on the new surface is about 6.0 km. If the new surface 
is homogeneous and its length scale being larger than the full adjusted distance (e.g. 6.0km), 
it can be considered as a linear combination of the full adjusted distance. One resistance can  

   zref-1 
   zref-2 

   zref-3 
   zref-4 
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Surface 1(Gobi desert)            Surface 2 (Oasis)            
 

 
Figure 3.6 Diagrammatic sketch of the Blending height approach using satellite 
measurements at the surface in combination with SL and ABL observations to estimate the 
heat fluxes. The physical variables rah-b1 and rah-b2 denote the aerodynamic resistances for 
heat between land surface and the blending height; rae-b1 and rae-b2 denote the aerodynamic 
resistances for vapour transfer between land surface and the blending height. 

 

 
be used above the new land surface (Figure 3.6). 

 Then, using the satellite measurements at the surface and the ABL observations at the 
blending height, the heat fluxes over a heterogeneous landscape can be estimated. In other 
words, using data observed from radio sonding system (or Wind Profiler and RASS, or 
tethered sonde system), the profiles of u, Ta and q over the different land surface (e.g. over 
the very different surface, oasis and Gobi desert in Figures 3.4 and 3.6) can be analyzed, and 
zb can be determined when the effects of individual different surface on vertical profiles 
become horizontally blended, and at the same time, the atmospheric characteristics variables 
(u, Ta and q) at zb can be obtained. If r0, T0, ε0, NDVI, LAI, Pv and MSAVI at the surface can 
also be derived from the satellite measurement on each pixel, and effective atmospheric 
variables (e.g. effective aerodynamic roughness length, effective thermodynamic roughness 
length, effective zero-plane displacement and effective excess resistance to heat transfer) in 
the atmospheric layer below zb have already been determined by using SL and ABL 
observations, then, the regional H and λE over heterogeneous landscape can be determined 
as: 

Blending height zb                        ub, Ta-b, ea-b 

 
   rah-b2     rae-b2  
 

 
   rah-b1      rae-b1  
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where ub, Ta-b and ea-b are wind speed, air temperature and air vapor pressure at zb 
respectively, rah-b1, rah-b2, …, rah-bn are the aerodynamic resistances for heat between land 
surfaces and zb, and rae-b1, rae-b2, …, rae-bn are the aerodynamic resistances for vapor transfer 
between land surfaces and zb. The resistances rah-b1, rah-b2, …, rah-bn and rae-b1, rae-b2, …, rae-bn 
can be defined as:     
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where Kh1, Kh2, …, Khn are the eddy diffusion coefficients for heat transport, Ke1, Ke2, …, Ken 
are the eddy diffusion coefficients for vapour transport. Hence, H and λE over whole area can 
be derived from Eq.3.17 as 
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where a (i) is the fractional ratio of each land cover type. rah-bi is the aerodynamic resistance 
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for heat between land surfaces and zb over land cover type i, and rae-bi is the aerodynamic 
resistances for vapor transfer between land surfaces and zb over land cover type i. 

  
3.7 Summary and conclusions 

    
Based on the analysis of the land surface heterogeneity and its influences on the 

overlying air flow and the observations in the Surface Layer (SL) and the Atmospheric 
Boundary Layer (ABL), the parameterization methodologies of heat fluxes in the layers 
overlying a heterogeneous surface were established. The procedure and characteristics of 
the parameterization given in the previous sections can be summarized as follows. 

— The length scales of land surface heterogeneity can be classified to micro-scale, 
meso-scale and macro-scale by using two dynamic time-scales (the mixing time-scale and 
the entrainment time scale). Each length has different characteristics. 

— Characteristics of the ABL over heterogeneous landscape can be described by a slab 
ABL model, two important ABL time scales (the dynamical time scale ∗= wht /ABLd  

and the time for thermodynamic adjustment of the ABL to changes in the surface energy 
balance qt ) and the air flow change feature.  

— Blending height zb is defined as a scale height for turbulent flow above a heterogeneous 
surface, at which the influences of individual surface patches on vertical profiles or 
fluxes become horizontally blended. Not only Eq.3.8 and Eq.3.9 but also Eq.3.13 and 
Eq.3.14 can be used to estimate zb.  

— Based on the scalar conservation equation, generic constraints over heterogeneous land 
surface have been established to define larger-scale surface properties from their 
smaller-scale counterparts. Eq.3.17 can be applied to net fluxes of conserved scalars, in 
particular, sensible heat flux Hf , latent heat flux Ef and their sum EHA fff += , the 
available energy flux. Eq.3.17 can also be applied to net irradiances (quantum fluxes) in 
any spectral waveband.  

— Based on the analysis of the land surface heterogeneity and its influences on the 
overlying air flow, the blending height assumption, satellite measurements, SL and ABL 
observations, three parameterization methodologies, which are called RS approach, Tile 
approach and Blending height approach (Figure 3.4) have been developed to estimate 
the heat fluxes over heterogeneous landscapes. The RS approach uses satellite 
measurements and assumptions on the Surface Layer (SL) nearby the surface. The Tile 
approach (Figures 3.4 and 3.5) uses satellite measurements and SL observations when  
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the length scales of land surface heterogeneity are relatively small. In other words, the 
sensible heat flux and latent heat flux can be calculated from Eq.3.18 and Eq.3.19. The 
Blending height approach uses satellite measurements in combination with SL and ABL 
observations when the length scales of land surface heterogeneity are relatively larger. 
In other words, the sensible heat flux and latent heat flux can be calculated from 
Eqs.3.20, 3.23 and 3.24.  

.      
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4. Descriptions of land surface processes experiments and 
satellite data 
 

Five land surface processes experiments were performed in the west part of China in 
the past years. They were the Global Energy and Water cycle EXperiment (GEWEX) Asian 
Monsoon Experiment on the Tibetan Plateau (GAME/Tibet), the Coordinated Enhanced 
Observing Period (CEOP) Asia-Australia Monsoon Project on the Tibetan Plateau 
(CAMP/Tibet), the HEIhe basin Field Experiment (HEIFE), the Arid Environment 
Comprehensive Monitoring Plan, 95 (AECMP’95) and the DunHuang EXperiemnt (DHEX). 
These experiments can be used to validate the theory and approaches presented in Chapter 2 
and Chapter 3 due to the heterogeneity of the land surfaces. The experiments and the data 
collected during these experimental periods are firstly described.  

Landsat-5 Thematic Mapper (TM) data, Landsat-7 Enhanced Thematic Mapper (ETM) 
data and NOAA-14 Advanced Very High Resolution Radiometer (AVHRR) data will also be 
described.   

 
4.1 Global Energy and Water cycle EXperiment Asian Monsoon Experiment on the 

Tibetan Plateau (GAME/Tibet) and Coordinated Enhanced Observing Period 
Asia-Australia Monsoon Project on the Tibetan Plateau (CAMP/Tibet)  

 
The energy and water cycle 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 mid-troposphere. It 
represents an extensive massif extending from sub-tropical to middle latitudes and spanning 
over 25 degrees of longitude. Due to 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; Yanai, 1992). 

The lack of quantitative understanding of the interactions between the land surface and 
the atmosphere makes it difficult to understand the complete energy and water cycle over 
the Tibetan Plateau and its effect on the Asian Monsoon system (Webster et al., 1998). 
Therefore, due to heterogeneous nature of the land surface and the different climate features 
of the plateau (Shi and Smith, 1992) and the relatively few ground-based observational 
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stations deployed over the plateau, a meso-scale monitoring system should be developed 
and validated. 

 

4.1.1 The GAME/Tibet experiment 
 

The overall goal of the GAME/Tibet was to clarify the interaction between the land 
surface and the atmosphere over the Tibetan Plateau in the context of the Asian monsoon 
system. To achieve this goal, the scientific objectives of this experiment were to improve the 
quantitative understanding of land-atmosphere interactions over the Tibetan Plateau, to 
develop process models and methods for applying them over large spatial scales, and to 
develop and validate satellite-based retrieval methods. The GAME/Tibet was an 
inter-disciplinary, coordinated effort by field scientists, modelers and remote sensing 
scientists in meteorology and hydrology (e.g. Ma et al., 2000; Tanaka et al., 2001; Ma et al., 
2002d; Ma et al., 2003a; Ma et al., 2005). 

Figure 4.1 and Figure 4.2 show the sites layout during the intensive observation period 
(May to September, 1998) of the GAME/Tibet. A meso-scale observational network    
(150 km×250 km, 91°-92.5°E, 30.5°-33°N) was implemented on the central plateau: 
 Amdo Atmospheric Boundary Layer (ABL) station (91°37′30′′E, 32°14′28′′N, elevation: 
4700 m). A basic PBL tower (17 m, wind speed, wind direction, air temperature and 
humidity at three-levels), a radiation observational system, turbulent flux measurements 
(sonic anemo-thermometer), soil temperature and moisture measurement, radio sonde 
observation system etc. have been set up in this station.  
 Automatic Weather Station (AWS) networks. Five AWSs (D66, TTH, Naqu, D110, 
MS3608) and two sets of Portable Automated Meso-net (PAM) stations 
(MS3478-NPAM and MS3637-SPAM) have been deployed along the Tibetan 
(Qinghai-Xizang) high way.  
 A basic ABL observational station (NaquFx). A PBL tower (3.5 m, four-levels), a 
radiation observational system, turbulent flux measurements (sonic 
anemo-thermometer), soil temperature, moisture measurement and soil water content 
have been set up in this station in 1998. 
 Barometer network (nine sites: Amdo, AQB, Naqu, Noda, North-mt, South-mt, Sexi, 
Ziri, Wadd), ground truth observation sites for validation of satellite data and a sampling 
network for isotope studies on the water cycle. 
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Figure 4.1 The geographic map and the sites layout during the Global Energy and Water 
cycle EXperiment Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet).  

 
 
 
 

Amdo downtown 

Naqu City 

NaquFx (km)

NPAM (MS3478) station  

Amdo station 

D110 



 

54  

 

 

 

 
Figure 4.2 Land surface condition and instruments in the stations of the Global Energy and 
Water cycle EXperiment Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet).  

 

 
 Soil temperature and soil moisture (SMTMS) network. Nine of these sites (D66, TTH, 
D110, WADD, NODA, Amdo, MS3478, MS3608 and MS3637) have been deployed 
along the Tibetan highway. 
 Three-dimensional Doppler radar and precipitation gauge network. The Doppler radar 
system has been deployed about 10 km south of Naqu in 1998 (91°56′20′′E, 
31°22′59′′N). Seven rain gauges were set up around the radar station.  
 A precipitation gauge net (D110, WADD, NODA, AQB, MS3478, MS3543, Zuri, 
NaquFx, MS3608, Naquhy, NaquRS and MS3637) has been deployed along the Tibetan 
highway.  
 Two radio-sonde observational systems were set up in the Amdo ABL station and Naqu 
Meteorological Bureau.  



 

55  

 

4.1.2 The CAMP/Tibet experiment 
 

The objectives of the CAMP/Tibet were the following: 
 Quantitative understanding of an entire seasonal hydro-meteorological cycle 
including winter processes by solving surface energy "imbalance" problems in the 
Tibetan Plateau.  
 Observation of local circulation and evaluation of its impact on plateau scale water 
and energy cycle. 
 Establishment of quantitative observational methods for entire water and energy 
cycle between land surface and atmosphere by using satellites. 

 To achieve the scientific objectives of the CAMP/Tibet, a meso-scale observational 
network (150×250 km, 91°-92.5°E, 30.7°-33.3°N) has been implemented in the central 
plateau (see Figure 4.3 and Figure 4.4):  
 A basic observational station (BuJiao-BJ). A flux measuring tower (20 m, two levels), 
a Sky Radiometer, a LIDAR system, a Wind Profiler and Radio Acoustic Sounding 
System (RASS), a radio sonde system, and 4 Automatic Weather Stations have been 
set up at this station.  
 AWS networks. Six AWSs (D105, D110, MS3478, BJ, MS3608 and ANNI) stations 
have been deployed in this area; Soil moisture and soil temperature networks.  
 Soil moisture and soil temperature networks. Seven of these sites (D105, D110, Amdo, 
BJ, MS3608, ANNI and MS3637) have been deployed in this area.   
 Two deep soil temperature measurements were put in D105 and NaquDS (nearby the 
BJ basic station). 
 Amdo ABL station (91°37′30′′E, 32°14′28′′N). A basic PBL tower (17 m, wind speed, 
wind direction, air temperature and humidity at three-levels) and radiation 
observational system have already been continued for 8 years from 1997 and will be 
continued till the end of 2010.  

 
The enhanced automated observing period and the intensive observation period of the 

CAMP/Tibet have been started from October 1, 2002 and ended in September 30, 2004.  

 
A large amount of data has been collected during the GAME/Tibet and the 

CAMP/Tibet, which was the best data set so far for the study of the Tibetan Plateau 
hydrometeorology (Ma et al., 2005; Table 4.1, Table 4.2). 
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Figure 4.3 The geographic map and the sites layout during the Coordinated Enhanced 
Observing Period (CEOP) Asia-Australia Monsoon Project on the Tibetan Plateau 
(CAMP/Tibet). 
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Figure 4.4 Land surface condition and instruments in the stations of the Coordinated 
Enhanced Observing Period (CEOP) Asia-Australia Monsoon Project on the Tibetan 
Plateau (CAMP/Tibet). 
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Table 4.1 The collected field data of the Global Energy and Water cycle EXperiment Asian 
Monsoon Experiment on the Tibetan Plateau (GAME/Tibet) over the period 1 May 1998 to 
30 August 1998. 

Station (site) Observation item 
 
 
 

Amdo 

 Tower: wind speed, wind direction, air temperature and humidity 
(height (m): 1.5, 6.5 and 14.0), surface temperature, soil temperature 
(depth (cm): -5, -10, and –20), soil heat flux(depth (cm):-10 and 
–20), solar radiation ,air pressure, rain intensity. 
 Radiation: short wave radiation (downward and upward), long wave 

radiation (downward and upward). 
 Turbulence: wind speed, wind direction, air temperature, relative 

humidity, the characteristic length scales of surface layer (
*** ,, qTu ), 

sensible heat flux, latent heat flux, stability parameter. 
Automatic Weather 

Station (D66, Tuotuohe, 
D110, Naqu, MS3608) 

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

 
Portable 

Automated 
Mesonet 

(MS3437-SPAM, 
MS3478-NPAM) 

 

Wind speed, wind direction (9.8m), air temperature and humidity 
(height (m):7.8 and 2.3),  short wave radiation(downward and upward, 
long wave radiation (downward and upward), net radiation, air pressure, 
turbulent fluxes (5.6m), surface temperature, stability parameter, snow 
depth, precipitation, soil heat flux (-1cm), soil temperature(depth (cm): 
-4, -20, -40, -60, -100, -160, -188), soil moisture (depth (cm): -4, -20, 
-40, -60, -100, -160m, -188). 

Soil moisture and 
soil temperature 

system  
(D66, Tuotuohe, D110, 

MS3608, Amdo, 
NODA, WADD,  

MS3478, MS3637) 

 Soil temperature (depth (cm)): -4, -20, -60, -100, -160, -258. 
 Soil moisture (depth (cm)): -4, -20, -40, -60, -80, -100, -130, -160, 
-200. 

 
 
 

Naqu flux 

 Fast response measurement (sonic anemometer): wind velocity, 
air temperature, absolute humidity fluctuation, frictional velocity, 
sensible heat flux, latent heat flux 
 Short–wave radiation (downward and upward), long wave radiation 
(downward and upward) 
 Soil heat flux(-5cm), soil temperature(depth (m): -1.5 and -4), soil 
water content(0⎯15cm layer) 
 Tower (3.5 m): wind speed ((height (m): 0.7, 1.3, 2.2, 3.5), wind 
direction(3.5 m) ,air temperature and humidity((height (m): 1.3 and 
3.5) 

Radar Radar reflectivity, Doppler velocity, spectral width, wind speed, wind 
direction, air temperature 

Radio-sonde Profile of air pressure, air temperature, relative humidity , wind speed 
and direction 

Barometer network 
(Amdo, AQB, Naqu, Noda, 
North-mt, South-mt, Sexi, 

Ziri, Wadd) 

Air pressure 

 



 

59  

 

Table 4.2 The collected field data of the Coordinated Enhanced Observing Period (CEOP) 
Asia-Australia Monsoon Project on the Tibetan Plateau (CAMP/Tibet) over the period 1 
October 2002 to 30 September 2004.  
 

Station (site) Observation item 

 

 

Amdo 

 PBL tower: wind speed, wind direction, air temperature and 

humidity (height (m): 1.5, 6.5 and 14.0), surface temperature, soil 

temperature(depth (cm): -5, -10 and –20), soil heat flux (depth 

(cm): -10 and –20), solar radiation ,air pressure, rain intensity 

 Radiation: short wave radiation (downward and upward), long 

wave radiation (downward and upward) 

Automatic Weather 

Station 

(D66, Tuotuohe, D110, 

MS3608) 

Wind speed, wind direction, air temperature and humidity, surface 

temperature, soil temperature, soil moisture, solar radiation, air 

pressure 

 

 

Automatic Weather 

Station 

(D105, MS3478, BJ, 

ANNI) 

Wind speed ( height (m): 10, 5, 0.5), wind direction (10m), air 

temperature and humidity (height (m): 9.5, 2, 0.5),  short–wave 

radiation(downward and upward), long wave radiation (downward and 

upward), air pressure, surface temperature, snow depth, precipitation, 

soil heat flux (depth (cm):-10, -20), soil temperature (depth (cm): 0, 0, 

-4, -10, -20, -40), soil moisture (depth (cm): -4, -20) 

Soil moisture and soil 

temperature system 

(D66, Tuotuohe, D105, 

D110, MS3608, Amdo, 

NODA, WADD, MS3637, 

ANNI) 

 Soil temperature (depth (cm)):-4, -20, -60, -80, -100, -130, -160, 

-200, -279. 

 Soil moisture (depth (cm)): -4, -20, -60, -100, -160, -258. 

Turbulent measurement 

(BJ, ANNI) 

Wind speed, wind direction, air temperature, relative humidity, the 
characteristic length scales of surface layer (

*** ,, qTu ), sensible heat 
flux, latent heat flux, stability parameter, CO2 flux 

Wind Profiler+RASS 

(BJ, Naqu) 

Profile of air temperature, wind speed and direction 

 

Radio-sonde 

(BJ) 

Profile of air pressure, air temperature, relative humidity, wind 

speed and direction 
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4.2 HEIhe basin Field Experiment (HEIFE) 

 
HEIFE was an experiment on atmosphere-land surface interactions in the Heihe River 

Basin in the Hexi Corridor, Gansu Province, northwestern China. It was carried out from 
1989 through 1993. It was a Sino-Japanese cooperative investigation program supported by 
the Chinese Academy of Sciences, the National Natural Science Foundation of China and 
the Japanese Ministry of Education, Sports and Culture. 

