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Abstract The exchange of heat between the land surface and atmosphere over the Tibetan Plateau area plays 
an important role in the Asian monsoon system, which in turn is a major component of both the energy and 
water cycles of the global climate system. Its study is also regarded as the main task in the CEOP 
(Coordinated Enhanced Observing Period) Asia-Australia Monsoon Project (CAMP) on the Tibetan Plateau 
(CAMP/Tibet, 2001–2005). Firstly, the field experiments of the CAMP/Tibet are introduced and some 
results on the local energy partitioning (the diurnal variations and inter-monthly variations of radiation 
energy budget, land surface energy budget and land surface heating field) are presented in this study. The 
study of the regional distribution of land surface heat fluxes is of paramount importance over the 
heterogeneous landscape of the Tibetan Plateau and is also one of the main scientific objectives of the 
CAMP/Tibet. Therefore, the regional distributions and their inter-monthly variations of surface heat fluxes 
(net radiation flux, soil heat flux, sensible heat flux and latent heat flux) are also presented here by 
combining five Landsat-7 ETM images and one NOAA/AVHRR image with the field observations. The 
derived results were validated by using the “ground truth”, and it shows that the regional distributions and 
their inter-monthly variations of land surface heat fluxes derived using the method in this study are 
reasonable. Further improvement of the method and its field of application are also discussed. 
Key words  observation platform; satellite data; land surface heat fluxes; heterogeneous landscape;  
northern Tibetan Plateau 
 
 
INTRODUCTION 
As the most prominent and complicated terrain of the globe, the Tibetan Plateau (Ye, 1981; Ye & 
Wu, 1998), with an average elevation of more than 4000 m above mean sea level makes up 
approximately one fourth of the land area of China. Long-term research on the Tibetan Plateau has 
shown that the giant prominence exerts thermal effects on the atmosphere, thus greatly influencing 
circulations over China, Asia and even the globe (Ye, 1981; Ye & Wu, 1998; Ma & Tsukamoto, 
2002). 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. The lack of quantitative understanding 
of interactions between the land surface and atmosphere makes it difficult to understand the 
complete energy and water cycles over the Tibetan Plateau and their effects on the Asian monsoon 
system with numerical models. Therefore, the number of land surface process studies over the 
Tibetan Plateau has increased in recent years. But the previous experiments were only carried out 
over short periods and the observational items were limited, and the previous investigations were 
only made in summer periods and at a few points or at the local level (e.g. Ye & Wu, 1998; Ma & 
Tsukamoto, 2002).   
 The intensive observation period (IOP) and long-term observation of the GAME/Tibet 
(GEWEX: Global Energy and Water cycle Experiment) Asian Monsoon Experiment on the 
Tibetan Plateau, 1996–2000; Ma & Tsukamoto, 2002) and the CAMP/Tibet (CEOP: Coordinated 
Enhanced Observing Period) Asia-Australia Monsoon Project (CAMP) on the Tibetan Plateau, 
2001–2005) have been successfully completed in the past 12 years. A large amount of data has 
been collected, which form the best data set so far for the study of energy and water cycles over 
the Tibetan Plateau. It gives us a chance to investigate the land surface heat fluxes over the Tibetan 
Plateau in detail. 
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 The purpose of this study is to analyse the characteristics of local and regional partitioning of 
the surface energy by using the field observation data, Landsat-7 ETM data and NOAA-14/ 
AVHRR data collected during the GAME/Tibet and the CAMP/Tibet. 
 
