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Summary

The energy and water cycle over the Tibetan Plateau play
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. Using field obser-
vational data observed from the GAME=Tibet (GEWEX
(Global Energy and Water cycle Experiment) Asian
Monsoon Experiment on the Tibetan Plateau) and the
CAMP=Tibet (CEOP (Coordinated Enhanced Observing
Period) Asia-Australia Monsoon Project (CAMP) on the
Tibetan Plateau), some results on the local surface energy
partitioning (diurnal variation, inter-monthly variation and
vertical variation etc.) are presented in this study.

The study on the regional surface energy partitioning is of
paramount importance over heterogeneous landscape of
the Tibetan Plateau and it is also one of the main scientific
objectives of the GAME=Tibet and the CAMP=Tibet. There-
fore, the regional distributions and their inter-monthly varia-
tions of surface heat fluxes (net radiation flux, soil heat flux,
sensible heat flux and latent heat flux) are also derived by
combining NOAA-14=AVHRR data with field observations.
The derived results were validated by using the ‘‘ground
truth’’, and it shows that the derived regional distributions
and their inter-monthly variations of land surface heat fluxes
are reasonable by using the method proposed in this study.

Further improvement of the method and its applying field
were also discussed.

1. Introduction

As the most prominent and complicated terrain on
the globe, the Tibetan Plateau (Ye and Gao, 1979;
Ye, 1981; Ye and Wu, 1998; Yanai et al., 1992),
with an elevation of more than 4000 m on average
above mean sea leave (msl) makes up approxi-
mately one fourth of the land area of China.
Long-term research on the Tibetan Plateau have
shown that the giant prominence exerts thermal
effects on the atmosphere, thus greatly influencing
circulations over China, Asia and even the globe
(Ye and Gao, 1979; Ye, 1981; Ye and Wu, 1998;
Yanai et al., 1992; Ma et al., 2002a; Ma and
Tsukamoto, 2002b). Due to its topographic char-
acter, the plateau surface absorbs a large amount of
solar radiation energy (much of which is redistrib-
uted by cryospheric processes), and undergoes dra-
matic seasonal changes of surface heat and water
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fluxes (Ye and Gao, 1979; Ye and Wu, 1998; Yanai
et al., 1992). The lack of quantitative understand-
ing 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, it has
increased the number of land surface processes
studies over the Tibetan Plateau in the past 30
years. But the previous experiments were only car-
ried out in a short period and the observational
items were limited, and the previous investigations
were only in summer period and on some points or
local level (Zhang et al., 1988; Ye and Wu, 1998;
Ma et al., 2002a; Ma and Tsukamoto, 2002b).

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) and the CAMP=
Tibet (CEOP (Coordinated Enhanced Observing
Period) Asia–Australia Monsoon Project (CAMP)
on the Tibetan Plateau, 2001–2005) have been
done successfully in the past 7 years. A large
amount of data has been collected, which is the
best data set so far for the study of energy and
water cycle over the Tibetan Plateau. It gives us
a chance to investigate the energy and water cycle
over the Tibetan Plateau in detail.

The purpose of this study is to analyze the
characteristics of local and regional surface
energy partitioning by using the field observa-
tional data and NOAA-14=AVHRR data col-
lected during the GAME=Tibet and the CAMP=
Tibet.

2. Experiment

The field experiments of GAME=Tibet and
CAMP=Tibet will be introduced in this section.

2.1 Experiment of the GAME=Tibet

The overall goal of the GAME=Tibet is 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 the
GAME=Tibet are 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 is an inter-disciplinary, coordinated effort
by filed scientists, modelers and remote sensing
scientists in meteorology and hydrology to ad-
dress these objectives.

Figure 1a is the sites layout during IOP of the
GAME=Tibet. A meso-scale observational net-
work (150� 250 km, 91�–92.5� E, 30.5�–33� N)
was implemented in the central plateau: (1)
Anduo PBL station (91� 3703000E, 32� 1402800N,
elevation: 4700 m). A PBL tower (17 m, wind
speed, wind direction, air temperature and humid-
ity at three-levels), radiation observational
system, the turbulent flux measurements (sonic
anemo-thermometer), soil temperature and moist-
ure measurement, radio sonde observation system
etc. have been set up in this station; (2) AWS net-
works. Five AWS (Automatic Weather Station,
D66, TTH, Naqu, D110, MS3608) and two sets
of flux-PAM (Portable Automated Meso-net,
MS3478-NPAM and MS3637-SPAM) stations
have been deployed along the Tibetan (Qinghai-
Xizang) high way; (3) A basic PBL observa-
tional station (NaquFx). A PBL tower (3.5 m,
four-levels), radiation observational system, the
turbulent flux measurements (sonic anemo-ther-
mometer), soil temperature, moisture measure-
ment and soil water content have been set up in
this station in 1998; (4) Barometer network (nine
sites: Anduo, AQB, Naqu, Noda, North-mt,
South-mt, Sexi, Ziri, Wadd), the ground truth
observation sites for validation of satellite data,
the sampling network for isotope study on water
cycle; (5) Soil temperature and soil moisture net-
work (SMTMS). Nine SMTMS sites (D66, TTH,
D110, WADD, NODA, Anduo, MS3478, MS3608
and MS3637) have been deployed along the
Tibetan high way; (6) Three-dimensional Doppler
radar and precipitation gauge network. The
Doppler radar system has been deployed about
10 km south of Naqu in 1998 (91� 5602000E,
31� 2205900N). Seven rain gauges were set up
around the radar station; (7) Precipitation gauge
net (D110, WADD, NODA, AQB, MS3478,
MS3543, Zuri, NaquFx, MS3608, Naquhy,
NaquRS and MS3637) has been deployed along
the Tibetan high way; and (8) two radio-sonde
observational systems were set up in Anduo
PBL station and Naqu Meteorological Bureau.
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Fig. 1. The geographic map and the sites layout during the GAME=Tibet and the CAMP=Tibet



The IOP of GAME=Tibet has been done success-
fully during May through September 1998.