The experimental sites of the HEIFE were an area of 70 km × 90 km in the Heihe River 
Basin with an average elevation of 1500m above sea level. During the experiment period, 
five basic micrometeorological stations (Linze, Zhangye, Huayin, Pingcuan and Desert), 
five AWSs and four ground water level stations were operated separately in the oasis and 
Gobi with distinct underlying surfaces. Each basic micrometeorological station included a 
PBL tower, which is 20 m high (one was 40 m high with 10 levels in the Linze oasis), with 
six levels to measure air temperature, humidity, wind velocity and wind direction (only at 10 
m level), and also included radiation components of short-wave incoming radiation flux, 
reflective radiation flux, long-wave incoming radiation flux, outgoing radiation flux and net 
radiation flux. At the same time, the ground surface temperature and soil temperature at 5 
layer depths below the surface and soil heat flux at 2 layer depths were measured at each 
basic station. Moreover, the meteorological data from three routine weather stations, the 
surface runoff and the sub-surface hydrological data from three routine hydrological stations 
in the experimental area were collected for providing the background materials (see Figure 
4.5b and Figure 4.6). 
  The investigations of the HEIFE consisted of six special subjects:  

1) Observation of the turbulent fluxes in the surface layer and structure of the 
planetary boundary layer;  

2) Observation of the surface radiation budget and radiation physical characteristics;  
3) Observation of the surface evaporation and water budget in the experimental area;  
4) Bulk data collection, reorganization and analysis;  
5) Numerical modeling of planetary boundary layer;  
6) Study of the amount of water required for crops and techniques of economical 

water irrigation in HEIFE area.  
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Figure 4.5 The sites layout during intensive observation period of a) Arid Environment 
Comprehensive Monitoring Plan, 95 (AECMP’95) and b) HEIhe basin Field Experiment 
(HEIFE), the red part is oasis or irrigated farm and the others are Gobi desert.  
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Figure 4.6 Land surface condition and instruments in the stations of the HEIhe basin Field 
Experiment (HEIFE) and the Arid Environment Comprehensive Monitoring Plan, 95 
(AECMP’95). 

 
The schedule of ground observations of the HEIFE was divided in the following types. 
 Pilot observing period in September 1988.  
 Formal observing period from June 1990 to October 1991 in which the basic stations 
and the automatic weather stations were operated and some data were collected from 
the routine weather stations and the routine hydrological stations. 
 Four Intensive Observation Periods (IOP), which were separately in 16-30 April 
(IOP-1), 1-31 August (IOP-2), 1-10 October (IOP-3) and December 1991 (IOP-4). The 
IOP-1 represents spring in growth stage. The IOP-2 and IOP-3 represent the mature 
period and the end of the growing season. The IOP-4 represents the winter. The IOP-2 
and IOP-3 added the observations about the turbulence with the sonic 
anemo-thermometers and infrared hygrometers and the planetary boundary layer 
structure with tethered balloons. Doppler sodars and low-level radiosonde over the 
distinct underlying surfaces separately in the oasis, desert and Gobi observational 
sites.  
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Table 4.3   The collected field data of HEIhe basin Field Experiment (HEIFE). 
Content Station Observation period Observation item 

Linze 
(oasis, 40 m) 

Jan.1, 1991- Dec.15, 1991 

Huayin 
(Gobi, 20 m) 

Jan.1 ,1991- Dec.15, 1991 

Desert (20 m) Sep.26, 1990-Jul.17, 1992 
Zhangye 

(oasis, 20 m) 
Oct.1, 1990-Agu.14, 1992 

 
 
 
 

PBL tower 
 

Pingcuan 
(shrub, 20 m) 

oct.1, 1990-Agu.14, 1992 

Wind speed, air temperature and 
humidity (Linze, height (m): 1, 2, 4, 
6, 10, 15, 20, 25, 30 and 40; the 
others, height (m): 0.5, 1, 2, 4, 8 and 
16), wind direction (10 m), surface 
temperature and soil temperature 
(depth (cm): -5 and -10), soil heat 
flux (depth (cm):-5 and –10 ) 

Linze (oasis) Jan.1, 1991- Dec.15, 1991 
Huayin 
(Gobi) 

Jan.1 ,1991- Dec.15, 1991 

Desert Sep.27, 1990-Aug.17,1992 

 
 

Radiation 

Zhangye 
(oasis) 

Oct.1, 1990-Agu.14, 1992 

Downward (upward) short wave 
radiation; downward (upward) long 
wave radiation; soil heat flux; net 
radiation 

011 (dsert) Jun.18, 1991-Jul.1, 1992 
012 (Gobi) Jun.18, 1991-Jul.2, 1992 
013 (Gobi) Jun.18, 1991-Jul.1, 1992 

014 
(transitional 

area) 

Jun.18, 1991-Jul.5, 1992 

 
Automatic 
Weather 
Station 
(AWS) 

015 
(transitional 

area) 

Oct.6, 1991-Jul.5, 1992 

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

Huayin 
(Gobi) 

Aug.8-Aug.20, 1991; 
Oct.6-Oct.13, 1991 

Xiaotun 
(oasis) 

Aug.6-Aug.20, 1991; 
Oct.4-Oct.12, 1991 

 
 
 

Tethered 
sonde 

Desert Aug.6,-Aug.20,1991;Oct.8-O
ct.12,1991 

Altitude, wind speed and wind 
direction, air temperature, potential 
temperature, air pressure, specific 
humidity, relative humidity 

Huayin 
(Gobi) 

Aug.4-Aug.20, 1991; 
Oct.3-Oct.13, 1991 

 
 

Sodar 
Xiaotun 

(oasis) 

Aug.5-Aug.20, 1991; 

Oct.3-Oct.13, 1991 

Vertical and horizontal wind speed 
and wind direction, sodar echo 
intensity, potential temperature 

Huayin 

(Gobi) 

Aug.5-Aug.20, 1991; 
Oct.3-Oct.13, 1991; 

Dec.10-Dec.20, 1991 

Linze(oasis) Jun.25- Jul.13, 1991 

Desert 
Aug.5-Aug.20, 199; 
Oct.3-Oct.13, 1991; 

Dec.10-Dec.20, 1991 

 
 

Turbulent 
measurement  

system 
 

Zhangye 
(oasis) 

Aug.5-Aug.201991; 
Oct.3-Oct.13,1991; 

Dec.10-Dec.20,1991 

wind speed and wind direction,  
air temperature, relative humidity,  
the characteristic length scales of 
surface layer (

*** ,, qTu ), sensible heat 
flux, latent heat flux, stability 
parameter 
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 Bio-meteorological observing period from April to July in 1992 in which at the oasis 
site the observations about the turbulence and some bio-meteorological parameters in 
farmland were added. 

  
   These stations have been operated successfully for more than two years and a large 
amount of data of surface observations have been collected (Table 4.3). 
 

 
4.3 Arid Environment Comprehensive Monitoring Plan, 95 (AECMP’95) 

 
The AECMP’95 has been carried out in a heterogeneous arid area of northwestern 

China from Aug.1 to Aug.21 1995. The objectives of AECMP’95 were:  
 To investigate the interaction between oasis and Gobi desert and to find the advection 
over the fringe region between oasis and Gobi desert.  
 To investigate the development of internal boundary layer over the fringe region 
between oasis and Gobi desert.  
 To investigate the water and energy cycle over the fringe region between oasis and 
Gobi desert.  

 
The observational sites distributed over an oasis fringe region, where four observational 

sites, D1, D2, O1 and O2, were set up (Figure 4.5a. A basic PBL tower and radiation system 
set up in the desert in the HEIFE was working at same time (Figure 4.6). The data collected 
during AECMP’95 was shown in Table 4.4.   
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Table 4.4 The collected field data of the Arid Environment Comprehensive Monitoring Plan 
(AECMP’95, August 1-August 21, 1995) 

Sites Observation item 
 
 
 
 
 

D1 
(Gobi) 

 

 Tethered-sonde: altitude, wind speed and wind direction, air 
temperature, potential temperature, air pressure, specific humidity, 
relative humidity. 
 Turbulent measurement (sonic anemo-thermometer): wind speed, wind 

direction, air temperature, relative humidity, the characteristic length 
scales of surface layer ( *** ,, qTu ), sensible heat flux, latent heat flux, 
stability parameter. 
 Radiation: downward (upward) short wave radiation, downward 

(upward) long wave radiation. 
 Soil heat flux.  
 Surface temperature. 
 Bowen Ratio. 

 
D2 

(Gobi) 
 

Turbulent measurement (sonic anemo-thermometer): wind speed, wind 
direction, air temperature, relative humidity, the characteristic length 
scales of surface layer ( *** ,, qTu ), sensible heat flux, latent heat flux, 
stability parameter.  

 
 
 
 
 

O1 
(oasis, crop) 

 

 Tethered-sonde: altitude, wind speed and wind direction, air 
temperature, potential temperature, air pressure, specific humidity, 
relative humidity. 
 Turbulent measurement (sonic anemo-thermometer): wind speed, wind 

direction, air temperature, relative humidity, the characteristic length 
scales of surface layer ( *** ,, qTu ), sensible heat flux, latent heat flux, 
stability parameter.  
 Radiation: downward (upward) short wave radiation; downward 

(upward) long wave radiation. 
 Soil heat flux. 
 Surface temperature. 

       
 

O2 
(oasis, crop) 

 

 Tethered-sonde: altitude, wind speed and wind direction, air 
temperature, potential temperature, air pressure, specific humidity, 
relative humidity. 
 Turbulent measurement (sonic anemo-thermometer): wind speed, wind 

direction, air temperature, relative humidity, the characteristic length 
scales of surface layer ( *** ,, qTu ), sensible heat flux, latent heat flux, 
stability parameter. 

 
Desert 

(sand desert) 
 
 

Wind speed (height (m): 0.5, 1, 2, 4, 8 and 20), air temperature and 
humidity (height (m): 1, 2, 4, 8 and 20), wind direction (height (m): 1, 4 
and 20), surface temperature, soil temperature (depth (cm): -5, -10, -20, 
-40 and –80), soil heat flux (40 cm) and soil moisture (depth (cm): -10, 
-20, -40 and –80). 
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4.4 DunHuang EXperiment (DHEX) 

 

The DunHuang EXperiment was selected as a basic experiment for the Chinese National 
Key Programme for Developing Basic Sciences. It was carried out from 1 May 2000 to 31 
August 2002 over a heterogeneous desertification area in Dunhuang, China. A 
micrometeorological station in Gobi near the Dunhuang oasis, a PAM station at the 
Dunhuang Meteorological Station located in the Dunhuang oasis, and an automatic weather 
station in a transition area between the oasis and Gobi, were set up for this experiment 
(Figure 4.7). The Gobi micrometeorological station is located at 40010'N and 94031'E, with 
a surface elevation of 1150 m above sea level and an annual mean surface pressure of 873 
hPa. The Gobi station is found in the Shuangdunzi Gobi to the west of the Dunhuang oasis. 
The nearest distance to the edge of the Dunhuang oasis is about 7 km. The Gobi station is 
located about 20–30 km south of Mountain Mingsha.  

There were small buildings for pumping water within several tens of meters to the 
south of the micrometeorological station. The observational area was flat (upper soil is 
mainly pebble, the lower is sand). In the Dunhuang Experiment, a series of observations 
were conducted at the three stations, and large amount of data was collected (Table 4.5). 
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Figure 4.7 Sites layout, land surface condition and instruments in the DunHuang 
EXperiment (DHEX) stations. 
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Table 4.5 The field data of the DunHuang EXperiment (DHEX) being collected over the 
period 1 May 2000 to 31 August 2002. 

Station (site)  Observation item 
 
 
 
 
 

Gobi 

 PBL tower: wind speed (height (m): 1, 2, 8 and 18), wind 
direction (10 m), air temperature and humidity (height (m): 1, 
2, 8 and 18), surface temperature, soil temperature (depth (cm): 
-5, -10, –20, -40, -80 and -180), soil heat flux (depth (cm):-2.5 
and –7.5), soil moisture (depth (cm): -5, -10, -20 and -80). 
 Radiation: short wave radiation (downward and upward), long 

wave radiation (downward and upward). 
 Turbulence: wind speed, wind direction, air temperature, 

relative humidity, the characteristic length scales of surface 
layer ( *** ,, qTu ), sensible heat flux, latent heat flux, stability 
parameter. 
 Tethered-sonde: profile of air pressure, air temperature, relative 

humidity, wind speed and direction. 
Automatic Weather 

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

 
 

Portable Automated 
Mesonet 
 (PAM) 

 

Wind speed, wind direction (9.8m), air temperature and humidity 
(height (m): 7.8and 2.3), short wave radiation (downward and 
upward, long wave radiation (downward and upward), net 
radiation, air pressure, turbulent fluxes (5.6 m), surface 
temperature, stability parameter, snow depth, precipitation, soil 
heat flux (-1 cm), soil temperature (depth (cm): -4, -20, -40, -60, 
-100, -160, -188), soil moisture (depth (cm): -4, -20, -40, -60, 
-100,-160, -188). 

Radio-sonde 
(Dunhuang 

Meteorological 
Station) 

Profile of air pressure, air temperature, relative humidity, wind 
speed and direction. 

 

4.5 Landsat-5(7) TM (ETM) data and NOAA/AVHRR data  
 

Landsat-5 Thematic Mapper (TM) and Landsat-7 Enhanced Thematic Mapper (ETM) 
provide spectral radiance measurements in narrow spectral 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 × 120m2 for the thermal infrared band 6 of Landsat-5 TM and 60 × 
60 m2 for the thermal infrared band 6 of Landsat-7 ETM.  

 
The NOAA-14 Advanced Very High Resolution Radiometer (AVHRR) provides 

spectral information in 5 bands (band-1: 0.58-0.68µm, band-2: 0.73-1.10µm, band-3: 
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3.55-3.93µm, band-4: 10.3-11.3µm and band-5: 11.5-12.5µm), with a spatial resolution of 
about 1 × 1 km2.  

 
4.6 Summary and Conclusions 

 
   Heterogeneous land surfaces 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 
the area is essential to understand the mechanisms through which heterogeneous land 
surfaces may have a significant impact on the structure and the dynamics of the overlying 
ABL.  

 
In order to understand heat flux exchange between land surface and atmosphere over 

heterogeneous landscapes of arid areas and high altitude areas, five land surface processes 
ground experiments were performed in the western part of China.  
 The first experiment, the Global Energy and Water cycle EXperiment Asian Monsoon 

Experiment on the Tibetan Plateau (GAME/Tibet) was performed over the central 
Tibetan Plateau area, which has the world’s highest elevation (average elevation about 
4000 m). The intensive observation period was from the middle of May to the middle 
of September 1998. The experimental area included a variety of land surfaces, such as 
a large area of grassy marshland, some desertification grass-land areas, many small 
rivers and several lakes. 

 The second experiment, the Coordinated Enhanced Observing Period (CEOP) 
Asia-Australia Monsoon Project on the Tibetan Plateau (CAMP/Tibet) was carried out 
over the central Tibetan Plateau from the beginning of 2001 to 30 September 2004. 
The experimental area of the CAMP/Tibet was the same as that GAME/Tibet. 

 The third experiment, the HEIhe Field Experiment (HEIFE) was carried out from 
1988 to1993 over the desertification area in Gansu, China. The HEIFE experimental 
area consisted of complex land surface conditions with mainly a large area of Gobi 
and sand desert and various scales of oasis dispersed along the river and irrigation 
cannels. 

 The fourth experiment, the Arid Environment Comprehensive Monitoring Plan 
(AECMP’95) was located in the HEIFE area, which more attention being paid to the 
interaction between the oasis and the Gobi desert. The intensive observational period 
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of AECMP’95 was from August 1, 1995 to August 21, 1995.  
 The fifth experiment, the DunHuang EXperiment (DHEX) was selected as a basic 

experiment for the Chinese National Key Programme for Developing Basic Sciences. 
It was carried out from 1 May 2000 to 31 August 2002 in Dunhuang, China. The 
experimental area included a variety of land surfaces, such as a large area of Gobi, 
some sand desert areas and oasis areas.  

 
Many types of instruments (e.g. PBL towers, radiation systems, radio sonde systems, 

turbulent fluxes measured by eddy-correlation technique, soil moisture and soil temperature 
measurement systems, PAM, Wind Profiler with RASS, tethered-sonde systems and radar 
systems and the like) were set up on heterogeneous land surfaces during the experimental 
periods. A large amount of observational data of soil, surface and atmospheric boundary 
layer has been collected. It constituted a sound base in deriving the input parameters for 
determining regional land heat fluxes. The data will be used in the Chapters 5 and 7 to 
validate the presented theory and approaches in Chapter 2 and Chapter 3. 

 
Satellite remote sensing data can provide consistent and frequent observations of 

spectral reflectance and emittance of radiation at patches landscape. The data of Landsat-5 
Thematic Mapper (TM), Landsat-7 Enhanced Thematic Mapper (ETM) and NOAA-14 
Advanced Very High Resolution Radiometer (AVHRR) have been described and they will 
also be used in the Chapters 5 and 7 to derive the land surface heat fluxes over 
heterogeneous landscapes. 
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5. Application of the parameterization scheme using 
satellite measurements and surface layer assumptions: 
the HEIFE case 

 
 
5.1 Introduction 
      
    As shown in Chapters 1, 2 and 3, the regional surface heat fluxes over heterogeneous 
landscapes can be estimated by using satellite measurements. The HEIFE (Chapter 4) 
provided materials for a case study, which will be dealt with in this chapter to show the 
advantages as well as the shortcomings of the RS approach. 

The observational study on the energy and water cycle over the experimental area was 
an important component in the HEIFE project. Some interesting detail studies concerning 
the surface water and energy budget in some stations have already been reported. However, 
the investigation on the areal distribution of water and heat, particularly the evaporation 
taken as the base of water circulation, was continued towards a better understanding of the 
landscape of the HEIFE area (Hu, et al., 1994). In order to reach the purpose of a better 
understanding of the land surface processes to represent in the atmospheric Global 
Circulation Models (GCM), the aggregation of the individual results to a basin scale is 
inevitable. An effective approach is to use satellite remote sensing measurements (e.g. 
Menenti., 1984; Menenti et al., 1989; Menenti et al., 1991; Bastiaanssen, 1995; Wang et al., 
1995; Ma et al., 1997; Stewart et al., 1998; Ma et al., 1999). The objectives of this chapter 
are: 

(1) To estimate the distributions of surface reflectance r0, surface temperature T0, NDVI, 
net radiation flux Rn and soil heat flux G0 over the HEIFE area with the aid of satellite 
remote sensing measurements. 

___________________________________________________________________________________ 
This chapter is based on: 
(1) Ma, Y., J. Wang, M. Menenti, and W. G. M. Bastiaanssen, 1997, Distribution and seasonal variation 

of regional net radiation in the HEIFE area, Chinese Journal of Atmospheric Sciences, 21(2): 
410-416. 

(2) Ma, Y., J. Wang, M. Menenti, and W .G. M. Bastiaanssen, 1999, Estimation of flux densities over the 
heterogeneous land surface with the aid of satellite remote sensing and ground observation, ACTA 
Meteorological Sinica, 57(2): 180-189. 

(3) Wang, J., Y. Ma, M. Menenti, and W. G. M. Bastiaanssen, 1995, The scaling-up of processes in 
heterogeneous landscape of HEIFE with the aid of satellite remote sensing, Journal of the 
Meteorological Society of Japan, 73(6): 1235-1244. 
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(2) To determine the sensible heat flux H and latent heat flux λE using the RS approach 
presented in Chapter 3. 

(3) To assess the ability of bridging the gap of between local patch scale and larger length 
scale for heterogeneous land surfaces with the satellite data.  

 

5.2 Methodology  
 

The overall concept of the RS approach was dealt with in Chapter 3. A full diagram of 
the RS approach is given in Figure 5.1. The values of r0, T0 and NDVI are retrieved from 
Landsat-5 TM measurements. With these results Rn is determined. G0 is estimated from Rn, 
T0, r0 and NDVI. Sensible heat flux H is estimated from T0, surface measurements and 
variables taken from the literature. Finally λE  is obtained as the residual of the energy 
budget. 