 
DESCRIPTION OF EXPERIMENTS  
The objectives of CAMP/Tibet are: (1) quantitative understanding of an entire seasonal hydro-
meteorological cycle, including winter processes, by solving surface energy “imbalance” problems 
in the Tibetan Plateau; (2) observation of the local circulation and evaluation of its impact on the 
plateau-scale water and energy cycle; and (3) establishment of quantitative observational methods 
for the entire water and energy cycle between the land surface and atmosphere by using satellites. 
 To achieve the scientific objectives of the CAMP/Tibet, a meso-scale observation network 
(150 × 250 km, 91°–92.5°E, 30.7°–33.3°N) was implemented in the central plateau (Fig. 1). It 
included: (1) a basic observation station (BJ); a flux measuring tower (20 m), a Sky Radiometer, a 
LIDAR system, a Wind Profiler and RASS, a radiosonde system, and four automatic weather 
stations (AWSs) were set up at this station. (2) AWS networks; six AWS (D105, D110, 
NPAM−MS3478, BJ, MS3608 and ANNI) stations were deployed in this area. (3) Soil moisture 
and soil temperature (SMTMS) networks; seven SMTMS sites (D105, D110, Amdo-Anduo, BJ, 
MS3608, ANNI and MS3637) were deployed. (4) Two deep soil temperature measurement 
equipment sets were put in D105 and NaquDS (near the BJ basic station). (5) Amdo (Anduo) PBL 
station (91°37′30′′E, 32°14′28′′N); a PBL tower (17 m, wind speed, wind direction, air tem-
perature and humidity at three levels) and a radiation observation system were already installed 
and operated continuously for 12 years from 1997, and will be continued for another five years 
until the end of 2010. The enhanced automated observing period (EAOP) and IOP of CAMP/Tibet 
started from 1 October  2002 and were stopped at the end of September 2004.   
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 1 The geographic map and the sites layout during the CAMP/Tibet. 
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IN SITU DATA ANALYSIS  
Diurnal and inter-monthly variation of local radiation fluxes land surface heat fluxes 
The field data observed at three AWS stations (D105, NPAM-MS3478 and BJ) of the 
CAMP/Tibet under clear day conditions will be used in this section.  
 Figures 2 and 3 show the diurnal variation and inter-monthly variations of each component of 
the surface radiation budget (downward shortwave radiation flux (SD), downward longwave 
radiation flux(LD), upward longwave radiation flux(LU) and upward shortwave radiation flux 
(SU)), net radiation flux, sensible heat flux H, latent heat flux λE and soil heat flux G0 at stations 
D105, BJ and NPAM-MS3478 of the CAMP/Tibet. One clear day’s data was selected in each 
month, and the point of the diurnal cycle for one month stops and the next month starts just at the 
centre between the two days’ curves in Figs 2 and 3. The sensible heat flux H, latent heat flux λE 
and soil heat flux G0 at the surface were determined by the combination method (Hu & Qi, 1991), 
which is: 
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where H0 and λE0 are the sensible and latent heat fluxes, which are uncorrected by the 
stratification. λ is latent heat of vaporization, zA is geometric mean value between zi and zi+1, Cs is 
the volumetric heat capacity (Cs = 1.18 × 106 J m-3 K-1 in the study area over the Tibetan Plateau 
(Tanaka et al., 2001) ), T is soil temperature at the observed depth z or surface temperature, t is 
time, Gz is the observed soil heat flux below z from the surface (z = 10 cm was used here), and k is 
the Von-Karman constant (k = 0.4), and the potential temperature (θ) and specific humidity (q) 
are: 
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where Ta is air temperature, p is pressure, e (=E × RH) is vapour pressure, E is saturation water 
vapour pressure, and RH is relative humidity.  
 It can be seen that: (1) The inter-monthly variation of  the downward shortwave radiation flux 
is very obvious. The summer values are much larger than those in winter; the minimum value is 
around December. Although the upward shortwave radiation had different values in different 
months, their inter-monthly variations were not clear. (2) The downward shortwave radiation (SD) 
reaches about 1200 W/m2 or more at local noon on fine days in summer. The transmission rate of 
incoming solar radiation from the top of the atmosphere was estimated as about 85% in cloudless 
conditions. The values are about 10–15% greater than those observed at the typical sea level 
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Fig. 2 The inter-monthly variations of radiation flux at the CAMP/Tibet stations. SD: downward short 
wave radiation flux;  LD: downward long wave radiation flux; LU: upward long wave radiation flux; 
and SU: upward short wave radiation flux. 

 
station. This is due to the high altitude of the sites (the elevation of D105 is 5039 m and 
NPAM−MS3478 is at 4620 m), thus a shallower atmospheric layer between the top of the 
atmosphere and the ground surface. (3) The inter-monthly variation of  the upward longwave 
radiation flux (LU) was obvious. The summer values were larger than those in winter, and it 
reaches the minimum value around December. This means that in summer the surface temperature 
is higher than in winter. Although the values of the downward longwave radiation flux in summer 
are a little higher than those in other months, their inter-monthly variations were not clear.  
(4) The diurnal variations of downward shortwave radiation, upward shortwave radiation and 
upward longwave radiation were very obvious, but the diurnal variation of downward longwave 
radiation was not clear, especially during the pre-monsoon period (October 2002–April 2003). 
(5) The diurnal variation and inter-monthly variation of  the net radiation flux was very obvious. 
The summer values were much larger than those in winter, and it reached the minimum value 
around December. (The net radiation flux reached the minimum value in January 2003 at BJ 
station because snow-ice cover was present at the station and the upward shortwave radiation was 
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Fig. 3 The diurnal variation and inter-monthly variations of land surface heat fluxes at the CAMP/Tibet 
stations. 