 

5.2.1 Land surface variables  

 

Surface reflectance r0(x, y) 

 

r0(x, y) can be derived pixel-wise from Landsat-5 TM data and the ground surface 
reflectance measurements r0. First, the hemispherical planetary reflectance can be obtained 
from the satellite remote sensing data through the following steps: 

 
Step a: Determination of the spectral radiances in the visible and infrared regions  

Remotely measured spectral radiances in the visible and near infrared, K↑
TOA(λ)(x,y) 

range are represented in binary digital satellite image products by means of Digital Number 
(DN) which are calibrated radiance values in arbitrary units. In the case of Landsat-5 TM, 
to convert DN values to radiances, a simple linear interpolation is applied (Markham and 
Barker, 1987) 

DN
255

),)(( 12
1TOA

aa
ayxK

−
+=↑ λ             (W m-2sr-1µm-1)         (5.1) 

where K↑
TOA(λ) is the bi-directional spectral radiance at the sensor and a1 and a2 are the 

calibration parameters with a1 being the spectral radiance at DN=0 and a2 being the spectral 
radiance at DN=255. The values a1 and a2 vary for each reflectance band (Table 5.1).  
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             Landsat-5 TM measurements 

  
 

    L↑
TOA          rp(b) 

 
 

Linear relationship            rp                L↑
0              NDVI 

 
Linear average 

 

↓K     ↓L       0r       0T      0ε               z0m, z0h 

 
                                Linear relationship     

 
nR                         0G                 Ta 

 
 

                     kB-1=2.3, d0=2/3h 
  

  Eλ                     H            RS approach 
  
 
 

Figure 5.1 Diagram of the RS approach. The surface reflectance r0, land surface 
temperature T0 and NDVI are retrieved from Landsat-5 TM measurements. With these 
results the surface net radiation flux (Rn) is determined. The soil heat flux (G0) is 
estimated from Rn, T0, r0 and NDVI. The sensible heat flux H is estimated from T0, 
surface measurements and variables taken from the literature with the aid of RS 
approach. Latent heat flux λE is finally obtained as the residual of the energy budget 
equation. 

 
 
 

Table 5.1 The values of a1 and a2 ( Eq.5.1) for TM measurements 
Band 1 2 3 4 5 7 

a1 -0.15 -0.28 -0.12 -0.15 -0.37 -0.015 
a2 15.2 29.68 20.43 20.62 2.719 1.438 
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Step b: Determination of the solar declination δ  
The solar declination, δ, is the angular height of the sun above the astronomical      

equatorial plane, with δ change in throughout the year according to (e.g. Duffie and 
Beckman, 1980) 

 
)39.10172.0sin(409.0 −∗= Jδ               (rad)            (5.2) 

 
where J is the Julian day number (January 1 is day 1) 

 
Step c: Determination of the solar angle hourω(x)  

   The longitude dependent solar angle hour, ω(x), reads as 

 

 ⎥⎦
⎤

⎢⎣
⎡ −

=
12

12)()( xtx πω                   ( rad )               (5.3) 

where t(x) (decimal hours) is the local longitude time which can be obtained from the 
Greenwich Mean Time (GMT) t′ at 00 longitude according to the following correction 

 

 π
12)(long60min/)( xtxt ++′=             ( s )           (5.4) 

 
where long is the longitude. 

 
Step d: Determination of the solar zenith angle φsu  

The solar zenith angle is the angle between a line normal to a particular point at a 
horizontal land surface and a line through the solar center. Iqbal (1983) gave a simplified 
goniometric function to describe solar zenith angle φsu  

 
)](cos[)](latcos[cos)](latsin[sin),(cos su xyyyx ωδδφ ⋅⋅+⋅=     (-)      (5.5) 

 

where lat is the latitude.  

 

Step e: Determination of the relative earth-sun distance ds  

The relative earth-sun distance changes because of the elliptical orbit of the earth around 
the sun. The earth-sun distance reaches its minimum value at the beginning of January while 
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the beginning of June is marked by the largest distance among these celestial bodies. The 
motion of the relative earth-sun distance can be approximated by the function 
 

⎥⎦
⎤

⎢⎣
⎡ −

+=
365

)5.93(2sin0167.01 Jd s
π              (AU)        (5.6) 

 
where ds is the relative earth-sun distance in astronomical units (AUs). The absolute value 
of 1 AU is 1.496×108 km. 

 
Step f: Determination of in-band spectral short wave hemispherical planetary reflectance rp(b) 

Values for in-band spectral reflectance rp(b) can be calculated from incoming and 
outgoing in-band radiances at the top of atmosphere. The in-band outgoing radiance 
K↑

TOA(b) was obtained by multiplying K↑
TOA(λ) from computation step (a) by its bandwidth 

b. Integration of K↑
TOA(b) over zenith and azimuth angles gives the hemispherical radiance, 

π K↑
TOA(b). If the reflecting surface is assumed to be isotropic (Lambertian reflector for 

azimuth and zenith effects), which yields the in-band hemispherical reflectance at the top of 
the atmosphere as 
 

),)(b(
),)(b(),)(b(

TOA

TOA
p

yxK
yxKyxr

↓

↑

=
π

              ( - )             (5.7) 

and 

2
s

suexo
TOA

),)(cos()b(
),)(b(

d
yxK

yxK
φ↓

↓ =       (W m-2)      (5.8) 

 
where K↑

exo(b) is the mean in-band solar exo-atmospheric irradiance undisturbed by the 
atmosphere at φsu=00. The value of K↑

exo(b) used in Eq.5.8 is corrected for the sensor 
spectral response for consistency with K↑

TOA(b). 
 

Step g: Determination of the integrated clear sky short wave hemispherical planetary 
reflectance rp(x,y) 

  The spectrally integrated planetary reflectance, rp(x,y), can be estimated by 

performing a narrow-band to broad-band integration covering all reflectance bands in the 

visible and near-infrared region. The results should be approximately similar to ∫
0.3

3.0

)( λλ drp
. 

The weighing factors, c(b), account for the uneven distribution of K↑
exo(λ) in the spectral 
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bands of a specific sensor  
 

∑∫
≠

=

≈=
)6(7

1
p

0.3

3.0
pp )b()b()(),(

i

i
ii rcdryxr λλ           ( - )           (5.9) 

 
where n represents the total number of spectral bands i of the radiometer defined in the 0.3 
and 3.0 µm region. The sum of the weighing factor Σc(b)i should be equal to one..  
 
Step h: Determination of the integrated clear sky short wave hemispherical surface 

reflectance r0(x,y) 
The integrated short wave hemispherical surface reflectance, r0, at each pixel can be 

determined from rp by using a model to calculate atmospheric correction (Menenti, 1984; 
Menenti, et al., 1989; Menenti et al., 1991). A simplified linear relationship between r0 and 
rp founded in the HEIFE area (Figure 5.2; Wang et al., 1995; Ma et al., 1997; Ma et al., 
1999) will be used to calculate the atmospheric correction in this chapter. It means that r0 at  
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Figure 5.2 Hemispherical surface reflectance r0 against hemispherical planetary reflectance 
rp over the HEIhe basin Field Experiment (HEIFE) area. 
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each pixel of TM in the HEIFE area can be determined from  

 
0618.0),(5053.1),( p0 −= yxryxr        ( - )     (5.10) 

 
where the linear regression coefficient r is 0.94. Eq.5.10 was based on ground 
measurements of r0 and satellite measurements of rp. 

 
Land surface temperature T0(x,y) 

 

Band 6 (10.45-12.46µm) of the TM covers part of the thermal infrared radiation, which 
is the radiance by a surface with temperature T0 and surface emissivity 0ε . As given by 
Plank’s function                

 

              )1(
2),(

0SBPlanck /5

2
Planck

0
−

= Tccce
ccTL λλ λ

ελ        (W m-2)        (5.11) 

 
where L(λ,T0) is the spectral radiance at wave length λ by a surface with a physical 
temperature T0, c is light speed, kcPlanc  is Planck constant, and SBc  is Stefan Boltzmann 
constant. In estimating surface temperature from satellite remote sensing, the observed 
radiance must be corrected for atmospheric effects such as absorption, scattering etc., even 
in the atmospheric water vapour window. For the thermal infrared band radiance at the top 
of the atmosphere TOA

↑L  measured by TM, a satellite brightness temperature of the 
earth⎯atmosphere system is derived from 
 

)1
)(

776.60(ln

56.1260)(sat
+

=

↑ yx,L

yx,T

TOA

      (K)             (5.12) 

 
A crude atmospheric correction procedure is found between )(TOA yx,L↑ and upward 

long-wave radiation measurements )(0 yx,L↑ . It can be done using radio soundings and a 
radiation transfer model (e.g. Menenti, 1984; Menenti, et al., 1989). A simplified linear 
relationship between )(0 yx,L↑

 and )(TOA yx,L↑  that was found in the HEIFE area (Figure 
5.3; Ma et al., 1997; Ma et al., 1999) will be used to calculate atmospheric correction. The 
upward long-wave radiation on each pixel )(0 yx,L↑  of TM in the HEIFE area can be 
determined from  
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             9931.285)(9190.1)( TOA0 += ↑↑ yx,Lyx,L      (W m-2)        (5.13) 
 

where the linear regression coefficient r is 0.96. Then T0 is derived pixel-wise from 

 

)()()( 4
000 yx,Tyx,yx,L σε=↑        (W m-2)            (5.14) 

 
where surface emissivity ε0 (x,y) is the function of NDVI (Owe et al.,1993), i.e. 

)(ln047.0009.1)(0 yx,NDVIyx, +=ε . 
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Figure 5.3 The upward long-wave radiation L0

↑ at the land surface against the thermal       
infrared band radiance at the top of the atmosphere L↑

TOA over the HEIhe basin Field 
Experiment (HEIFE) area. 
 
 
5.2.2 Net radiation flux Rn and soil heat flux G0 
 

The regional net radiation flux can be determined using Eq.2.3. The incoming short 
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wave radiation flux K↓(x,y) and the incoming long wave radiation flux L↓(x,y) in Eq.2.3 are 
to be derived from the ground experiments, i.e.  

∑
=

↓↓↓ ==
n

1i
iK

n
1Kyx,K )(           (W m-2 )          (5.15) 

∑
=

↓↓↓ ==
n

1i
iL

n
1Lyx,L )(            ( W m-2 )          (5.16) 

where iK↓ and iL↓  are the incoming short wave radiation flux and long-wave radiation 
flux in the station No.i. 
 

The regional soil heat flux G0(x,y) will be estimated from Eq. 2.27.   
 
5.2.3 Sensible heat flux H  
 

The regional sensible heat flux H(x,y) can be derived from Eq.2.34. The procedure is 
similar to the Surface Energy Balance Algorithm for Land (SEBAL, Bastiaanssen, 1995). 
For the HEIFE case, the assumptions and approximations shown in Table 5.2 will be used to 
calculate H(x,y), and 45.9),(40.0),( 0a += yxTyxT  was derived from Figure 5.4.  

 

 
Table 5.2 The assumptions and approximations that were used to calculate the regional 
sensible heat flux H(x,y). 

Variable Unit Equation 

z0m(x,y) m )],(33.913.7exp[),(m0 yxNDVIyxz +−=  

( Jia et al, 1999a) 

z0h(x,y) m ),(01.0),( m0h0 yxzyxz = (Bastiaanssen, 1995) 

ψh(x,y) - Eq.2.46 and Eq.2.47 (Paulson, 1970; Webb, 1970) 

ψm(x,y) - Eq.2.46 and Eq.2.47 (Paulson, 1970; Webb, 1970) 

d0(x,y) m d0=(2/3)hv 

kB-1(x,y) - 2.3 

aT (x,y) 0C 45.9),(40.0),( 0a += yxTyxT  
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Figure 5.4 T0-Ta versus surface temperature T0 for the HEIhe basin Field Experiment 

(HEIFE) stations. 45.9),(40.0),( 0a += yxTyxT , Ta is the air temperature. 

 

5.2.4 Latent heat flux λE 
 

The regional latent heat flux λE(x, y) can be determined from Eqs.2.50. But to 
determine λE(x, y) from the satellite measurements through Eq.2.50 we need to determine 
the turbulent transport resistances first. To avoid that difficulty, Eq.2.51 will be used to 
determine the regional λE(x, y) over the HEIFE area. 
 

5.3 Analysis of the results 

 
The Landsat-5 TM image of the HEIFE area used in this chapter was acquired on July 

9, 1991: being a very clear day. A composite image of TM band 4, 5, and 3 at 10:00 (local 
time) July 9, 1991 over the HEIFE area has been displayed in Figure 4.5 b. An unsupervised 
classification of the land use has been compared with surface observations. Except for the 
southwest (lower left) mountainous area where the Heihe River flows down, there are two 
dominant land cover types: sand or Gobi desert (including low hilly land, some parts with 
sparse vegetation) and oasis. 



 

81  

 

Figure 5.5 shows the distribution maps of r0, NDVI, T0, Rn, G0, H and λE over the 
HEIFE area. Their frequency distributions are shown in Figures 5.6 and 5.7. The 
distribution ranges of these variables are shown in Table 5.3. The derived r0, T0, Rn, G0, H 
and λE can be validated against the ground measurements. In Figure 5.8, the determined 
values from TM are plotted against the measured values in the field for the Rn, G0, H and λE. 
The 1:1 line is also plotted in the graphs. 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 Transfer Macerator (UTM) coordinate, are compared with the ground 
measurements. The relative deviation can quantitatively measure the difference between the 
derived results (Vderived (i) and measured values (Vmeasured (i)) as 

 

)(measured

)(measured)derived(

i

ii

V

VV

V
V −

=
δ

        (-)        (5.18) 

 
The derived and measured land surface variables (r0 and T0) and land surface heat fluxes (Rn, 
G0, H and λE) in different stations are shown in Table 5.4. Their VV /δ is also shown in the 
Table. 
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Figure 5.5 The distribution maps of surface reflectance r0, NDVI, surface temperature T0, 
net radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux λE over the 
HEIhe basin Field Experiment (HEIFE) area. 
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Table 5.3 The distribution range and peaks of surface reflectance r0, NDVI, surface 
temperature T0, net radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat 
flux λE over the HEIhe basin Field Experiment (HEIFE) area. 

 Range Oasis (peak) Gobi desert (peak) 

NDVI (-) 0.01⎯0.75 ~0.65 ~0.15 

r0 (-) 0.10⎯0.30 ~0.11 ~0.24 

T0 (o C) 2.0⎯52.0 ~15.0 ~45.0 

Rn ( W m-2) 300⎯760 ~700 ~370 

G0 ( W m-2) 15⎯85 ~38 ~79 

H ( W m-2) 20⎯270 ~120 ~225 

λE( W m-2) -20⎯640 ~500 ~50 
 

0.05 0.10 0.15 0.20 0.25 0.30
0

2

4

6

8

10

Fr
eq

ue
nc

y 
 (%

)

Surface reflectance    r0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

4

8

12

16

20

24

Fr
eq

ue
nc

y 
(%

)

NDVI

0 5 10 15 20 25 30 35 40 45 50 55
0

2

4

6

8

10

12

Surface temperature          T
0
( 0C )

Fr
eq

ue
nc

y 
 (%

)

 
Figure 5.6 The frequency distributions of surface reflectance r0, NDVI and surface 
temperature T0 over the HEIhe basin Field Experiment (HEIFE) area. 
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Figure 5.7 The frequency distributions of net radiation flux Rn, soil heat flux G0, sensible 
heat flux H and latent heat flux λE over the HEIhe basin Field Experiment (HEIFE) area. 
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Figure 5.8 Validation of the derived results against the ground measurements for net 
radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux λE over the 
HEIhe basin Field Experiment (HEIFE) area, together with 1:1 line. 
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Table 5.4 The relative deviation VV /δ ( Eq.5.18) between the derived results using RS 
approach (RS) and measured (Meas.) values of surface reflectance r0, surface temperature 
T0, net radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux λE at the 
HEIhe basin Field Experiment (HEIFE) sites.  

r0 (-) T0 ( oC) Rn (W m-2) Station 

Meas. RS VV /δ Meas. RS VV /δ Meas RS VV /δ  

Desert 0.25 0.22 12 % 44.8 46.5 4 % 392.6 380.5 3 % 

Linze 0.12 0.11 8 % 15.4 16.5 7 % 625.7 680.5 9 % 

Gobi 0.21 0.20 5 % 46.5 43.7 6 % 423.6 416.0 2 % 

Zhangye 0.14 0.12 14 % 22.8 19.0 17 % 623.7 683.5 10 % 

 G0  (W m-2) H (W m-2) λE (W m-2) 

 Meas. RS VV /δ Meas. RS VV /δ Meas. RS VV /δ  

Desert 90.0 78.0 13 % 249.5 265.0 6 % 33.0 37.5 14 % 

Linze 46.5 38.5 17 % 80.8 110.5 37 % 458.0 531.5 16 % 

Gobi 87.5 75.0 14 % 197.5 216.0 9 % 108.5 120.5 11 % 

Zhangye 48.3 41.0 15 % 83.7 112.5 34 % 486.5 530.5 9 % 

 
It can be seen that:  

(1) The derived land surface variables (r0 and T0), NDVI and land surface heat fluxes (Rn, 
G0, H and λE) over the HEIFE area are consistent with the land cover types (Figures 4.5 
b, 4.6, 5.5, 5.6 and 5.7). These variables show a wide range (Table 5.3) due to the strong 
contrast of surface features (Figures 4.5 b, 4.6, 5.5, 5.6 and 5.7). There are two peaks in 
the figures of all frequency distributions in this area. The first peak corresponds to the 
oasis and another one corresponds to the Gobi desert (Figures 5.5 and 5.6 and Table 
5.3).  

(2) The derived r0 and T0 based on the linear relationship here is not suitable for the whole 
area, and VV /δ  in Zhangye (oasis) and Desert are higher than 10 % (Table 5.4). It 
means that there are some shortcomings existing in the procedure of deriving r0 and T0 
from the linear relationship. Firstly, the ground measurement is only a point value, 
while the satellite pixel is the average of many point values. Secondly, fewer ground 
observation data coincide with satellite data when the satellite overpasses the 
observation sites, therefore better atmospheric correction procedures and algorithm to 
eastimate r0 and T0 are needed. Thirdly, geo-location should be accurately made to 
establish the regression relationship. 
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(3)  The derived Rn is close to ground measurement with a VV /δ being less than 10 
%( Table 5.4 and Figure 5.8). 

(4) The derived G0 at the four validation sites are lower than the measured values, with a 
VV /δ  being higher than 13 % (Table 5.4 and Figure 5.8). The first reason is that the 

derived soil heat flux was based on NDVI, but the problems exist in the NDVI definition 
equation. The reason is the external factor effect, such as soil back-ground variations 
(Huete et al., 1985; Huete, 1989). The second reason is that we use the equation from 
literature (Bastiaanssen, 1995) directly. 

(5) The derived regional H with a VV /δ being less than 10 % at the sites of Desert and Gobi 
due to homogeneous land surface over there (Table 5.4 and Figure 5.8). But there is a 
large difference between the derived results and ground-measured values over oasis 
( VV /δ =37 % in Linze and VV /δ =34 % in Zhangye). It means that the method should 
be improved to estimate sensible heat flux over the canopy surface. 

(6) The derived regional λE, which is based on the energy balance equation, is larger than 
the measured values for four validation sites, and VV /δ  is higher than 10 % at the 
validation sites of Desert, Linze (oasis) and Gobi(Table 5.4 and Figure 5.8).  

 

5. 4 Summary and conclusions 

 
The regional distributions of land surface variables (surface reflectance r0 and surface 

temperature T0), NDVI and land surface heat fluxes (net radiation flux Rn, soil heat flux G0, 
sensible heat flux H and latent heat flux λE) in the HEIhe basin Field Experiment (HEIFE) 
area were obtained by using the RS approach. It bridged the gap between the point local 
measurements and the regional scale over the arid area of the HEIFE, as well as formed a 
sound basis to study land surface variables and land surface fluxes over this area.  
    But the results showed that the satellite derived r0, T0, G0, H and λE of some areas 
were distinctly different from the ground measurements. The reason being that many 
assumptions and approximations were involved in the RS approach including some 
shortcomings: 

 Linear relationships between Ta and T0, r0 and rp, L↑
0 and L↑

TOA etc. were used in the 
methodology. The linear relationships may however not be accurate, because the 
ground measurement was only a point value, while the satellite pixel was the average 
values of many points. Also the few ground observation data coincide with satellite 
measurements, the more sophisticated measurement techniques are needed. Also the  
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geo-location should be accurate provided to establish correct regression relationships. 
Furthermore, the land surface exhibited significant heterogeneity at all spatial scales 
(Chapter 3). Also the coupling of radiation from different surface components into the 
sensor receiving aperture, as expressed by radiative transfer equations, was nonlinear.  
 The aerodynamic roughness length z0m and the thermodynamic roughness length z0h in 

Eq.2.34 were only estimated from NDVI. This implies that only the aerodynamic 
characteristics of the land surface were considered in the parameterization of z0m and z0h. 
But both the aerodynamic and the thermodynamic characteristics of the land surface are 
influencing on z0h actually. 

 The excess resistance to heat transfer kB-1=2.3 was used for the whole area in the 
parameterization, but kB-1 had different values over different land surfaces (Chapter 6, 
Ma et al., 2002d). 

 Zero-plane displacement height d0 was estimated from the vegetation height hv 
( v0 )3/2( hd = ), but hv cannot really be estimated from TM measurements.   

   
Therefore, improvements are necessary in the RS approach. The atmospheric and the 

land surface variables have to be determined at heterogeneous landscapes by using the 
Surface Layer (SL) as well as Atmospheric Boundary Layer (ABL) observations instead of 
taking from linear relationships and data from the literature.  

The analysis of land surface heterogeneity (Chapter 3), zb and wind speed at the 
blending height ub, the atmospheric variables (z0m, z0h and kB-1) will in Chapter 6 be done 
and determined with the aid of SL and ABL observations. All of them will be used to 
improve the input variables in the parameterization methodology in Chapter 7.  
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6. Analysis of momentum and heat fluxes at the surface 
using local surface and atmospheric boundary layer 
observations  

 

6.1 Introduction 
 
The land surface in the experimental areas of GAME/Tibet, the CAMP/Tibet, the 

HEIFE, the AECMP’95 and the DHEX is heterogeneous (see Figures 4.1 - 4.7 including). 
This results in the heterogeneity of the energy partitioning at the surface, and further more, 
in the different structure of the Convective Atmospheric Boundary Layer (CABL) near the 
land surface. The land surface heterogeneity will be documented through the comparison of 
surface reflectance r0, surface temperature T0, net radiation flux Rn and sensible heat flux H 
partitioning over the different land cover types in the experimental areas.  

 
The air flow and state over a heterogeneous land surface is influenced by surface 

heterogeneity, and it leads to spatial variability in the ABL state near the land surface 
(Chapter 3). In the Surface Layer (SL) this results in different vertical profiles of air 
temperature Ta (or potential temperature θ), wind speed u and humidity q in response to 
changes in land surface properties. But the development of CABL tends to smooth out the 
at-surface variability at the ‘blending height’, at which atmospheric characteristics such as θ, 
u and q become spatially uniform (Chapter 3). 

 
The different vertical profiles of Ta, u and q in the near surface layer and above the 

blending height zb will now be analyzed using the PBL tower data, radio sonde data and 
tethered balloon data.  

 
_______________________________________________ 
This chapter is based on: 
(1) Ma, Y., S. Fan, H. Ishikawa, O. Tsukamoto, T. Yao, T. Koike, H. Zuo, Z. Hu, and Z. Su, 2005, 

Diurnal and inter-monthly variation of land surface heat fluxes over the central Tibetan Plateau area, 
Theoretical and Applied Climatology, 80: 259-273.  

(2) Ma, Y., O. Tsukamoto, J. Wang, H. Ishikawa, and I. Tamagawa, 2002d, Analysis of aerodynamic and 
thermodynamic parameters on the grassy marshland surface of Tibetan Plateau, Progress in Natural 
Science, 12 (1): 36-40. 

(3) Ma, Y., W. Ma, M. Li, O. Tsukamoto, H. Ishikawa, J. Wang, Z. Hu, and F. Gao, 2003e, The 
comparative analysis of characteristics of energy transfer in near surface layer over the area of 
GAME/Tibet, HEIFE and AECMP’95, Chinese Journal of Atmospheric Sciences, 27(1):1-14. 
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    The land surface heterogeneity leads to differences in the aerodynamic roughness 
length z0m, the thermodynamic roughness length z0h and the excess resistance to heat 
transfer kB-1over the different land surfaces. These near surface boundary layer variables 
over the different land surfaces will be determined.   
 
6.2 Land surface heterogeneity and its influences on the overlying surface layer and 

atmospheric boundary layer 
 

The land surface heterogeneity and its influences on the overlying atmospheric layer 
over the different land surfaces of the HEIFE, the CAMP/Tibet and the DHEX will be 
documented in this section by using the surface and ABL observational data described in 
Chapter 4.  
 
6.2.1 Diurnal variation of surface reflectance, surface temperature and surface heat 

fluxes over heterogeneous land surfaces  
 

Figure 6.1 gives the diurnal variation of r0, T0, Rn and H over the oasis, Gobi desert in 
the HEIFE area on 9 July 1991. The diurnal variations of r0, T0, Rn and H over the 
CAMP/Tibet area in the months January, June and August are shown in Figure 6.2. All the 
curves were obtained under clear-sky conditions. In the Figures 6.1 and 6.2, T0 was 
measured by an infrared radiometer, and r0 was calculated from  

↓

↑=
K
K

r0            (-)                  (6.1) 

where K↓ and K↑ are the measured downward and upward short wave radiation flux 

respectively. Rn in the Figures 6.1 and 6.2 was calculated from  
 

↑↓↑↓ −+−= LLKKRn             (W m-2)         (6.2) 

 
where L↓ and L↑ are the measured downward and upward long wave radiation flux 
respectively. H in the Figures 6.1 and 6.2 was calculated from the PBL tower data, which is  
 

 ( )1z2z1z2zHNp )( TTuuCcH −−= ρ          (W m-2)          (6.3) 

 
where ρ is air density, cp is air specific heat at constant pressure, uz1 and uz2 are the wind 
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speed at heights z1 and z2 respectively, and Tz1 and Tz2 are air temperature at the height z1 

and z2 respectively. CHN denotes the bulk transfer coefficient in the neutral state:  

2
m0

2

HN )]/[ln( zz
kC =                (-)             (6.4) 

where k is Von Karman constant and z is the reference height. 
 
 
 
 

4 6 8 10 12 14 16 18 20 22 24
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60

Su
rfa

ce
 re

fle
ct

an
ce

 r 0 (
 - 

)

Beijing Standard Time

 Desert
 Oasis 
 Gobi

0 2 4 6 8 10 12 14 16 18 20 22 24

10

20

30

40

50

60

70

S
ur

fa
ce

 te
m

pe
ra

tu
re

 T
0  

( 0 C
 )

Beijing Standard Time

 Desert
 Oasis
 Gobi

0 2 4 6 8 10 12 14 16 18 20 22 24
-200
-100

0
100
200
300
400
500
600
700
800
900

N
et

 ra
da

ia
tio

n 
flu

x 
 R

n  
( W

 m
-2
 )

Beijing Standard Time 

 Desert
 Oasis
 Gobi

0 2 4 6 8 10 12 14 16 18 20 22 24
-50

0

50

100

150

200

250

300

S
en

si
bl

e 
he

at
 fl

ux
 H

 ( 
W

 m
-2
 )

Beijing Standard Time

 Desert
 oasis
 Gobi

 

      
Figure 6.1 Comparisons of diurnal variations of surface reflectance r0, surface temperature 
T0, net radiation flux Rn and sensible heat flux H on 9 July 1991 above desert, oasis and 
Gobi surfaces obtained in the HEIhe basin Field Experiment (HEIFE) stations. 
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Figure 6.2 Comparisons of diurnal variations of surface reflectance r0, surface temperature 
T0, net radiation flux Rn and sensible heat flux H over the CAMP/Tibet stations D105, 
MS3478 and BJ.  
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The following can be concluded. 
(1) The surface heterogeneity resulted in different values of r0, T0, Rn and H over the HEIFE 

area. The values of r0, T0 and H over the oasis surface are much lower than over the 
Gobi desert surfaces. Rn over the oasis is much higher than over Gobi and desert due to 
its lower r0 and lower T0. The values of r0, T0, Rn and H in the Gobi zone and the desert 
zone are different, but the differences are not large.    

(2) Surface heterogeneity was observed at the stations in the CAMP/Tibet area: the MS3478 
station has a relatively high vegetation fractional cover, while BJ and D105 have sparse 
vegetation covers. The land surface properties at the stations D105, MS3478 and BJ in 
the CAMP/Tibet are different i.e. r0 is lower and Rn is higher over the MS3478 station. 
But the differences are not as large as between oasis and desert i. e. surface 
heterogeneity is not very large in the CAMP/Tibet area as compared to that in the 
HEIFE area.  

(3) The monthly variations of r0, T0, Rn and H over the CAMP/Tibet area are very clear: T0, 
Rn in summer (June and August) are higher than in winter (January), and r0 and H in 
summer (June and August) are lower than in winter (January). The reason is that in 
summer the land surface is wet and the grass grows, and in winter the surface is covered 
by snow and ice and the grass is dry.  

 

6.2.2 Influences of surface heterogeneity on the overlying convective atmospheric 
boundary layer 

 
    In order to show the influences of land surface heterogeneity on the overlying CABL, 
the vertical profiles of Ta, u and q will be shown in this section.  
    Figure 6.3 shows the vertical profiles of u, Ta and q over the very different surfaces of 
Gobi and oasis over the HEIFE area. Data used in Figure 6.3a was measured at a PBL tower 
and the ones shown in Figure 6.3b were measured by means of a Tethered balloon. Figure 
6.4 gives the vertical profiles of u, Ta and q over the Gobi desert and oasis of the DHEX as 
measured by means of radio soundings (oasis) and Tethered balloon (Gobi) respectively. 
The vertical profiles of u, Ta and q observed from the radio sonde system at the BJ station of 
the CAMP/Tibet are shown in Figure 6.5. The results show that: 
(1) Due to the different surface properties the vertical profiles of u, Ta and q overlying the 

surfaces of Gobi and oasis in the HEIFE area are very different in the near surface layer. 
The values of u and Ta below a height of about 300 m over the Gobi surface are higher 
than over the oasis, q over the Gobi surface is lower than over the oasis. The values of u, 
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(a) (b) 

Figure 6.3 The profiles of horizontal wind speed u, air temperature Ta and specific humidity 
q over the Gobi and oasis of the HEIhe basin Field Experiment (HEIFE). (a) Data are from 
the PBL tower observations at 12:00 on 8 August 1991; (b) Data are from the Tethered 
balloon observations at 12:00 on 15 August 1991. 
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Figure 6.4 The profiles of horizontal wind speed u, air temperature Ta and specific humidity 
q on 3 June 2002 over the Gobi desert and oasis of the DunHuang EXperiment (DHEX).  
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Figure 6.5 The profiles of horizontal wind speed u, air temperature Ta and specific humidity 
q on 17 and 25 August 2004 at the BJ station in the Tibetan Plateau (CAMP/Tibet). 
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Ta and q become almost the same at (and above) a height of about 300 m overlying the 
two very different land surfaces of Gobi and oasis. It means that u, Ta and q have 
become well mixed at (and above) the height of about 300 m. In other words, the surface 
heterogeneity has no influence above 300, and this height can be regarded as a blending 
height. 

(2) The vertical profiles of u, Ta and q overlying the surfaces of Gobi desert and oasis in the 
DHEX area are different in the near surface layer due to the different surface properties. 
The values of u and Ta below a height of about 150 m over the Gobi desert surface are 
higher than over the oasis, q over the Gobi desert surface is lower than over the oasis. 
The values of u, Ta and q become almost the same at (and above) a height of about 150 
m overlying the two very different land surfaces of Gobi and oasis. It means that the 
ABL variables have become well mixed above the height of about 150 m. It can also be 
seen very clearly that the blending height (150m) over the DHEX area is lower than that 
over the HEIFE area. The reason is that the oasis spatial scale in the DHEX area is 
smaller than that in the HEIFE area (Figure 4.5b and Figure 4.7). Therefore the vertical 
structure of the air flow in the DHEX adjusted quickly to changes in the surface 
properties. The explanation of the relation between vertical and horizontal scales was 
given in Chapter 3.    

(3) Although only one radio sonde system was set up in the CAMP/Tibet area, the 
variability of the profiles of u, Ta and q overlying the grass land surface of the BJ station 
can also be seen clearly when we compare observations on two different days, i.e. 17 
and 25 August 2004. Wind speed u increases with height at 12:00 ( Beijing Standard 
Time, BST) on two days, and it becomes almost constant between 250 m and 550 m (u 
is about 4.5 m s-1 at 12:00 in 17 August 2004 and u is about 1.8 m s-1 at 12:00 on 25 
August 2004). Ta decreases with height on both days. The q at 12:00 on 17 August 2004 
decreases with height in the near surface atmospheric layer, and it becomes almost 
constant (about 2.9 g Kg-1) between 250 m and 550 m. On the other hand, q at 12:00 in 
25 August 2004 increases with height in the near surface layer (it was called “inverse 
humidity”), and it becomes almost constant (about 7.2 g Kg-1) between 250 m and 480 
m. Therefore, the height of about 250 m can be regarded as a blending height over the 
BJ station of the CAMP/Tibet area. The area of the experiment consists of typical 
pattern of very similar landscape units (see Figure 4.3). Each unit consists of a flat 
extensive area where the instrumented tower is located, surrounded by lower hills. The 
blending height derived at the BJ station can, therefore, be considered representative of  
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the entire experimental area. 
 

6.2.3 Vertical variation of surface heat fluxes 

 
Figure 6.6 shows the diurnal variations of H and λE at two levels (3 m and 20 m) on 

two very clear days of 24 June 2002 and 24 August 2002 at the BJ station of the 
CAMP/Tibet. The turbulence data, observed with a sonic anemometer-thermometer and an 
infrared hygrometer at two levels, was processed using the eddy correlation methodology. H 
and λE were calculated from 

 

   ''p aTwcH ρ=         (W m-2)               (6.5) 

qwE ′′= λρλ        (W m-2)               (6.6) 
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Figure 6.6 The diurnal variations of the sensible heat flux H and the latent heat flux λE at 
two levels (3 m and 20 m) on 24 June 2002 and 24 August 2002 over the BJ station at the 
Tibetan Plateau (CAMP/Tibet). 
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where ρ is air density, cp is air specific heat at constant pressure, λ is latent heat of 
vaporization, E is evaporation flux, w′ is the fluctuation of vertical wind velocity, 

′
aT is 

the fluctuation of air temperature, and q′ is the fluctuation of specific humidity. 
The results show that H and λE vary by less than 10 % of their magnitude with height 

over the BJ station. In other words, the surface layer (up to 20 m) over the BJ station is a 
constant flux layer, i.e. the Monin-Obukhov similarity theory applies to this height, and 
energy advection at BJ station can be neglected, at least up to 20 m.  

 

6.3 Aerodynamic and thermodynamic variables over the different land surfaces 
 
   Land surface heterogeneity leads to different thermo-aerodynamic atmospheric variables 
(z0m, z0h and kB-1) of the surface layer. Methods to estimate these variables will be described 
in this section.  
 

6.3.1 Aerodynamic roughness length z0m  

 
The aerodynamic roughness length for momentum, z0m, can be derived using two 

methods, i.e. the so called independent method (Chen et al., 1993) and the profile method. 
 

The independent method using a single sonic anemometer-thermometer 
  

According to the Monin-Obukhov similarity theory (Monin and Obukhov, 1954), the 
gradient of non-dimensional wind speed is written as: 

 

        )(m L
z

z
u

u
kz

*

ϕ=
∂
∂

                  (-)           (6.7) 

 
Eq.6.7 is integrated to obtain the averaged wind speed U at height z as: 
 

          )]()ln( m
0m L

z
z

z
k
uU * ψ−= [           (m s-1)          (6.8) 

 
where )(m L

zϕ  is the similarity universal function and )(m L
zψ is the stability function of the  
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wind profile, which becomes 0 under neutral conditions. The aerodynamic roughness length 
z0m was derived from (Chen et al, 1993) 

                     
)(

m0

m L
z

u
kU

*zez
ψ−−

=               (m)             (6.9) 

 
Through the same procedure the thermodynamic (heat transport) roughness length z0h can 
be derived as: 
 

       
)()(

0h
h

0

0a

L
z

T
T-Tk

zez
ψ−−

=            (m)             (6.10) 

 

where )(h L
zψ is the stability function of the temperature profile and 0)(h =

L
zψ  under 

neutral conditions. 
 
The profile method 

When the atmosphere is under near neutral conditions Eq.6.8 can be simplified to:    
                                      

)ln(
0m

*

z
z

k
u

U =               (m s-1)           (6.11) 

 
According to Eq.6.11, if the averaged wind speed is observed at two different levels (z1, z2), 
the following expressions can be derived:  

                            )ln(
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1 z
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u
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Finally, z0m can be derived as: 
 

)lnln(
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−

=       (m)            (6.14) 
 

Observations of the non-dimensional wind speed kU/u* versus the stability parameter 
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Lz=ζ  over the Amdo and NPAM stations of the GAME/Tibet are shown in the Figures 
6.7 and 6.9. Figure 6.8 shows the aerodynamic roughness length z0m derived from the wind 
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Figure 6.7 Non-dimensional wind speed kU/u* versus the stability parameter ζ=z/L as 
derived by the independent method over the NPAM (MS3478) station at the Tibetan Plateau 
(GAME/Tibet). 
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Figure 6.8 The surface momentum roughness length z0m derived from the wind profile at 
the Amdo station in the Tibetan Plateau (GAME/Tibet). 
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Figure 6.9 Non-dimensional wind speed kU/u* versus the stability parameter ζ=z/L at the 
NPAM (MS3478) station in the Tibetan Plateau (GAME/Tibet) in the months May, July and 
August. 
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profile at the Amdo station. Using the Eqs.6.9 and 6.14, the aerodynamic roughness length 
z0m at the NPAM and Amdo stations in the GAME/Tibet area can be determined. The 
stability parameter Lz=ζ  between –0.100 and 0.100 applies to neutral conditions. The 
values of z0m in the HEIFE and AECMP’95 areas were derived by the same method. All the 
results are shown in Table 6.1.  

 
Table 6.1 Aerodynamic roughness length z0m derived from different land surfaces by using 
the independent method 

 Amdo NPAM HEIFE  HEIFE  HEIFE  HEIFE  AECMP’95  
Land 
surface  
 
 
Observation 
height(m)  

Grass 
land, 
~5cm  
 
2.90 

Grass 
land, 
~15cm 
 
5.60 

Sand 
desert 
 
 
2.90 

Very sparse
vegetation 
(Gobi) 
 
2.90 

Bean, 
~0.4m  
 
 
2.90 

Wheat,  
~1.0m 
 
 
2.90 

Corn, 
~1.8m 
 
 
4.90 

 
z0m (m) 

0.00436 
±0.00040 

0.00564 
(May) 
0.0139 
(July) 
0.0324 
(August) 

0.00267 
±0.0003 

0.00280 
±0.00030 

0.06100 
±0.00400

0.16800 
±0.03000 

0.30200 
±0.0200 

 
 
 

Summarizing:  
— z0m is significantly different for grassland, sand desert, Gobi and oasis. 
— z0m at the Amdo and NPAM stations of the GAME/Tibet is higher than the value 

obtained for Gobi and sand desert (HEIFE), but is lower than those obtained for the 
oasis (HEIFE: three sites); z0m at the NPAM station is larger than at the Amdo station. 

— The values of z0m obtained at the Amdo station with different methods (independent 
method and profile method) are comparable (Figure 6.7 and Figure 6.8). 

— z0m at the NPAM station has a different value in different months (May, July and August) 
due to the high vegetation fractional cover in the station. It is clear that canopy height 
determines the aerodynamic roughness length z0m at this station. 