 
 
much larger over it, see Fig. 3). (6) Sensible heat and latent heat fluxes play different roles in the 
partition of net radiation flux in different months in the Tibetan Plateau. In other words, sensible 
heat flux plays the main role in winter and latent heat flux plays the main role in summer and 
autumn. 
 
Land surface heating field 
The characteristic of the atmospheric heating from the land surface of the Tibetan Plateau has very 
important effects on the weather and climate processes over the Tibetan Plateau, eastern Asia and 
even the northern part of the globe. Therefore, the study of the surface heating field over the 
Tibetan Plateau area has been a major research topic in recent years. We define the surface heating 
intensity here as: 

EHGR λ+=− 0n                                                                (10) 

It means that the land surface is the heat source to the atmosphere when , otherwise, 
the land surface is a heat sink to the atmosphere when . Figure 4 shows the daily  
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Fig. 4 The diurnal variation and inter-monthly variations of land surface heating density at the 
CAMP/Tibet stations. 

 
 
diurnal variations of the surface heating intensity over the northern Tibetan Plateau area for each of 
the 12 months. It can be seen that: (1) the land surface is a very strong heat source in the day time, 
and it is a weak surface heat sink at night, but the daily mean is of a strong surface heat source.  
(2) The diurnal variation of the intensity of surface heating field is clear. It means that when sunrise 
is around 08:00 (Beijing Standard Time, BST) in the morning, the intensity of the surface heating 
field increases with the increasing of solar altitude angle, and the maximum value occurs at about 
13:00 BST, then it decreases with the decreasing of solar altitude angle. It becomes a surface heat 
sink at about 20:00 BST at nightfall. (3) The surface heating densities in summer are much larger 
than those in winter, and it reaches the minimum value around January. In other words, the surface of 
the Tibetan Plateau is a strong heat source in summer and a weak heat source in winter. 
 
 
THE DISTRIBUTION OF REGIONAL LAND SURFACE HEAT FLUXES 
The study on the regional surface energy partitioning and its inter-monthly variation is of 
paramount importance over the heterogeneous landscape of the Tibetan Plateau and it is also one 
of the main scientific objectives of the GAME/Tibet and CAMP/Tibet programmes. Therefore, 
here we will try to derive the regional land surface heat fluxes by using the Landsat-7 ETM data, 
NOAA-14/AVHRR data and the field observational data. Here, “Regional” land surface heat 
fluxes are not “aggregated” fluxes (Batchvarova et al., 2001), but surface flux fields or surface 
heat fluxes on each pixel of Landsat-7 ETM images and NOAA-14/AVHRR images. 
 The methodology proposed to determine regional land surface heat fluxes over the Tibetan 
Plateau was to use Landsat-7 ETM data, NOAA-14/AVHRR data and field observations (Ma & 
Tsukamoto, 2002; Ma et al., 2002a,b). The surface reflectance for short-wave radiation (r0) and 
land surface temperature (Tsfc), are retrieved from Landsat-7 ETM data and NOAA-14/AVHRR 
data with the atmospheric correction by using the radiative transfer model MODTRAN (Berk et 
al., 1989), a four-stream radiative transfer assumption (Verhoef, 1997) and aerological observation 
data. The radiative transfer model also computes the downward short- and long-wave radiation at 
the surface. With these results the surface net radiation flux (Rn) is determined. The surface soil 
heat flux (G0) is estimated from Rn, Tsfc, r0 and MSAVI (Modified Soil Adjusted Vegetation Index, 
Qi et al., 1994), which is also derived from Landsat-7 ETM data or NOAA-14/AVHRR data. 
Sensible heat flux (H) is estimated from Tsfc, surface and aerological data with the aid of the so-
called “blending height” approach (Mason, 1988), and the regional latent heat flux (λE) can be 
derived as the residual of the energy budget theorem for the land surface. 
 