 
 
 
6.3.2 Thermodynamic roughness length z0h 

 
Figure 6.10 shows the non-dimensional air temperature *0a /)( TTTk −  versus the 

stability parameter Lz=ζ  at the Amdo station in the Tibet Plateau. These observations 
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yield z0h-Amdo=0.000409 m with Lz=ζ  between –0.100 and 0.100 applying to neutral 
conditions. The thermodynamic roughness length z0h of grassland, sand desert, Gobi and 
oasis are given in Table 6.2. They were obtained by the same method as mentioned in the 
previous section. It indicates that z0h has very different values for different land cover types 
and z0h is one order of magnitude smaller than z0m in the GAME/Tibet area. The reason is 
that the thermodynamic roughness length z0h is not only a function of temperature gradient, 
but is also affected by the canopy height and fractional vegetation cover.  
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Figure 6.10 Non-dimensional air temperature *0a /)( TTTk −  versus the stability parameter 
ζ=z/L at the Amdo station in the Tibetan Plateau (GAME/Tibet). 

 
 

Table 6.2 Thermodynamic roughness length z0h derived from different land surfaces 
 Amdo NPAM HEIFE  HEIFE  HEIFE HEIFE AECMP’95  

Land 
surface  
 
Height(m) of 
observation 

Grass 
land, 
~5cm  

 
2.90 

Grass 
land,  
~15cm 

 
5.60 

Sand 
desert 

 
 

2.90 

Very sparse
vegetation 

(Gobi) 
 
2.90 

Bean, 
~0.4m 

 
 

2.90 

Wheat,  
~1.0m 

 
 

2.90 

Corn,  
~1.8m 

 
 

4.90 
 

z0h(m) 
 
0.00041 
±0.00005 

 
0.00051 
(May) 
0.00114 
(July) 
0.00231 
(August) 

 
0.000049
 

 
0.000011 

 

 
0.000685

 
0.00132 

 
0.00227 

 



 

105  

 

6.3.3 Excess resistance to heat transfer kB-1 
⋅ 

The excess resistance to heat transfer kB-1 is used to parameterize the sensible heat 
exchange between the land surface and atmosphere. It appears as a variable in many 
numerical models and satellite remote sensing parameterization methods, and can be 
derived from the equation (Owen and Thomson, 1963; Chamberlain, 1968):  

 

                               )
z
z

ln(
0h

0m1 =−kB         (-)            (6.15) 

 
An alternative expression for kB-1 can be obtained from the bulk transfer equation as 

(Monteith, 1973): 
 

     ])(
z

z
[ln
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h
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pobs
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zd
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kB ψ
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−
−

−
−
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where u*, Hobs, and L can be derived from the data observed by using a PBL tower and sonic 
anemometer-thermometer. Based on turbulent measurements and k=0.40, z0m was derived 
from Eqs 6.9 and 6.14, zero-plane displacement d0 was obtained from d0= (2/3) hv 
(Brutsaert, 1984) for every station, which hv being the canopy height. The diurnal variations 
of kB-1 were derived through Eq.6.16 for the GAME/Tibet area and the HEIFE area. The 
results are shown in Figure 6.11 and Figure 6.12. Figure 6.13, Figure 6.14 and Figure 6.15 
show the values of kB-1 versus T0, T0-Ta and U (T0-Ta) over grassland, Gobi, sand desert and 
oasis in the GAME/Tibet and HEIFE areas. The kB-1 values derived from Eq. 6.15 for 
different land cover types are shown Table 6.3.  
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Figure 6.11 Diurnal variations of the excess resistance to heat transfer kB-1 derived through 
Eq.6.16 over the Amdo and NPAM stations at the Tibetan Plateau (GAME/Tibet). 
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Figure 6.12 Diurnal variations of the excess resistance to heat transfer kB-1, derived through      
Eq.6.16 over the Gobi desert and the oasis of the HEIhe basin Field Experiment (HEIFE) 
area.  
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Figure 6.13 Values of the excess resistance to heat transfer, kB-1 (Eq.6.16) versus T0, T0-Ta 
and U(T0-Ta) over the Amdo and NPAM stations at the Tibetan Plateau (GAME/Tibet). 
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Figure 6.14 Values of the excess resistance to heat transfer, kB-1 (Eq.6.16) as plotted versus 
T0, T0-Ta and U (T0-Ta) over the oasis surface of the HEIhe basin Field Experiment (HEIFE) 
area. 
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Figure 6.15 Values of the excess resistance to heat transfer, kB-1 ( Eq.6.16) as plotted versus 
T0 and U (T0-Ta) over the Gobi and desert surface of the HEIhe basin Field Experiment 
(HEIFE) (after Jia et al., 2000). (  : desert-August 1995, +: desert-October 1992, *: 
Gobi-October 1992, : D1-August 1995) 
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Table 6.3 Excess resistance to heat transfer kB-1 of different land cover types 
 Amdo NPAM HEIFE  HEIFE  HEIFE  HEIFE  AECMP’95  

Land 
surface 
 
Observed 
height (m) 

Grass 
land 

~5cm 
 

2.90 

Grass 
land 

~15cm 
 

5.60 

Sand 
desert 

 
 

2.90 

Very sparse
vegetation 

(Gobi) 
 

2.90 

Bean 
~0.4m 

 
 

2.90 

Wheat 
~1.0m 

 
 

2.90 

Corn 
~1.8m 

 
 

4.90 

1−kB  
 

2.36 
 

2.50 
 

4.00 
 

5.50 
 

4.49 
 

4.85 
 

4.89 

 
The following conclusions can be drawn:  

— The values of kB-1 have obvious diurnal variations for the GAME/Tibet area. Although 
the values of kB-1 are different at different hours, they show no distinct diurnal variations 
over the HEIFE area. Because of this temporal variability, the values derived by other 
researchers cannot directly be used. Also in satellite remote sensing parameterization 
methods over our study area, kB-1cannot be considered as a constant (e.g. Garratt et al., 
1973; Garratt 1978; Guo and Wang, 1993; Verhoef et al., 1997), and different values of 
kB-1should be used at different hours of the day. 

— For the GAME/Tibet area a linear relationship exists between: a) kB-1 and T0 (the 
correlation coefficient r= 0.82 for Amdo and r=0.85 for NPAM); b) kB-1 and T0-Ta 
(r=0.74 for Amdo and r=0.81 for NPAM); and c) kB-1 and U (T0-Ta) (r=0.70 for Amdo 
and r= 0.63 for NPAM). The linear relationship between kB-1 and T0 is the best and can 
be applied to estimate the heat fluxes using satellite data for the GAME/Tibet area. The 
results derived in the literature (e.g. Kustas et al., 1989) cannot be used for the grass 
marshland surface of the Tibetan Plateau (Figure 6.13). 

— Due to the very different surface properties in the two areas the relations between 
kB-1and other atmospheric parameters are quite different over the surfaces of Gobi desert 
and oasis in the HEIFE area. For the oasis in the HEIFE area there exist linear 
relationships between: a) kB-1 and T0 (correlation coefficient r= 0.61); b) kB-1 and T0-Ta 
(r=0.86); and c) kB-1 and U (T0-Ta) (r=0.78). Among them the relationship between kB-1 
and T0 -Ta is the best. For Gobi desert in the HEIFE area (Figure 6.15) there exist no 
similar relationships. It means that no common relationship between kB-1 and other 
variables can be used to parameterize heat fluxes over the HEIFE area.  

— The average values of kB-1
NPAM=2.50 and kB-1

Amdo=2.36 derived from Eq.6.15 are very 
close to the results of kB-1

NPAM=2.56 and kB-1
Amdo=2.40 derived from Eq.6.16. The latter 

two values were averaged over 10 observations from 9:00 PM Beijing Standard Time 
(BST) to 6:00 AM BST (see Figure 6.11). 

— The averaged kB-1 of the GAME/Tibet area agree with the well known result kB-1 =2.3 
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(Choudhury, 1989), but it is larger than 2.3 in the HEIFE area.   
 

6.4 Summary and conclusions 

 
Understanding of the Surface Layer (SL) and Atmospheric Boundary Layer (ABL) 

processes over heterogeneous land surfaces is very important in the procedure of scaling up 
heat fluxes from the observational station i.e. “point” level to the regional scale. The land 
surface heterogeneity and its influences on the overlying atmospheric layer and the 
aerodynamic and thermodynamic parameters has been analyzed by using SL and ABL 
observations during the GAME/Tibet, the CAMP/Tibet, the HEIFE, the DHEX and the 
AECMP’95. The results described in this chapter can be summarized as follows. 

• Very different values of surface reflectance r0, surface temperature T0, net radiation 
flux Rn and sensible heat flux H between the Gobi desert and oasis show that land 
surface heterogeneity is very significant in the HEIFE area. Surface heterogeneity at 
the CAMP/Tibet area is less significant than in the HEIFE area. 

• The land surface heterogeneity leads in the near surface layer to different vertical 
profiles of horizontal wind speed u, air temperature Ta and specific humidity q 
overlying the surfaces of Gobi and oasis in the areas of the HEIFE and DHEX. The 
values of u, Ta and q become well mixed above a height of about 300 m at the HEIFE 
and 150 m at the DHEX. It means that a clearly defined blending height zb can be 
observed over both experimental areas. The difference of zb results from the oasis 
horizontal scale. In other words, the larger oasis scale will lead to a higher zb value 
(see Chapter 3). Although one radio sonde system data was available, on a normal 
summer day about 250 m can be regarded as a blending height over the whole 
CAMP/Tibet area. It is also very clear that zb determined by the ABL observations 
over the experimental areas is a direct and correct way. It is better than estimations 
from the Eqs.3.8 and 3.9 (Chapter 3 and Chapter 5).    

• H and λE vary with height over the CAMP/Tibet station by less than 10% of their 
magnitude. It means that the surface layer (up to 20m) of the CAMP/Tibet area can be 
regarded as a constant flux layer and the energy advection in the near surface layer can 
be neglected. Therefore, the Monin-Obukhov similarity theory can be used for the 
surface layer in the CAMP/Tibet area.  

• The aerodynamic roughness length z0m and the thermodynamic roughness length z0h 
are significantly different over the different land surfaces of grassland, Gobi, sand 
desert and oasis. For the GAME/Tibet area z0h is one magnitude smaller than z0m. It 
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means that both the aerodynamic and thermodynamic characteristics of the land 
surface have effects on z0m and z0h. In other words, it is not correct that estimate z0m 

and z0h would have been estimated from NDVI only (Chapter 5).  
• The excess resistance to heat transfer, kB-1, has obvious characteristics over different 

land cover types. It has different values for grassland, Gobi, sand desert and oasis. It is 
very clear that a kB-1-value of 2.3 cannot be used as a general value for the HEIFE area 
(Chapter 5). kB-1 over the GAME/Tibet area show evidently diurnal variations. Hence, 
kB-1 values derived by other researchers cannot directly be applied to parameterize 
heat fluxes from satellite data. In other words, the different values of kB-1should be 
used at different hours of a day. There are better linear relationships between kB-1 and 
surface temperature T0 over the GAME/Tibet area, while no similar relationship 
between kB-1 and other atmospheric and surface parameters (T0, Ta and horizontal 
averaged wind speed U) was observed over the HEIFE area.  

    
Some more general conclusions that can be drawn are the following. 

1) Very different land cover types and hydrological conditions (e.g. the oasis and the 
Gobi desert over the HEIFE area and the DHEX area) lead to different Surface 
Layer Atmospheric Boundary Layers. These layers however adjust to land surface 
properties over spatial scales varying from 1 to 10 km (Chapter 3). It means that 
different ABL vertical profiles and different resistances exist over quite different 
land surfaces.  

2) Limited land surface heterogeneities such as the grass land and topography over 
the areas of GAME/Tibet and CAMP/Tibet, results however in the same SL and ABL 
over the whole area. In other words, in these areas the land surface is statistically 
homogeneous and the ABL adjusts to a mixture combination of small scale 
heterogeneities. Therefore, effective variables and one resistance may for such 
conditions be used to determine the sensible and latent heat fluxes.   

 
The above mentioned concepts, as well as the aerodynamic and thermodynamic 

variables determined in this chapter will further be used in Chapter 7 to parameterize the 
near surface heat fluxes using in addition satellite measurements.  
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7. Estimation of regional surface heat fluxes using satellite 
measurements in combination with surface layer and 
atmospheric boundary layer observations 

 

7.1 Introduction 
 
In Chapter 5, the RS approach was used to estimate the regional distribution of 

sensible heat flux H and latent heat flux λE over the HEIFE area. But the results showed 
that the estimated H and λE over some areas were not accurate due to the shortcomings of 
the applied parameterization methodology.  

In order to overcome these shortcomings, the Tile approach can be used to estimate 
regional distributions of H and λE using satellite measurements and Surface Layer (SL) 
observations (Chapter 3). But the Tile approach needs many measurements for each tile. To 
avoid this shortcoming, as a simplification of the Tile approach, i.e. the Blending height 
approach (Chapter 3) was used to estimate regional distributions of H and λE over 
heterogeneous land surfaces.  

 
The objective of the present chapter is to apply the Tile approach as well as the  
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Blending height approach to estimate the regional land surface heat fluxes over the 
experimental areas of the HEIFE, the AECMP’95, the DHEX, the GAME/Tibet and the 
CAMP/Tibet. The plan of this chapter is as follows.  

a) The general procedures of the Tile approach and the Blending height approach and the 
comparison between the RS approach, the Tile approach and the Blending height 
approach will be summarized in Section 7.2.  

b) The satellite data, the ground observational data and the approaches to apply in the 
experimental case studies areas will be summarized in Section 7.3. The results from 
these approaches applied to the case studies areas will also be shown.  

c) Finally the summary and conclusions will be given in Section 7.4.      
 

7.2 Implementation of the Tile approach and the Blending height approach 

 
7.2.1 Tile approach 

 
The overall concept of the Tile approach was treated in Chapter 3. Its 

parameterization diagram is shown in Figure 7.1 (Ma et al., 2004a). Values of surface 
reflectance r0 and surface temperature T0 are derived from Landsat-5 Thematic Mapper 
(TM) measurements and Landsat-7 Enhanced Thematic Mapper (ETM) measurements. 
These satellite data are corrected for atmospheric effects using the radiative transfer model 
MODTRAN (Berk et al. 1989). For this purpose surface and atmospheric observational data 
are used. This radiative transfer model also computes the downward short wave surface 
radiation flux K↓ and the downward long wave surface radiation flux L↓. With these results 
the net radiation flux Rn is determined. Soil heat flux G0 is estimated from Rn, T0, r0 and 
MSAVI (Ma et al., 2002a; Ma et al., 2002b; Ma et al., 2003a; Ma et al., 2003b; Ma et al., 
2004a; Ma et al., 2004b; Ma et al., 2005), as well as derived from Landsat-5(7) TM (ETM) 
measurements. H is estimated from T0, surface and atmospheric data with the aid of the Tile 
approach (Ma et al., 2004a, Chapter 3). Finally λE is obtained as the residual of the energy 
budget equation.  
 
Net radiation flux Rn 

 
The regional net radiation flux Rn(x,y) was derived from Eq.2.3. The variables in the 

Eq.2.3 were determined in different ways according to the different satellite data. Eq.2.19  
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was used to determine ),(0 yxε . Eq.2.6 and Eq.2.17 were applied to determine r0(x,y) and 
T0(x,y) using the Landsat-5 (7) TM (ETM) data. The incoming short-wave radiation flux 
K↓(x,y) in Eq.2.3 was derived from Eq.2.22. In the same way the incoming long-wave 
radiation flux L↓(x,y) in Eq.2.3 was derived from MODTRAN directly (Chapter 2). 
 
 
 
                         

Landsat-5(7) TM (ETM) measurements 
  

       

                                    MODTRAN      Surface and        
Vegetation             model           atmospheric data 
fractional                              

               cover                                   
 

MSAVI    ε0       r0      T0    K↓       L↓           u, Ta, d0, z0m, kB-1,ψm, ψh 

 
                                       

 
            Tile approach          

                                                  
Surface data 

G0                                       Rn 

                                                       H 
 

 
Eλ  

 

 
Figure 7.1 Diagram of the Tile approach. Surface reflectance r0 and surface temperature T0 
are derived from Landsat-5(7) TM (ETM) measurements. These data are corrected for 
atmospheric effects using the radiative transfer model MODTRAN. For these purpose 
surface and atmospheric observational data are used. This radiative transfer model also 
computes the surface downward short- and long- wave radiation. With these results Rn is 
determined. G0 is estimated from Rn, T0, r0 and MSAVI. H is estimated from T0, surface and 
atmospheric observational data with the aid of the Tile approach. Finally λE is obtained as 
the residual of the energy budget equation.  
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Soil heat flux G0 
 

The regional soil heat flux G0(x,y) was determined through Eq.2.28 (Ma et al., 2002a; 
Ma et al., 2002b; Ma et al., 2003a; Ma et al., 2003b; Ma et al., 2004a; Ma et al., 2004b; Ma 
et al., 2005). Based on ground observations, the constants in Eq.2.28 applying to the 
experimental areas are shown in Table 7.1.  

 

 

 

Table 7.1 Constants in Eq.2.28 over the experimental areas of the HEIFE, the AECMP’95, 

the DHEX and the GAME/Tibet.  

 a b c d e 

HEIFE 0.00028 0.004364 0.00846 -0.97892 4 

AECMP’95 0.00025 0.004364 0.00845 -0.97900 4 

DHEX 0.00028 0.004240 0.00875 -0.98200 4 

GAME/Tibet 0.00029 0.004540 0.00878 -0.96400 4 

 

 

 
 

 

Sensible heat flux H 
 
In the areas of the DHEX and the AECMP’95 only agricultural oasis and Gobi desert 

exist. The length scales of heterogeneity for these areas were relative small (Chapter 4 and 
Chapter 6). The atmospheric variables have been measured or derived over each land cover 
type. In other words, the atmospheric variables at the reference height (e.g. 20 m) over the 
oasis and Gobi desert have been measured as: oasisu  and desert-Gobiu , oasis-aT  and 

desert-Gobi-aT . Also the other atmospheric variables below the reference height have been 
derived as: oasis-0d  and desert-Gobi-0d , oasis-0mz  and desert-Gobi-0mz , oasis

1−kB  and 
desert-Gobi

1−kB , oasis-mψ  and desert-Gobi-mψ , and oasis-hψ  and desert-Gobi-hψ . Hence, the 
sensible heat flux H was then calculated from Eq.3.18 over different land surface types 
according to:  
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Hence, H over whole area was derived through Eq.3.19 as: 

 
),(desert)-Gobi(),()oasis(),( desert-Gobioasis yxHayxHayxH +=       (Wm-2)     (7.2) 

 
where a (oasis) and a (Gobi-desert) were the fractional ratios of oasis and Gobi desert over 
the experimental areas of the DHEX and the AECMP’95. 
 
Latent heat flux λE 
 

The regional λE(x, y) was determined from Eq.2.50, Eq.3.18 and Eq.3.19. But to 
determine λE(x, y) from the satellite measurements through Eq.2.50, Eq.3.18 and 3.19 we 
needed to determine the turbulent transport resistances first. To avoid the difficulty, Eq.2.51 
was used to determine the regional λE(x, y) over the experimental areas of the AECMP’95 
and the DHEX. 
 
7.2.2 Blending height approach 
 

The overall concept of the Blending height approach was shown in Chapter 3. Its 
parameterization diagram is shown in the Figures 7.2 (Ma et al., 2002a; Ma et al., 2003a; 
Ma et al., 2005; Ma et al., 2006). The determination procedures of r0, T0, MSAVI, vegetation 
fractional cover, ε0, K↓, L↓, Rn and G0 are the same as that in the Tile approach. H is 
estimated from T0, surface and atmospheric observational data with the aid of the Blending 
height approach. Finally λE is obtained as the residual of the energy budget. The main 
differences between the Blending height approach and the Tile approach are shown in the 
right dash frames in the Figures 7.1 and 7.2. They will be documented in the next section. 
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Landsat-5(7) TM (ETM) or NOAA/AVHRR measurements 
  
   

                                MODTRAN          Surface and       LAI 
Vegetation             model              atmospheric data 
fractional      

            cover 
 

MSAVI    ε0      r0     T0     K↓    L↓               ub, Ta-b, d0, Z0m, kB-1,ψm, ψh    
 

                                             
            

                                 
Blending height 

                                                       approach 
Surface data 

G0                          Rn                        
                                                      H 

 
 

                                  λE 
  
 
Figure 7.2 Diagram of the Blending height approach. The determination procedures of 
surface reflectance r0, surface temperature T0, MSAVI, vegetation fractional cover, 
emissivity ε0, downward surface short wave radiation flux K↓, downward surface long wave 
radiation flux L↓, net radiation flux Rn and soil heat flux G0 are the same as in Figure 7.1. 
Sensible heat flux H is estimated from T0, surface and atmospheric observational data with 
the aid of Blending height approach. Finally λE is obtained as the residual of the energy 
budget equation. 

 
 

Net radiation flux Rn  

 
The determination procedures of regional net radiation flux Rn(x,y) was the same as in 

the Tile approach. The only differences were the determinations of r0 and T0 from the 
NOAA/AVHRR measurements in the Tibetan Plateau. Based on the Tibetan Plateau 
NOAA/AVHRR measurements, surface and atmospheric data and Eq.2.7, the surface 
reflectance over the Tibetan Plateau was estimated as (Ma et al., 2003a): 
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038.0),(454.0),(546.0),( 2AVHRR1AVHRRbroadband ++= −− yxryxryxr   (-)  (7.3) 

 
Based on case studies in the Tibetan Plateau area and Eq.2.9, T0 over this area was 

determined from (Ma et al., 2003a) 
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where ε =(ε4+ε5)/2 (Becker and Li ,1995).  

 

Soil heat flux G0 

 
The determination procedures of the regional soil heat flux G0(x,y) was the same as in 

the Tile approach. But Eq.2.28 could not be correctly used for the 2 December 2002 case 
over the CAMP/Tibet area, because this equation was based on T0(0C)>0 and in winter T0 

was much below 0o C. The relationship between G0 (x,y) and Rn(x,y) found over the Tibetan 
Plateau area (G0 (x,y) =0.35462(±0.00235)Rn(x,y)-47.79(±0.7005), Ma et al., 2002c) was 
applied to determine G0(x,y) over the CAMP/Tibet area (Ma et al., 2006). 
 
Sensible heat flux H  
 

The regional sensible heat flux H(x,y) was estimated from Eq.3.23.  
 
HEIFE and AECMP’95 cases 
 

Two different land surfaces (oasis and Gobi desert) exist in the HEIFE and AECMP’95 
areas (Chapter 4 and Chapter 6). It meant that two aerodynamic resistances for heat should 
be applied in Eq.3.23, i.e. 
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where zb was blending height, ub was wind speed at zb, Ta-b was the air temperature at zb. zb, 
ub and Ta-b can be determined by using the ABL observations or numerical ABL models. 
They were determined with the aid of measurements by radio sonde system and tethered 
balloon in the HEIFE and AECMP’95 area (Chapter 6) .  

 
The effective roughness length Z0m-oasis in Eq.7.5 over the HEIFE and the AECMP’95 

areas was determined through Eq.3.10. Z0m-Gobi-desert was regarded as the same as the local 
roughness length z0m due to the flat Gobi desert surface in the experimental areas. The 
results obtained in Chapter 6 (Table 6.1) and Jia et al. (1999b) over the areas of the HEIFE 
and the AECMP’95 was used.  
 

Eq.2.43 was used to derive the zero-plane displacement d0(x, y) in Eq.7.5 over the 
cases study areas. The value of hv was 1.0 m for the HEIFE area (wheat field) and hv was 
1.8 m for the AECMP’95 area (corn field). As regards the Gobi desert area in the HEIFE 
and the AECMP’95, approximation 0),(0 ≈yxd was used 
( 0→LAI , 0),(/),( v0 →yxhyxd , Raupach, 1994).  

 
The excess resistance to heat transfer kB-1(x,y) in Eq.7.5 over the areas of the HEIFE 

and the AECMP’95 was determined from LAI by using a widely-used model (Qualls and 
Brutsaert, 1995) since no general relationship between kB-1 and T0, kB-1 and T0 -Ta, kB-1 and 

)( 0 aTTu −  was found over the two areas ( see Chapter 6).  
 
Integrated stability functions ψh(x,y) and ψm(x,y) in Eq.7.5 were determined through 
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Eqs.2.46 and 2.47. 
 
GAME/Tibet and CAMP/Tibet cases 
 

The surface heterogeneity in the GAME/Tibet and the CAMP/Tibet areas was less 
significant than in the HEIFE area (Chapter 4 and Chapter 6), one aerodynamic resistance 
for heat was applied in Eq.3.23, i.e. 
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where zb, ub and Ta-b were determined using radio sonde system in the GAME/Tibet and the 
CAMP/Tibet areas (Chapter 6)  

 
The effective roughness length Z0m in Eq.7.6 over the GAME/Tibet and the 

CAMP/Tibet areas was determined through Eq.3.11 and the results in the Table 6.1 were 
also used.  
 

Eq.2.43 was used to derive the zero-plane displacement d0(x, y) in Eq.7.6 over the 
cases study areas. Value of hv was 10 cm for the GAME/Tibet and the CAMP/Tibet areas.  

 
The excess resistance to heat transfer kB-1(x,y) in Eq.7.6 over the GAME/Tibet and the 

CAMP/Tibet areas was determined from the relationship between kB-1 and T0 (Chapter 6).  
 
Integrated stability functions ψh(x,y) and ψm(x,y) in Eq.7.6 were also determined 

through Eqs.2.46 and 2.47. 
 
Latent heat flux λE 
 

Eq.2.51 was used to determine the regional λE(x, y) over the experimental areas of 
the HEIFE, the AECMP’95, the GAME/Tibet and the CAMP/Tibet. 
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7.2.3 Comparison between the RS approach, the Tile approach and the Blending 
height approach 

 
The RS approach, the Tile approach and the Blending height approach are compared 

in Table 7.2 and Table 7.3. It is very clear that many differences exist between these 
approaches. The advantages of the Tile approach and the Blending height approach will be 
documented by the following case studies. 

 
 

Table 7.2 Comparison between the RS approach, the Tile approach and the Blending 
height approach in estimating the sensible heat flux H. 

Variables RS approach Blending height approach Tile approach 
Wind speed u(x,y) Wind speed at the reference

height was estimated from 
SEBAL model 

Wind speed at the blending 
height ub was determined  
using ABL observations 

Air temperature 
 Ta(x,y) 

Air temperature at the 
reference height was 
estimated from 

45.9),(40.0),( 0a += yxTyxT

 

Air temperature at blending 
height Ta-b was determined 
using ABL observations 

Reference height z ~2.0 m  Blending height zb was 
determined using ABL 
observations 

Aerodynamic 
roughness length  
z0m(x,y) 

)),((),(m0 yxNDVIfyxz =

 

Arya’s model (Eq.3.10), 
Taylor’s model ( Eq.3.11) 
and land surface and surface 
layer observations 

Excess resistance 
to heat transfer 
KB-1(x,y) 

 
 
2.3 

)5.2120( *
1 −=− wu

LAI
kkB  

(HEIFE and AECMP’95) 
and the relationship 
between KB-1 and T0 

(GAME/Tibet and  
CAMP/Tibet) 

Zero-plane 
displacement 
d0(x,y) 

d0=(2/3)hv )(0 LAIfd =  

The reference 
height z was 
selected nearby 
the land surface 
(e.g.20m); u, Ta, 
z0m , KB-1, d0, 
ψm and ψh 
were measured 
or derived at 
and below the 
reference height 
over each kind 
of land surface 
cover types. 
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Table 7.3 Comparison between the RS approach, the Tile approach and the Blending 
height approach in estimating surface reflectance r0, surface temperature T0, fractional 
vegetation cover Pv, LAI, net radiation flux Rn, soil heat flux G0 using Landsat-5(7) TM 
(ETM) measurements 

Items RS approach  
 

Tile approach and Blending height 
approach  

),(0 yxr

  

Linear relationship between surface 

reflectance r0 and planetary reflectance 

rp   

Verhoef’s model and the surface and 

atmospheric observations 

),(0 yxT

  

Linear relationship between the upward

long-wave radiation flux on the surface

0
↑L and the upward long-wave 

radiation flux of the earth⎯atmosphere 

system at the top of atmosphere TOA
↑L

Radiative transfer model and the surface and 

atmospheric observations 
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MODTRAN model and the surface and 
atmospheric observations 

),(0 yxG  )(0 NDVIfG =  )(0 MSAVIfG =  

 
7.3 Experimental case studies  
 

Five TM (ETM) images and three scenes of AVHRR data were used to derive the 
regional land surface heat fluxes (Table 7.4).The most relevant in-situ data, collected at the 
stations of the HEIFE, the AECMP’95, the DHEX, the GAME/Tibet and the CAMP/Tibet 
(Chapter 4) to support the determination of regional land surface heat fluxes are also shown 
in Table 7.4. 
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Table 7.4 The satellite data and in-situ data used in this chapter.  

 Satellite data In-situ data 

HEIFE Landsat-5 TM: 

10:00, July 7, 1991 

AECMP’95 Landsat-5 TM: 

10:00, August 21, 1995 

DHEX Landsat-7 ETM: 

10:00, August 22, 2000 

 

CAMP/Tibet 

 

Landsat-7 ETM 

10:00, June 9, 2002,  

10:00, December 2, 2002 

 

GAME/Tibet 

NOAA/AVHRR: 

14:43, June 12, 1998, 

13:21, 16 July, 1998, 

13:25, August 21, 1998 

— Surface radiation budget components. 

— Surface radiation temperature Trad.  

— Surface reflectance r0. 

— Vertical profiles of air temperature Ta, 

humidity q, wind speed u and wind 

direction. 

— Turbulent fluxes. 

— Soil heat flux. 

— Soil temperature profiles. 

 

 

The approaches applied over the case studies areas are summarized in Table 7.5. 

 

 
Table 7.5 The RS approach, the Tile approach and the Blending height approach that were 
used over the case studies areas 

 RS approach Tile approach Blending height approach 

HEIFE ×  × 

AECMP’95  × × 

DHEX  ×  

GAME/Tibet   × 

CAMP/Tibet   × 

 

 
The regional distribution of r0, T0, NDVI, MSAVI, Pv, LAI, Rn, G0, H and λE over the 

areas of the HEIFE, the AECMP’95, the DHEX, the GAME/Tibet and the CAMP/Tibet are 
shown here, and the derived r0, T0, Rn, G0, H and λE are validated by using the 
measurements in the stations. The relative deviation VV /δ (Eq.5.18) was used.  
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In order to compare surface heterogeneity over the experimental areas, the distribution 
ranges of r0, T0, MSAVI, Rn, G0, H and λE over the HEIFE, the AECMP’95, the DHEX, the 
CAMP/Tibet and GAME/Tibet are shown in Table 7.6.  

 

 
 

Table 7.6 The distribution ranges of r0, T0, NDVI, MSAVI, Pv, LAI, Rn, G0, H and λE over 
the HEIFE, the AECMP’95, the DHEX, the CAMP/Tibet and GAME/Tibet. “BH”: 
Blending height approach; “Tile”: Tile approach. 

 MSAVI (-) r0  (-) T0 (oC) Rn  (Wm-2) G0 (Wm-2) H (Wm-2) λE (Wm-2) 

HEIFE 0.10~0.88 0.10~0.28 10~50 300~680 35~100 30~260 0~620 
AECMP’95 0.10~0.80 0.10~0.35 25~44 310~540 45~68 40~300 

(BH) 
50~235 
(Tile) 

100~470 
(BH) 
100~450 
(Tile) 

DHEX 0.10~0.65 0.12~0.34 10~55 300~630 20~110 0~280 0~600 
0.00~0.25 0.13~0.22 25~44 500~700 100~150 140~300 130~450 
0.05~0.39 0.10~0.20 20~35 650~800 90~120 50~150 400~650 

GAME/Tibet 
(Jun., Jul., 
Aug.) 0.06~0.46 0.05~0.20 18~30 660~810 70~110 40~120 400~680 

0.05~0.24 0.10~0.25 10~42 500~650 130~180 60~350 50~450 CAMP/Tibet 
(Jun., Dec.) 0.02~0.20 0.10~0.25 -40~0 250~450 75~120 150~280 10~110 

 

 

 
7.3.1 HEIFE  

 
Figure 7.3 shows the distribution maps of r0, T0, H and λE over the HEIFE area based 

on 2600 × 2600 pixels. Their frequency distributions are also shown in Figure 7.3. The 
Blending height approach was used to determine H and λE. In Figure 7.4, the derived r0, T0, 
Rn, G0, H and λE in different stations are plotted against ground measured values. The 1:1 
line is also plotted in the graphs. The values of r0, T0, Rn, G0, H and λE derived from the RS 
approach (Chapter 5) are plotted in Figure 7.4 as well. 
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Figure 7.3 The distribution maps of land surface reflectance r0, surface temperature T0, 

sensible heat flux H and latent heat flux λE and their frequency distributions for the 
HEIhe basin Field Experiment (HEIFE) area on 9 July 1991.  
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Figure 7.4 Validation of the derived land surface reflectance r0, surface temperature T0, 
sensible heat flux H and latent heat flux λE against the ground measurements over the 
HEIhe basin Field Experiment (HEIFE) stations, Gobi (Huayin), Desert, Zhangye (oasis) 
and Linze (oasis), together with 1:1 line. Cal.2: derived from Blending height approach; 
Cal.1: results derived from the RS approach (Chapter 5). 
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It can be seen that:  
(1) The derived r0, T0, NDVI, MSAVI, Pv, LAI, Rn, G0, H and λE over the HEIFE area are 

consistent with the land cover type (Figures 4.5b and 7.3). Due to the strong contrast 
of surface features these variables show a wide range (Table 7.6 and Figure 7.3). For 
examples, net radiation flux is from 300 to 680 W m-2 and latent heat flux changes 
from 300 to 680 W m-2 (Table 7.6). There are two peaks in the frequency distributions 
in this area. The first peak corresponds to the oasis and another one corresponds to the 
Gobi desert (Figure7.3). 

(2) The derived r0 and T0 in this chapter are much better than the results derived from the 
linear relationship (Chapter 5, Figure 7.4). It means that r0 and T0 derived from the 
radiative transfer assumption for atmospheric correction in this chapter are much 
better than it derived from the linear relationship in Chapter 5. The reason is its much 
better consideration of the radiative transfer processes (Chapter 2, Table 7.3).  

(3) The derived Rn is very close to the ground measurement with a VV /δ being less than 5 
%. It is much better than the former results at the Zhangye and Linze stations (oasis) 
due to the improvements in determining ),(0 yxr , ),(0 yxT , ε0(x,y), ),( yxK↓ and ),( yxL↓  
in this chapter (Figure 7.2 and Table 7.3). 

(4) The parameterization method for G0 based on MSAVI for a heterogeneous land surface 
is much better than the one based on NDVI. Although the derived G0 based on MSAVI 
is a bit higher than the measured value, the VV /δ (i.e. less than 10 %) becomes 
smaller than the former derived value based on the NDVI (Figure 7.4). 

(5) The derived values of H with a lower VV /δ (i.e. less than 10 %) at four validation 
sites are consistent with ground measurements. The peaks of oasis and Gobi desert in 
the histogram of H (Figure 7.3) are clearer than the previous results (Chapter 5: Figure 
5.7). The derived H from the Blending height approach is much better than from the 
RS approach (Chapter 5) due to the advantage in calculating scheme of Ta(x,y), 
kB-1(x,y), Z0m (x,y) and d0(x,y) ( Figure 7.2 and Table 7.2). The previous results derived 
in Chapter 5 are acceptable over the Gobi and desert surface ( VV /δ =9 % and 

VV /δ =7 %), but there are large differences between the derived results and the 
ground-measured values over oasis ( VV /δ =38 % at Linze station and VV /δ =34 % 
at Zhangye station).  

(6) The derived λE, which is based on the energy balance equation, is acceptable for the 
whole HEIFE area. The calculated value of VV /δ  is less than 10 % for the four 
validation sites (Figure 7.4).  
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7.3.2 AECMP’95  
 
Figure 7.5 shows the distribution maps of H and λE over the AECMP’95 area based 

on 400 × 750 pixels with a size of about 30 × 30 m2. Their frequency distributions are also 
shown in Figure 7.5. Both the Tile approach and the Blending height approach are used for 
determining H and λE here. In Figure 7.6, the derived H and λE in different stations are 
plotted against field measured values. The 1:1 line is also plotted in the graphs. 
 

The results indicate that:  
(1) The derived sensible heat flux H and latent heat flux λE over the AECMP’95 area are 

consistent with the land cover type (Figure 4.5a, Figure 7.5). Due to the strong contrast 
of surface features H and λE have a wide distribution ranges (Table 7.6): H changes 
from 40 to 300 W m-2 (Blending height approach) and from 50 to 235 W m-2 (Tile 
approach); λE varies from 100 to 470 W m-2 (Blending height approach) and from 100 
to 450 W m-2 (Tile approach). There are two peaks in the all distribution histograms 
over the study area (Figure 7.5). The first peak corresponds to the oasis and another one 
corresponds to the Gobi desert. 

(2) H and λE estimated from the Tile approach were slightly better than from the Blending 
height approach over the AECMP’95 area (Figure 7.6). Even the estimated values of H 
and λE from the Blending height approach are a little higher than from the Tile 
approach over the AECMP’95 area, but they are close to the ground measurements in 
the stations with a VV /δ being less than 10 % (Figure 7.6). It means that both the Tile 
approach and the Blending height approach are suitable to heterogeneous landscapes of 
the AECMP’95 area.   
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Figure 7.5 The distribution maps of sensible heat flux H and latent heat flux λE and 
their frequency distributions for the Arid Environment Comprehensive Monitoring 
Plan, 95 (AECMP’95) area on 21 August 1995. A and C is the distribution of H and 
λE derived from the Blending height approach; B and D is the distribution of H and 
λE derived from the Tile approach. 
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Figure 7.6 Validation of the derived sensible heat flux H and the derived latent heat flux λE 
against ground measurements over the Arid Environment Comprehensive Monitoring Plan, 
95 (AECMP’95) stations, D1, D2, O1 and O2, together with 1:1 line.  
 

7.3.3 DHEX  
 
Figure 7.7 shows the frequency distributions of r0, T0, H and λE over the DHEX area. 

The Tile approach was used for determining H and λE over this area. The variables of z0m, 
z0h and kB-1 that were determined by other researchers over the DHEX area (Zhang et al, 
2001; Hu, et al., 2002; Hu, 2004) have been used in the present approach. In Figure 7.8, the 
derived H and λE are plotted against the measured values at the stations of the DHEX (in 
order to validate the derived results more accurately, two cases of 3 June 2000 and 29 
January 2001 are also shown in the figures). The 1:1 line is also plotted in the figures.  

 
The results show that:  

(1) Due to the strong contrast of surface features over the DHEX area (Figure 4.7), the 
derived r0, T0, Rn, G0, H and λE show a wide distribution range (Table 7.6): r0 is from 
0.12 to 0.34, T0 changes from 10 to 55 0C, Rn varies from 300 to 630 W m-2, G0 is from 
20 to 110 W m-2, H changes from 0 to 280 W m-2 and λE varies from 0 to 600 W m-2. 
There are two peaks in the figures of all distribution maps and all frequency 
distributions histograms. The first peak is corresponding to the oasis and the other peak 
corresponds to the Gobi desert (see Figure7.7).  