Results analysis 
It is better to select satellite data for clear days to study the distribution and inter-monthly variation 
of energy budget components. Unfortunately, it is difficult to select this kind of satellite data over 
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the Tibetan Plateau area because of the presence of strong convective clouds when the satellite 
observations took place. Only five Landsat-7 ETM images (9 June 2002, 24 July 2002, 28 August 
2002, 2 December 2002 and 24 March 2003) were suitable during the whole EAOP of the 
CAMP/Tibet, and one NOAA/AVHRR image (12 June 1998) was selected as a case to compare 
with the Landsat-7 ETM (9 June 2002).  
 Using the methodology shown in the previous sections, the regional distributions of land surface 
variables (surface reflectance and surface temperature), vegetation variables (MSAVI, vegetation 
coverage Pv and leaf area index LAI) and land surface heat fluxes were derived. The land surface 
heat fluxes derived from the satellite data were also compared with the field measurements at BJ 
station and ANNI station (see Table 2). The field observation data, which was used for validation 
here, was just measured at the time of satellite over pass, ±10 minutes. The absolute percent 
difference (APD) was computed as a quantitative measure of the difference between the derived 
results at point i (Hderived(i) ) and measured value at point i (Hmeasured(i)) of one scene as:  

)(measured

)(measured)(derived

i

ii

H

HH
APD

−
=                                                           (11) 

The results show that: (1) The derived surface variables (land surface reflectance and surface 
temperature), vegetation variables (MSAVI, vegetation coverage Pv and leaf area index LAI) and 
surface heat fluxes (net radiation flux Rn, soil heat flux G0, sensible heat flux H and latent heat flux 
λE) in five different months over the study area are in good accordance with the land surface 
status. These parameters show a wide range due to the strong contrast of surface features  
(Fig. 1 and Table 1). Surface reflectance, surface temperature and sensible heat flux around the 
lake in the distribution maps are much higher in summer (June, July and August), and at the same 
time, net radiation flux, soil heat flux and latent heat flux are lower in the area. The reason is that 
much of the area around the lake area is desertification grassland. (2) The derived pixel value and 
average values of surface temperature, net radiation flux, soil heat flux and latent heat flux in June, 
July and August are higher than that in December and March. It means that there is much greater 
evaporation in summer than in winter (December) and spring (March) in the northern Tibetan 
Plateau area. And it also illustrates out that the heating density (Rn – G0 = H + λE) in summer is 
much higher than in winter and spring in the northern Tibetan Plateau area, which is same as the 
results shown in Fig. 4. But, the sensible heat flux is the main part of the net radiation flux in 
December and March. (3) During the experimental periods, the derived net radiation flux was 
larger than that in the HEIFE area (Ma et al., 2002b) due to the high altitude (the higher value of 
downward shortwave radiation) and land surface coverage of grassy marshland (the lower value of 
the upward longwave radiation) in this area. For example, the regional average value of net 
radiation flux was 470 W m-2 over the HEIFE area on 9 July 1991, and it was 725 W m-2 over the 
CAMP/Tibet area on 24 July 2001. (4) Although the resolution of Landsat-7 ETM is different to 
the NOAA/AVHRR, the results derived here are also comparable to those derived from NOAA/ 
 
 
Table 1 The distribution ranges of land surface variables, vegetation variables and land surface heat fluxes 
over the CAMP/Tibet area. 
 June July August December March 
MSAVI 0.00~0.372 0.000~0.821 0.000~0.894 0.000~0.394 0.000~0.429 
Pv 0.00~0.86 0.00~0.86 0.00~1.00 0.00~0.86 0.00~0.80 
LAI  0.00~2.57 0.00~2.00 0.00~3.00 0.00~2.80 0.00~2.58 
r0 0.010~0.490 0.010~0.540 0.01~0.540 0.110~0.550 0.001~0.050 
Tsfc  (oC) 0~52 0~57 0~48 –59~18 –20~40 
Rn  (W/m2) 164~774 125~900 151~900 22~550 53~660 
G0 (W/m2) 25~221 0~270 0~245 0~150 0~170 
H (W/m2) 0~450 0~450 0~455 0~347 0~550 
λE (W/m2) 0~550 0~630 0~640 0~155 0~490 
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AVHRR data from around the relatively homogeneous sites of the CAMP/Tibet area. For 
example, the derived results for net radiation flux, soil heat flux, sensible heat flux and latent heat 
flux from Landsat-7 ETM data at the BJ site in June are 562, 105, 163 and 294 W m-2, res-
pectively, and at the same time, the derived values from NOAA/AVHRR data are 578, 108, 178  
and 292 W m-2, respectively. But this should be validated over the heterogeneous sites (e.g. ANNI 
site). Unfortunately, we have no measurements at the ANNI site during the GAME/Tibet period. 
(5) The surface reflectance and surface temperature derived in this research are in good accordance 
with the field measurements with APD less than 9.0% (Table 2). (6) The derived net radiation 
fluxes over the study area are very close to the field measurement with APD less than 8.0% (Table 2). 
(7) The regional soil heat flux derived from equation (15) and the relationship between soil heat 
flux and net radiation flux (Ma et al., 2002a) is suitable for the heterogeneous land surface of the 
CAMP/Tibet area, and the APD is less than 8.0% at validation sites because the relationship itself 
was derived from the same area (Table 2). Finally, (8) the derived regional sensible heat flux and 
latent heat flux (APD less than 9.5% at the validation site) in the CAMP/Tibet area, is in good 
agreement with field measurements (Table 2). It is concluded that the proposed parameterization 
methodology for sensible heat flux and latent heat flux is reasonable, and may be used over the 
northern Tibetan Plateau area.  
 