(2) The derived H and λE at the validation sites of the DHEX area are in good agreement 
with ground measurements (Figure 7.8) with a VV /δ being less than 10 %. It means that 
the Tile approach can accurately be used to the relative small length scale of mixing 
oasis and desert area when the Surface Layer (SL) observations were performed over  
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oasis and Gobi desert respectively. 
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Figure 7.7 The frequency distributions of the surface reflectance r0, surface temperature T0, 
sensible heat flux H and latent heat flux λE for the Dunhuang Experiment (DHEX) area on 
22 August 2000.  
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Figure7. 8 Validation of the derived results against the ground measurements for sensible 
heat flux H and latent heat flux λE for the Dunhuang Experiment (DHEX) area, together 
with 1:1 line.  
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7.3.4 CAMP/Tibet  

 
It was better to select the satellite data taken on clear days to study the distribution of 

r0, T0, NDVI, MSAVI, Pv, LAI, Rn, G0, H and λE over the Tibetan Plateau area. 
Unfortunately, it was difficult to meet real cloud-free conditions because of the strong 
convective clouds being present during the Landsat-7 ETM overpass. Only two ETM data, 
9 June 2002 (summer) and 2 December 2002 (winter), were used to estimate the land 
surface variables, vegetation variables and land surface heat fluxes. Figure 7.9 shows the 
summer distribution maps of r0, T0, H and λE around the CAMP/Tibet area based on 3400 × 
2000 pixels, their frequency distributions are also shown in the figures. In Figure 7.10, the 
derived r0, T0, Rn, G0, H and λE are plotted against the measured values at the stations of 
the CAMP/Tibet. The Blending height approach was used to determine land H and λE. 

 
The following can be concluded.  

(1) The derived r0, T0, Rn, G0, H and λE in two different months over the study area are 
consistent with the land cover type (Figures 4.3, 4.4 and 7.9). The experimental area 
includes a variety of land cover types such as a large area of grassy marshland, some 
desertification grass-land areas, many small rivers and several lakes, therefore, these 
derived land surface variables and surface heat fluxes show a relative wide range due 
to the contrast of surface features (Table 7.6). But they are not wide as that in the areas 
of the HEIFE, the AECMP’95 and the DHEX (Table 7.6). For examples, Rn is from 
500 to 650 W m-2 over the CAMP/Tibet area, it changes from 300 to 680 W m-2 over 
the HEIFE area, it varies from 310 to 540 W m-2 over the AECMP’95 area and it is 
from 300 to 630 W m-2 over the DHEX area. The reason being that the surface 
heterogeneity is not very larger in the CAMP/Tibet area as in the areas of the HEIFE, 
the DHEX and the AECMP’95 (Chapter 4 and Chapter 6).The values of r0, T0 and H 
around the lake in the distribution maps are much higher in June, and at the same time, 
Rn, G0 and λE are lower over there. The reason being that most of around lake area 
consisted of the desertification grass land. It was dry and soil moisture was low. 

(2) The derived pixel value and average value (Figure 7.9) of T0, Rn, G0 and λE in June are 
higher than in December. It means that in the central Tibetan Plateau area is much 
more evaporation in summer than in winter. It is also pointed out that the heating 
density (H+λE=Rn-G0) in summer is much higher than it in winter in the central 
Tibetan Plateau area. The reason being that most the land surface was on the  
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Figure 7.9 The distribution maps of land surface reflectance r0, surface temperature T0, 
sensible heat flux H and latent heat flux λE and their frequency distributions for the 
Coordinated Enhanced Observing Period (CEOP) Asia-Australia Monsoon Project on 
the Tibetan Plateau (CAMP/Tibet) area at 10:00(LST) on 9 June 2002. L denotes lake. 
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Figure 7.10 Validation of the derived land surface reflectance r0, surface temperature T0, net 
radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux λE against 
ground measurements over the Coordinated Enhanced Observing Period Asia-Australia 
Monsoon Project on the Tibetan Plateau (CAMP/Tibet) stations, BJ and ANNI, together 
with 1:1 line. 
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experimental area covered by green grass in summer and it was covered by snow and 
ice during the winter. 

(3) The derived r0, T0 and Rn, over the study area are very close to the ground 
measurements with a VV /δ being less than 8 % (Figure 7.10). The reason is its better 
consideration of the radiative transfer processes in determining r0 and T0 (Chapter 2, 
Table 7.3)  

(4) The regional soil heat flux G0 derived from the relationship between G0 and Rn is 
suitable for heterogeneous land surface of the CAMP/Tibet area with a VV /δ being 
less than 10 % at validation sites (Figure 7.10) because the relationship itself was 
derived from the same area ( Ma et al., 2002c). 

(5) The derived regional H and λE with a VV /δ being less than 10 % at the validation 
sites in the CAMP/Tibet area are in good agreement with ground measurements 
(Figure 7.10). The reason being that the process of Surface Layer (SL) and 
Atmospheric Boundary Layer (ABL) was considered in more detail in the 
parameterization methodology. It has to be pointed out that the presented Blending 
height approach for H and λE is reasonable for the central Tibetan Plateau area.  

 

7.3.5 GAME/Tibet  

 

The Asian Monsoon system-Tibetan Plateau interaction is very important for the 
climate change in the Tibetan Plateau area. It would be better to select more satellite data on 
clear days to study this interaction. Unfortunately, because of the strong convective clouds 
at the NOAA-14/AVHRR overpass only three scenes of the NOAA-14/AVHRR could be 
selected during the whole intensive observation period of the GAME/Tibet. The scene of 
June 12, 1998 was selected as a case of pre-monsoon and mesoscale area. The scenes of 
July 16, 1998 and August 21, 1998 were selected as the cases of mid-monsoon and the 
post-monsoon. The images around the Anduo (Amdo) stations and NPAM stations were 
selected as comparable areas because flux measurements with sonic 
anemometer-thermometer were taken at the two stations. It was also a very clear day around 
these two stations on the images of NOAA-14/ AVHRR. 

 Figure 7.11 shows the frequency distributions maps of r0, T0, Rn, G0, H and λE of the 
mesoscale experimental area of the GAME/Tibet. The distribution maps of r0, T0, H and λE 
around the Anduo (Amdo) station and the NPAM station based on 45 by 40 pixels are 
compared in Figure 7.12. The quantities of r0, T0, Rn, G0, H and λE derived from the 
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Blending height approach are compared with those measurements at the Anduo station and 
the NPAM station (see Figure 7.13).  
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Figure 7.11 The frequency distributions of land surface reflectance r0, surface temperature 
T0, net radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux λE over 
the Global Energy and Water cycle EXperiment Asian Monsoon Experiment on the Tibetan 
Plateau (GAME/Tibet) area on 12 June 1998.  
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Figure 7.12 The distribution maps of land surface reflectance r0, surface temperature T0, 
sensible heat flux H and latent heat flux λE over the Global Energy and Water cycle 
EXperiment Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet) area on 
June 12, July 16 and August 21, 1998  
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Figure 7.13 Validation of the derived land surface reflectance r0, surface temperature T0, net 
radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux λE against 
ground measurements over the Global Energy and Water cycle EXperiment Asian Monsoon 
Experiment on the Tibetan Plateau (GAME/Tibet) Global Energy and Water cycle 
EXperiment Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet) stations, 
Anduo and NPAM, together with 1:1 line. 
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The following can be concluded. 
(1) The derived land surface variable (r0 and T0) and surface heat fluxes (Rn, G0, H and λE) 

for the whole meaoscale area on 12 June 1998 were consistent with the land cover types 
(Figures 4.1, 4.2, 7.11 and 7.12). These land surface variables and surface heat fluxes 
show a relative wide range of variations due to the contrast of surface features in the 
study area. But the distribution ranges are not wide as those in the areas of the HEIFE, 
the AECMP’95 and the DHEX (Table 7.6). The reason being that the surface 
heterogeneity was not quite larger in the GAME/Tibet area than in the areas of the 
HEIFE, the DHEX and the AECMP’95 (Chapter 4 and Chapter 6). 

(2) Not only on June 12, but also on July 16 and August 21, the derived r0, T0, Rn, G0 and H 
are close to ground measurements with a VV /δ being less than 10% (Figure 7.13). 

(3) During the experimental periods, the derived net radiation flux is larger than that in the 
HEIFE area (Figures 7.12 and 7.3) due to the high altitude (the higher value of 
downward short-wave radiation) and land surface coverage of grassy marshland (the 
lower value of the upward long-wave radiation) in this area. For example, the regional 
average value of net radiation flux is 470 Wm-2 over the HEIFE area on 9 July, 1991 and 
that is 750 Wm-2 over the GAME/Tibet area on 16 July, 1998. 

(4) The derived land surface variables and land surface heat fluxes over the Tibetan Plateau 
area show that they are sensitive to the Asian Monsoon system and the seasons change 
(Figure 7.12). The values of r0, T0, G0 and H in June over this area were larger than 
these values in July and August. The values of Rn and λE in June were lower than their 
values in July and August. The reason is that June 12 was the day before the onset of the 
Asia Monsoon. The land surface was dry on that day. July 16 and August 21 were within 
and after Asia Monsoon. The land surface was wet and the grass was high and growing. 

(5) All elements of the heat balance equation at the NPAM site on June 12 correspond well 
with the satellite measurements. On the other hand, all but latent heat flux corresponds 
to the satellite measurements in other seasons and at the Anduo station and the NPAM 
station. The reason is that the measured one dimensional energy budget did not balance 
due to large error of the latent heat flux through the surface observation and advection at 
the Anduo station and the NPAM station in other seasons. The large error of the 
measurement on latent heat flux may depend on the accuracy of the turbulence 
measurement sensors (e.g. Ishikawa et al.1999; Wang et al., 1999; Tsukamoto et al., 
1999; Ma et al., 2000; Tanaka et al., 2001; Tsukamoto et al., 2001).  

 

 



 

 

 

141 
 

7.4 Summary and conclusions 

 
In this chapter, the Tile approach and the Blending height approach have been applied 

for deriving the regional land surface variables (surface reflectance r0 and surface 
temperature T0) and land surface heat fluxes (net radiation flux Rn, soil heat flux G0, 
sensible heat flux H and latent heat flux λE) over heterogeneous land surfaces of the HEIFE, 
the AECMP’95, the DHEX, the GAME/Tibet and the CAMP/Tibet. The derived results 
have been validated by using the ground measurement (“ground truth”) at the stations.  

The Surface Layer (SL) and Atmospheric Boundary Layer (ABL) observations were 
used as much as possible in the Tile approach and the Blending height approach. The 
atmospheric variables such as the aerodynamic roughness length z0m, the thermodynamic 
roughness length z0h and the excess resistance to heat transfer kB-1 derived in Chapter 6 
were also used.  

The results derived from this chapter can be summarized as follows. 
 The values of land surface variables derived from the radiative transfer assumption of 

atmospheric correction and the surface and atmospheric observations were much better 
than derived from the linear relationships of Chapter 5 (Figure 7.4).  

 The surface heterogeneity leads to very different values of land surface variables and 
surface heat fluxes over the areas of the HEIFE, the AECMP’95 and the DHEX (Table 
7.6). The derived values of land surface variables and land surface heat fluxes were 
consistent with the land cover types, and they showed a wide distribution range due to 
the strong contrast of surface features in the areas (Table 7.6). There were two peaks in 
the all distribution maps and all frequency distributions histograms. The first peak was 
corresponding to the oasis and the other peak corresponding to the Gobi desert. The 
distribution ranges of the derived values of land surface variables and surface heat 
fluxes were not wide in the areas of the GAME/Tibet and the CAMP/Tibet as that in the 
areas of the HEIFE, the AECMP’95 and the DHEX (Table 7.6).  

 The estimated net radiation flux over all the case studies areas was close to the ground 
measurements with a relative deviation VV /δ being less than 10%. It shows that the 
present parameterization of net radiation flux could be applied to heterogeneous 
landscapes of arid and high altitude areas.  

 The derived soil heat flux based on MSAVI over the areas of the GAME/Tibet, the 
HEIFE, the AECMP’95 and the DHEX were close to the ground measurements with a 

VV /δ  being less than 10 %. It was much better than the derived regional soil heat 
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fluxes based on NDVI.  
 The values of sensible heat flux estimated from the Tile approach over the DHEX area 

and the AECMP’95 area were close to the ground measurements at the validation 
stations, with a VV /δ  being less than 10 %. It means that the Tile approach is 
suitable to apply to heterogeneous landscapes of arid and semi-arid areas when the 
surface and Surface Layer (SL) measurements is done over each land cover type. 

 The values of sensible heat flux estimated from the Blending height approach over the 
areas of the HEIFE, the AECMP’95, the CAMP/Tibet and the GAME/Tibet were close 
to ground measurements at the validation stations with a VV /δ  being less than 10 %. 
The derived sensible heat flux from the Blending height approach was much better than 
from the RS approach over the HEIFE area. It shows that the Blending height approach 
can be used to heterogeneous arid areas and high altitude areas when the length scales 
of land heterogeneity are relatively larger. 

 The derived latent heat flux based on the energy balance equation was accurately for 
the entire areas of the HEIFE, the AECMP’95, the DHEX and the CAMP/Tibet. But the 
error was larger over the GAME/Tibet area. 

 
In order to show the advantages as well as shortcomings between the RS approach, 

the Tile approach and the Blending height approach, the relative deviations between the 
derived net radiation flux, soil heat flux, sensible heat flux and latent heat flux using the 
approaches and the ground measurement surface fluxes as averaged over the four 
experimental areas ( VV /δ ) are shown in Table 7.7. The four experimental areas of the 
HEIFE, the AECMP’95, the DHEX and the CAMP/Tibet are selected due to the higher 
spatial resolution satellite measurements being used over there.  
 
Table 7.7 The relative deviation between the derived land surface heat fluxes using the RS 
approach, the Tile approach and the Blending height approach and the ground measured 
fluxes as averaged over the four experimental areas( VV /δ ).  

Approaches RS approach Tile approach Blending height approach 

Rn (W m-2) 6 % 5 % 5 % 

G0 (W m-2) 15 % 6 % 7 % 

H (W m-2) 22 % 5 % 6 % 

λE (W m-2) 13 % 8 % 9 % 

Number of validation sites 4 7 12 
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It is seen that the values of VV /δ  from the RS approach are much larger than from the 
Tile approach and the Blending height approach.  

 
It is therefore concluded that in determining the land surface heat fluxes the Tile 

approach and the Blending height approach did provide better results than the RS approach. 
The Tile approach and the Blending height approach can accurately be applied to estimate 
regional land surface variables and surface heat fluxes over heterogeneous landscapes. 
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Summary and conclusions 
 

Problem statement 
 

Land-atmosphere interactions over heterogeneous landscapes have increased the 
attention of meteorologists and hydrologists in the recent years. The regional heat flux 
exchange between the land surface and the atmosphere is of paramount importance for 
land-atmosphere interactions. Satellite remote sensing measurements offer the possibility to 
estimate regional distribution of land surface heat fluxes over heterogeneous landscapes. 
Recent studies have explored several satellite remote sensing parameterization 
methodologies to estimate the regional surface heat fluxes. They bridge the gap between the 
point/local measurements and the regional scale. But these methodologies do not pay 
sufficient attention to the aspects of the Surface Layer (SL) and the Atmospheric Boundary 
Layer (ABL). The investigations in heterogeneous landscapes of arid areas and high 
altitudes are quite rare. 

The main objective of this thesis is therefore provide a better parameterization 
methodology of at-surface heat fluxes using satellite measurements to estimate at-surface 
bio-geophysical variables and surface heat fluxes over heterogeneous landscapes, thereby 
including SL and ABL observations. 

 

Theoretical framework 
 

Based on satellite measurements, SL and ABL observations, the theoretical 
framework to estimate the regional land surface heat fluxes (net radiation heat flux Rn, soil 
heat flux G0, sensible heat flux H and latent heat flux λE) were established in Chapter 2. Net 
radiation flux at the land surface was determined from Eq. 2.3 when the incoming solar 
radiation flux, the incoming long-wave radiation flux, surface reflectance, surface 
temperature and surface emissivity have been estimated. Soil heat flux at the land surface 
was derived from Eq.2.28 with the variables in this equation being determined from ground 
and satellite measurements. Sensible heat flux at the land surface was derived from Eq.2.34 
with the pixel values of surface temperature and atmospheric variables (air temperature, 
aerodynamic roughness length, thermodynamic roughness length, excess resistance to heat 
transfer and stability correction function) at and below the reference height being 
determined by satellite measurements, SL and ABL observations and some assumptions or 
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approximations. Latent heat flux at the land surface was finally obtained as a residual of the 
surface energy balance equation at the land surface (Eq.2.51)  

 

Parameterization methodology  

 
The land surface heat fluxes can be estimated from the theory presented in Chapter 2. 

But parameterization methodologies are necessary when the surface heat fluxes are to be 
determined over heterogeneous landscapes. It results from that the surface variables and 
atmospheric variables are difficult to be determined at each satellite pixel over a 
heterogeneous landscape. 

The characteristics of a heterogeneous landscape and its length scale of heterogeneity, 
the response of SL and ABL at the Surface Energy Balance (SEB) to large scale heterogeneity, 
the blending height assumption, its height zb and relative length scale X over a heterogeneous 
landscape have firstly been described and determined in Chapter 3.  

Based on the analysis of the land surface heterogeneity and its effects on the overlying 
air flow, on the SL and ABL observations, and satellite Remote Sensing (RS) measurements, 
three parameterization methodologies, i.e. RS approach (RS+SL-assumptions), Tile 
approach (RS+SL-observations) and Blending height approach (RS+SL-observations 
+ABL-observations), have been developed to estimate the surface heat fluxes over 
heterogeneous landscapes in Chapter 3. The RS approach (Figure 3.4) uses satellite 
measurements and assumptions on the SL. When the length scales of land surface 
heterogeneity are relatively small the Tile approach (Figures 3.4 and 3.5) uses satellite 
measurements and SL observations. In other words, the sensible heat flux and latent heat 
flux can be calculated from Eq.3.18 and Eq.3.19. When the length scales of land surface 
heterogeneity are relatively larger the Blending height approach uses satellite measurements 
in combination with SL and ABL observations. In other words, the sensible heat flux and 
latent heat flux can then be calculated from Eqs.3.20, 3.23 and 3.24.  

 

Study areas and satellite measurements 
 

In order to implement and test the developed RS approach, the Tile approach and the 
Blending height approach, five land surface processes experiments were performed over 
heterogeneous landscapes of China and described in Chapter 4: i.e. the Global Energy and 
Water cycle EXperiment Asian Monsoon Experiment on the Tibetan Plateau (GAME/Tibet), 
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the Coordinated Enhanced Observing Period Asia-Australia Monsoon Project on the Tibetan 
Plateau (CAMP/Tibet), the HEIhe basin Field Experiment (HEIFE), the Arid Environment 
Comprehensive Monitoring Plan, 95 (AECMP’95) and the DunHuang EXperiemnt (DHEX). 
Many different instruments (e.g. PBL tower, radiation system, radio sonde system, turbulent 
fluxes measured by eddy-correlation technique, soil moisture and soil temperature 
measurement system, PAM, Wind Profiler with RASS, tethered sonde system, radio sonde 
system and radar system and the like) were set up.. A large amount of observational data of 
soil, surface, SL and ABL has been collected, providing a sound base in deriving the input 
variables to the RS approach, the Tile approach and the Blending height approach for 
determining regional surface heat fluxes over heterogeneous landscapes.  