 
Table 2 Comparison of the derived surface reflectance and surface temperature (Cal.) versus those measured 
values (Meas.) at the CAMP/Tibet site with APD. 

June July August December March r0 (-) 
BJ ANNI BJ ANNI BJ ANNI BJ ANNI BJ ANNI 

Cal. 0.159 0.156 0.196 0.192 0.165 0.182 0.219 0.222 0.220 0.211 
Meas. 0.164 0.161 0.180 0.179 0.174 0.186 0.234 0.239 0.238 0.228 
APD 3.0% 3.1% 8.9% 7.3% 5.5% 2.2% 6.4% 7.1% 7.6% 7.5% 

June July August December March Tsfc  
(0C ) BJ ANNI BJ ANNI BJ ANNI BJ ANNI BJ ANNI 
Cal. 28.0 31.0 28.0 26.0 17.0 16.0 -26.0 -25.0 6.0 5.0 
Meas. 26.5 28.8 28.7 28.2 18.5 17.0 -27.8 -23.6 5.6 4.8 
APD 5.7% 7.6% 2.4% 7.8% 8.1% 5.9% 6.5% 5.9% 7.1% 4.2% 

June July August December March Rn  
(W m-2) BJ ANNI BJ ANNI BJ ANNI BJ ANNI BJ ANNI 
Cal. 562 565 644 667 540 684 380 403 413 548 
Meas. 540 542 624 633 506 662 357 385 385 520 
APD 4.1% 4.2% 3.2% 5.4% 6.7% 3.3% 6.4% 4.7% 7.3% 5.4% 

June July August December March G0  
(W m-2) BJ ANNI BJ ANNI BJ ANNI BJ ANNI BJ ANNI 
Cal. 105 104 150 147 154 152 74 73 85 83 
Meas. 98 99 140 142 147 142 69 68 79 78 
APD 7.1% 5.1% 7.1% 3.5% 4.8% 7.0% 7.2% 7.4% 7.6% 6.4% 

June July August December March H 
(W m-2) BJ ANNI BJ ANNI BJ ANNI BJ ANNI BJ ANNI 
Cal. 163 152 247 236 191 205 239 310 247 364 
Meas. 157 158 255 248 216 211 234 326 257 345 
APD 3.8% 3.8% 3.1% 3.2% 6.9% 2.8% 2.1% 4.9% 3.9% 5.5% 

June July August December March λE   
(W m-2) BJ ANNI BJ ANNI BJ ANNI BJ ANNI BJ ANNI 
Cal. 294 309 247 284 195 327 67 20 81 101 
Meas. 284 283 226 265 190 350 62 19 76 99 
APD 3.5% 9.2% 9.3% 7.2% 2.6% 6.6% 8.1% 5.3% 6.6% 2.0% 
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CONCLUDING REMARKS 
In this paper, the field experiments of the GAME/Tibet and the CAMP/Tibet are introduced and 
some first results on the local energy partitioning (the diurnal variations and inter-monthly 
variations of radiation energy budget, land surface energy budget and land surface heating field) 
are obtained. The regional distributions and inter-monthly variations of land surface heat fluxes 
(net radiation, soil heat flux and sensible heat flux) over the heterogeneous area of the 
CAMP/Tibet and GAME/Tibet are also derived by using Landsat-7 ETM data, NOAA-
14/AVHRR data and field observations. The results are in good agreement with the field 
observations. In other words, the regional land surface heat fluxes over the heterogeneous 
landscape can be determined by using the satellite remote sensing and the atmospheric boundary 
layer observations. 
 All the results in this paper were only obtained from the meso-scale area over the Tibetan 
Plateau. In order to up-scale the land surface heat fluxes to all of the heterogeneous landscapes of 
the Tibetan Plateau area, more field observations and more satellite data should be used in the 
future. The proposed parameterization method should also be improved to determine the regional 
land surface heat flux over whole Tibetan Plateau area. 
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