Satellite remote sensing measurements provide consistent and frequent observations of 
spectral reflectance and emittance of radiation at patches landscape. The data of Landsat-5 
Thematic Mapper (TM), Landsat-7 Enhanced Thematic Mapper (ETM) and NOAA-14 
Advanced Very High Resolution Radiometer (AVHRR) have also been described in Chapter 
4. The higher spatial resolution measurements of TM and ETM give the possibility to 
accurately estimate the regional land surface heat fluxes over heterogeneous landscapes.   

 

Implementation of the parameterization methodologies and conclusions 
 

The proposed parameterization methodologies (Chapter 3) of estimating surface heat 
fluxes over heterogeneous landscapes were implemented and validated with results obtained 
from the five case studies areas.  

 
Using the RS approach (Figures 3.4 and 5.1) and Landsat-5 TM measurements, the 

regional distributions of land surface variables (land surface reflectance and surface 
temperature), NDVI and land surface heat fluxes (net radiation flux, soil heat flux, sensible 
heat flux and latent heat flux) have been obtained from the heterogeneous landscape of the 
HEIFE area (Chapter 5). The results showed how the proposed RS approach bridges the gap 
between the point/local measurements and the regional scale. But the results also indicated 
that the derived land surface variables and land surface heat fluxes of some areas were 
distinctly different from the ground measurements. The reason being that many assumptions 
and approximations were involved in the methodology and that some shortcomings exist. 

    
To evaluate in more detail the assumptions and approximations involved in the RS 
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approach, the land surface heterogeneity and its influences on wind speed, air temperature, 
specific humidity, surface reflectance, surface temperature and surface heat fluxes have 
been further analyzed (Chapter 6). The atmospheric variables such as aerodynamic 
roughness length, thermodynamic roughness length and excess resistance to heat transfer 
were determined over the heterogeneous land surfaces of the study areas. The results 
showed that the land surface heterogeneity has a very strong effect on the overlying near 
surface atmospheric layer. It leads to the different values of land surface variables, 
atmospheric variables and surface heat fluxes on the land surface and in the near surface 
atmospheric layer. It also resulted in different vertical profiles of wind speed, air 
temperature and specific humidity in the surface layer. But the effect of the land surface 
heterogeneity becomes uniform at a blending height zb: at and above zb the atmospheric 
variables like wind speed, air temperature and specific humidity were homogeneous.  

 
The Tile approach (Figures 3.4, 3.5 and 7.1) and the Blending height approach 

(Figures 3.4, 3.6 and Figure 7.2) based on Landsat-5 (7) TM (ETM) measurements, 
NOAA-AVHRR measurements, SL and ABL observations were applied in order to derive 
the regional land surface variables and surface heat fluxes over the heterogeneous 
landscapes of the study areas (Chapter 7). The result of the analysis and the atmospheric 
variables (aerodynamic roughness length, thermodynamic roughness length and excess 
resistance for heat transfer) that have been derived in Chapter 6, have been used in both 
approaches. The comparisons between the RS approach, Blending height approach and the 
Tile approach are also shown in the Tables 7.2 and 7.3. The derived values of regional land 
surface variables and land surface heat fluxes have been validated by using the independent 
ground measurements.  

The results obtained in Chapter 7 showed the following. 
— The derived regional land surface variables (surface reflectance and surface temperature) 

and land surface heat fluxes (net radiation flux, soil heat flux, sensible heat flux and 
latent heat flux) over the case studies areas are in good agreement with the land surface 
conditions.  

— Land surface heterogeneity leads to very different values of land surface variables and 
surface heat fluxes over the areas of the HEIFE, the AECMP’95 and the DHEX. These 
variables and land surface heat fluxes show a wide distribution range, with two peaks in 
all the distribution maps and frequency distribution histograms. The first peak 
corresponds to the oasis and the other peak to the Gobi desert (Table 7.6). The 
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distribution ranges of the derived values of regional land surface variables and land  
surface heat fluxes are not wide in the areas of the GAME/Tibet and the CAMP/Tibet  
as those in the areas of the HEIFE, the AECMP’95 and the DHEX (Table 7.6).  

— The estimated regional land surface variables and land surface heat fluxes from the Tile 
approach and the Blending height approach were consistent with ground measurements, 
and all their relative deviations VV /δ ( Eq.5.18) were less than 10 % in the validation 
sites ( Figures 7.4, 7.6, 7.8, 7.10 and 7.13). In other words, a better regional distribution 
of land surface variables and land surface heat fluxes over heterogeneous landscapes 
was obtained by using the Tile approach and the Blending height approach rather than 
the RS approach. It means that the Tile approach and the Blending height approach can 
accurately be applied to estimate regional land surface heat fluxes over the 
heterogeneous landscapes of arid areas and heigh altitude areas.  
 
In conclusion: 
1)  The parameterization methodologies to determine land surface heat fluxes as 

developed in this thesis bridge the gap between local patch scale and large length 
scale over heterogeneous landscapes using satellite measurements in combination 
with SL and ABL observations.  

2)  The Tile approach and the Blending height approach can be accurately applied to 
heterogeneous landscapes.  

 

Perspectives for future research 
 

In this thesis the proposed Tile approach, the Blending height approach and the RS 
approach have only been applied to five different experimental case studies. For a more 
general understanding of the heat exchanges between heterogeneous landscapes and the 
overlying atmospheric layer, more SL and ABL observations (using e.g. PBL tower, eddy 
correlation turbulent measurement system, AWS, radio sonde system, tethered balloon, 
winder profiler, Radio Acoustic Sounding System, radar.) should be used. In addition more 
satellite measurements should be introduced to study the diurnal variation, seasonal 
variation and even the inter-annual variation of regional land surface heat fluxes.  
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Samenvatting en conclusies 
 

Probleemstelling  
 

Meteorologen en hydrologen bestuderen met toenemende belangstelling de 
land-atmosfeer-interacties boven heterogene landoppervlakken. Warmte-uitwisseling tussen 
het landoppervlak en de atmosfeer is namelijk van groot belang voor het beter kunnen 
begrijpen van deze interacties.  

Aardobservatie door satellieten biedt de mogelijkheid om de regionale verdeling van 
de warmtestromen aan heterogene landoppervlakken te schatten. Recente studies hebben 
daarbij verschillende mogelijkheden van parameterisaties onderzocht. Deze parameterizaties 
overbruggen namelijk het gat tussen de lokale/punt-waarnemingen en de regionale schaal. 
Daarbij worden echter verschillende aspecten van de Oppervlaktelaag (SL) en de 
Atmosferische GrensLaag (ABL) uit het oog verloren. Dergelijke onderzoeken in 
heterogene, droge landschappen en hooggelegen gebieden zijn tot op heden schaars. 

Het hoofddoel van dit proefschrift is dan ook om met behulp van satellietgegevens,  
SL- en ABL-waarnemingen een betere parameterisatie van de bio-geofysische 
eigenschappen van het landoppervlak en de warmtestromen boven heterogene 
landschappen te realiseren. Daarbij is in het bijzonder aandacht geschonken aan 
respectievelijk de Heihe River Basin en het Tibetaanse Plateau. 
 

Theoretisch kader 
 

In Hoofdstuk 2 wordt de theorie uiteen gezet om met behulp van satelliet- , SL- en 
ABL- waarnemingen, de regionale warmtestromingen aan het land oppervlak te bepalen, 
i.e.nettostraling Rn, bodemwarmtestroom G0, voelbare warmtestroom, H en latente 
warmtestroom, λE.. De nettostraling aan het landoppervlak wordt met behulp van Eq. 2.3 
berekend aan de hand van de inkomende zonnestraling, inkomende lang-golvige stralings- 
flux, oppervlaktereflectie, oppervlaktetemperatuur en oppervlakte-emissiviteit. De 
bodemwarmtestroom wordt afgeleid m.b.v. Eq.2.28, waarbij de variabelen in deze 
vergelijking worden bepaald m.b.v. terrein- en satellietmetingen.. De voelbare 
warmtestroom aan het landoppervlak wordt afgeleid m.b.v. van Eq.2.34, waarbij de pixel 
waarden van de oppervlaktetemperatuur en de atmosferische variabelen (luchttemperatuur, 
aerodynamische ruwheidslengte, thermodynamische ruwheidslengte, additionele weerstand 
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voor warmteoverdracht en stabiliteitscorrectie functie) worden bepaald met behulp van 
satellietwaarnemingen. De atmosferische variabelen aan en onder de referentiehoogte 
worden vastgesteld m.b.v. RS- SL- en ABL-waarnemingen met inbegrip van enkele 
veronderstellingen/ benaderingen. Tenslotte, wordt de latente warmtestroom aan het land- 
oppervlak uit de energiebalansvergelijking, Eq.2.51, verkregen. 

 

Gevolgde parameterisatie methodologie 

 

De warmtestromingen aan het landoppervlak kunnen aan de hand van de in Hoofdstuk 2 
uiteengezette theorie worden geschat, maar een nadere parameterisatie is noodzakelijk om de 
voorgestelde benadering voor heterogene landschappen te kunnen toepassen. Als gevolg van 
de heterogeneiteit wordt het bepalen van zowel de oppervlakte- als de atmosferische 
variabelen voor elke pixel van de toegepaste satellietbeelden moeilijker. In Hoofdstuk 3 
worden de kenmerken van een heterogeen landschap en zijn lengte- schaal van heterogeniteit, 
de opbouw van de SL en ABL en de invloed van de verdeling van de warmte aan het land 
oppervlak in combinatie met grootschalige heterogeniteit, de menghoogte aanname zb, en de 
daarbijhorende lengte schaal X over een heterogeen landschap beschreven en vastgesteld. 

Gebaseerd op de analyse van de heterogeniteit van het landoppervlak en zijn effecten 
op de daarboven liggende luchtstroom op de SL, ABL en satelliet waarnemingen, worden in 
Hoofdstuk 3 de drie parameterisatie benaderingen [te weten de RS-benadering 
(RS+SL-aanname’s), de Tegel-benadering (RS+SL-waarnemingen) en de Menghoogte- 
benadering (RS+SL+ ABL- waarnemingen)], gebruikt om de warmtestromingen aan het 
heterogene landoppervlak vast te stellen. De RS benadering (Eq. 3.4) maakt gebruik van 
satellietwaarnemingen in combinatie met aannames over de SL. Wanneer de lengteschalen 
van de heterogeniteit van het landoppervlak betrekkelijk klein zijn, wordt de Tegel 
benadering (Eq. 3.4 en 3.5) gebruikt, i.e. satelliet- en SL waarnemingen. Met andere 
woorden de voelbare en de latente warmtestroom kunnen m.b.v. Eq.3.18 en Eq.3.19 worden 
berekend. Wanneer de lengteschalen van heterogeniteit van het landoppervlak betrekkelijk 
groot zijn wordt de Menghoogte benadering gebruikt, dwz. satellietwaarnemingen in 
combinatie met SL- en ABL-waarnemingen. Met andere woorden de voelbare en latente 
warmtestromen kunnen m.b.v. Eqs.3.20, 3.23 en 3.24 worden berekend. 
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Studiegebieden en satellietwaarnemingen 
Om de respectievelijk ontwikkelde RS-, Tegel- en Menghoogte-benaderingen toe te 

kunnen toepassen en te evalueren, werden in China een 5-tal heterogene landoppervlakken  
experimenten verricht Deze worden in Hoofdstuk 4 beschreven, te weten de Globale 
Energie en Water Cyclus Aziatische Monsoen Experiment op het Tibetaans Plateau 
(GAME/Tibet), de Gecoördineerde Intensieve Waarnemings Periode Azië-Australië  
Moesson Project op het Tibetaan Plateau (CAMP/Tibet), het HEIhe stroomgebied 
Experiment (HEIFE), de Ariede Gebieden met het uitvoerige waarnemingsprogramma ’95 
(AECMP ’95) en het DunhHuang-EXperiment (DHEX). Vele verschillende instrumenten 
werden daarbij gebruikt, waaronder de PBL-toren, het stralings-meetsysteem, het radio 
sonde systeem, turbulente fluxen gemeten met eddy-correlatie-instrumenten, bodemvocht 
en bodemtemperatuur-meetsystemen PAM, windprofiel metingen met RASS, tethered en 
radiosonde systemen, radarsysteem e.a.. Een grote hoeveelheid aan observatiegegevens over 
bodem, oppervlak, SL en ABL werden verzameld, welke een goede basis vormen voor het 
afleiden van de invoervariabelen ten behoeve van het toepassen van de RS-, de Tegel- en de 
Menghoogte-benadering voor de vaststelling van regionale warmtestromingen boven 
heterogene landschappen. Aardobservatie via satellieten levert voor de afzonderlijke 
landschapselementen consequente en frequente waarnemingen op van de spectrale reflectie 
en de emissie. De gegevens verkregen met de Landsat-5 Thematische Mapper (TM), 
Landsat-7 Verbeterde Thematisch Mapper (ETM) en de NOAA-14 Geavanceerd Zeer Hoge 
Resolutie Radiometer (AVHRR) worden eveneens in Hoofdstuk 4 beschreven. De hogere 
ruimtelijke resolutie van de TM en ETM geven de mogelijkheid om nauwkeurig de 
regionale warmtestromingen boven heterogene landschappen te schatten.  

 

Implementatie van de parameterisatie benaderingen en conclusies  

 
De in Hoofdstuk 3 voorgestelde parameterisatiebenaderingen voor het schatten van de 

warmtestromingen boven heterogene landschappen, werden toegepast en gevalideerd aan de 
hand van de in de 5 experimenten verzamelde waarnemingen.  

Door het toepassen van de RS-benadering (Eq. 3.4 en 5.1) met behulp van Landsat-5 
TM gegevens, is de regionale verdeling van de variabelen aan het land oppervlak (reflectie 
en temperatuur), NDVI en stralings- en warmtestromingen, d.w.z. nettostraling-, voelbare- 
en latente warmtestroom voor het heterogene landschap van het HEIFE gebied verkregen 
(Hoofdstuk 5). De resultaten tonen aan hoe de voorgestelde RS- benadering het gat tussen 
de lokale/punt-waarnemingen en de regionale schaal overbrugt. In sommige gevallen gaven 
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de resultaten echter ook duidelijke verschillen aan tussen de afgeleide variabelen van het 
landoppervlak, de warmtestromingen en de waarnemingen in het veld. De verklaring 
daarvan is te vinden in de vele veronderstellingen en benaderingen die aan de methodologie 
ten grondslag liggen.  

Om de bij de voorgestelde parameterisaties betrokkene aanname’s in de RS-benadering 
beter te kunnen evalueren, is in Hoofdstuk 6 vervolgens de heterogeniteit van het 
landoppervlak en de invloeden daarvan op windsnelheid, luchttemperatuur, specifieke 
vochtigheid, oppervlaktereflectie, -temperatuur en –warmtestroom verder geanalyseerd. De 
atmosferische variabelen zoals de aerodynamische ruwheidslengte, de thermodynamische 
ruwheidslengte en de additionele weerstand voor warmteoverdracht werden voor de 
heterogene landoppervlakken van de verschillende studiegebieden vastgesteld. De resultaten 
toonden o.a. aan dat de heterogeniteit van het landoppervlak een heel duidelijke invloed 
heeft op de aangrenzende atmosferische laag. Dit leidt tot verschillende waarden van de 
ruimtelijke variabiliteit van het landoppervlak en de atmosfeer, alsmede van de 
wamtestromingen. Dit resulteerde ook in verschillende vertikale profielen van windsnelheid, 
luchttemperatuur en specifieke vochtigheid in de oppervlaktelaag. Maar het resultaat van de 
heterogeniteit van het landoppervlak wordt pas uniform bij een menghoogte zb. Aan en 
boven zb worden de atmosferische variabelen zoals windsnelheid, luchttemperatuur en 
specifieke vochtigheid homogeen. 

De Tegel-benadering (Fig. 3.4, 3.5 en 7.1) en de Menghoogte-benadering (Fig. 3.4, 3.6 
en 7.2) gebaseerd op Landsat-5 (7) TM (ETM), NOAA-AVHRR, SL en ABL waarnemingen 
zijn toegepast om de regionale variabelen van het landoppervlak en de warmtestromingen te 
bepalen boven de heterogene landschappen van de studie gebieden (Hoofdstuk 7). Het 
resultaat van deze analyse en de atmosferische variabelen (aerodynamische ruwheidslengte, 
thermodynamische ruwheidslengte en additionele weerstand voor warmteoverdracht) die in 
Hoofdstuk 6 werden afgeleid, zijn voor beide benaderingen verder toegepast. De resultaten 
van de vergelijking tussen de RS-benadering, de Tegel-benadering en Menghoogte- 
benadering zijn in de Tabellen 7.2 en 7.3 weergegeven. De afgeleide waarden van de 
regionale variabelen en warmtestromingen van het landoppervlak werden ter validatie 
vergeleken met veldwaarnemingen  

De in Hoofdstuk 7 gepresenteerde resultaten tonen het volgende aan. 
— De afgeleide regionale landoppervlak variabelen (oppervlaktereflectie en -temperatuur) 

en oppervlaktewarmtestromingen (nettostraling, bodemwarmte, voelbare en latente 
warmte) over de studiegebieden komen goed overeen met de waargenomen 
karakteristieken van het landoppervlak.  
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— De heterogeneiteit van het landoppervlak leidt tot heel verschillende waardens van de 
landoppervlak-variabelen en –warmtestromingen over de HEIFE-, AECMP ’95 en  
DHEX gebieden. Deze variabelen en warmtestromingen laten in alle 
ruimteverdelingskaarten en frequentieverdeling-histogrammen.uiteenlopende waarden 
zien, die geconcentreerd zijn rond een tweetal relatieve maxima’s. Het eerste maximum 
is aan de oase gerelateerd en de tweede aan de Gobi woestijn (Tabel 7.6). De afgeleide 
waarden van landoppervlak-variabelen en –warmtestromingen in de GAME/Tibet en 
CAMP/Tibet gebieden zijn minder gespreid ten opzichte van de HEIFE-, AECMP ’95 
en  DHEX gebieden (Tabel 7.6). 

— De m.b.v. de Tegel- en de Menghoogte-benadering geschatte regionale landoppervlak 
-variabelen en –warmtestromingen wijken (zie Eq. 5.18) bij de meetplaatsen (Eqs. 7.4, 
7.6, 7.8, 7.10 en 7.13) minder dan 10% af van de veldwaarnemingen. Met andere 
woorden: de met de Tegel- en de Menghoogte benadering verkregen regionale 
verdeling van land oppervlak -variabelen en –warmtestromingen over heterogene 
landschappen zijn nauwkeuriger dan de met de RS benadering verkregen schattingen. 
Dit betekent dat de Tegel- en de Menghoogte-benaderingen toegepast kunnen worden 
om nauwkeurig de warmetestromen boven het regionale landoppervlak van de 
heterogene landschappen van ariede en de hooggelegen gebieden. te schatten. 
 
Conclusies: 

1) De in dit proefschift beschreven parameterisaties om voor heterogene 
landschappen warmtestromingen aan het landoppervlak te bepalen m.b.v. 
satelliet-, SL- en ABL-waarnemingen overbruggen inderdaad het gat tussen de 
lokale/puntwaarnemingen en grote lengteschaalvan deze landschappen.  

2)  De Tegel- en de Menghoogte-benadering kunnen nauwkeurig worden toegepast 
boven heterogene landschappen.  

 

Perspectieven voor toekomstig onderzoek 
 

In dit proefschrift zijn de voorgestelde Tegel-, Menghoogte- en de RS-benadering 
toegepast op een vijf-tal verschillende experimenten. Voor het beter begrijpen van de 
warmteuitwisseling tussen heterogene landschappen en de atmosferische laag daarboven, 
zijn meer SL- en ABL-waarnemingen noodzakelijk.. Bovendien zou een meer systematisch 
gebruik van meteorologische en remote sensing waarnemingen dienen te worden gemaakt, 
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teneinde het dagelijks-, seizoens en zelfs inter-jaarlijks verloop van regionale 
warmtestromingen aan het landoppervlak nog beter te kunnen bestuderen. 
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