2.2 Experiment of the CAMP=Tibet

The objectives of CAMP=Tibet are: 1) Quantita-
tive understanding of an entire seasonal hydro-
meteorological cycle including winter processes
by solving surface energy ‘‘imbalance’’ problems
in the Tibetan Plateau; 2) Observation of local
circulation and evaluation of its impact on pla-
teau scale water and energy cycle; and 3) Estab-
lishment of quantitative observational methods
for entire water and energy cycle between land
surface and atmosphere by using satellites.
To achieve the scientific objectives of CAMP=
Tibet, a meso-scale observational network (150�
250 km, 91�–92.5� E, 30.7�–33.3� N) were imple-
mented in the central plateau (Fig. 1b): 1) A
basic observational station (BJ). A flux measur-
ing tower (20 m, two levels), a Sky Radiometer, a
LIDAR system, a Wind Profiler and RASS, a
radio sonde system, and 4 AWSs have been set
up at this station; (2) AWS networks. Six AWS
(D105, D110, MS3478, BJ, MS3608 and ANNI)
stations have been deployed in this area; (3)
Soil moisture and soil temperature (SMTMS)
networks. Seven SMTMS sites (D105, D110,
Anduo, BJ, MS3608, ANNI and MS3637) have
been deployed in this area; (4) Two deep soil
temperature measurements were put in D105 and
NaquDS (nearby the BJ basic station); (5) Anduo
PBL station (91� 3703000E, 32� 1402800N). A PBL
tower (17 m, wind speed, wind direction, air
temperature and humidity at three-levels) and
radiation observational system have already been
continued for 6 years from 1997 and will be
continued for another two years till the end of
2005. The enhanced automated observing period
(EAOP) and IOP of the CAMP=Tibet have been
started from October 1, 2002 and will be contin-
ued to September 30, 2004.

3. Data analysis and results

3.1 Diurnal and inter-monthly variation
of local land surface heat fluxes

The field data observed at three AWS stations
(D105, BJ and MS3478) of the CAMP=Tibet
under the clear day will be used in this section.

The reason is that each component of surface
radiation budget (downward short wave and long
wave radiation and upward short wave and long
wave radiation) and land surface heat flux budget
(net radiation flux, soil heat flux, sensible heat
flux and latent heat flux) will be in truth-value
under the condition of clear day, and fortunately,
there is one clear day each month at least
during the measurement period. The geographi-
cal coordinates of three AWS stations are, D105:
(91� 5402200E, 33� 40200N), BJ: (91� 4805900E,
31� 1804200N) and MS3478-NPAM: (91� 4201000E,
31� 5401500N). The elevations of three AWS
stations are, D105: 5020 m, BJ: 4580 m and
MS3478-NPAM: 5063 m. The selected data pe-
riod is from September 2000 to August 2001.

3.1.1 Local radiation energy budget

Figure 2 gives the diurnal variation and inter-
monthly variation curves of each component of
surface radiation budget in the stations (D105, BJ
and MS3478) of the CAMP=Tibet, including
downward short wave radiation (SD), downward
long wave radiation (LD), upward long wave
radiation (LU) and upward short wave radiation
(SU). One clear day data was selected in each
month, and the point of the diurnal cycle for
one month stops and the next month starts was
just at the center of between two days curves in
Fig. 2. It can be seen that: 1) The inter-monthly
variation of the downward short wave radiation
was very obvious. The summer values were
larger than those in winter, and it reach the
minimum value around December. Although the
downward long wave radiation, the upward long
wave radiation and upward short wave radiation
had different values in different months, their
inter-monthly variations were not clear; 2) The
diurnal variations of downward short wave radia-
tion, upward short wave radiation and upward
long wave radiation were very obvious, and the
diurnal variation of downward long wave radia-
tion was not clear. It means that when the sun
rises at around 0800 BT (Beijing Time) in the
morning, they increase with the increasing of
solar altitude angle, and the maximum value
appears at about 1300 BT, then they decrease
with the decreasing of solar altitude angle.
Downward and upward short wave radiations
become zero and negative at about 2000 BT in
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the nightfall; 3) The downward short wave radia-
tion (SD) reaches about 1200 W=m2 or more at
local noon on fine days in summer. The transmis-
sion 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% great than those observed at the typical
sea level station. It is due to the high altitude of
the site, thus a shallower atmospheric layer
between the top of the atmospheric and the
ground surface.

3.1.2 Local land surface energy budget

Using data observed at three AWS stations
(D105, BJ and MS3478) of the CAMP=Tibet,
the turbulent fluxes will be determined as

sensible heat flux H ¼ �CpCHNðuz � usÞ
� ðTsfc � TzÞ; ð1Þ

latent heat flux LE ¼ �LCENðuz � usÞðqsfc � qzÞ
¼ H � B�1; ð2Þ

Bowen ratio B ¼ H

LE
¼ CpðTz1

� Tz2
Þ

Lðqz1
� qz2

Þ ; ð3Þ

where � is air density, Cp is air specific heat at
constant pressure, L is latent heat of vaporization,
E is evaporation flux, uz, Tz and qz are wind
speed, air temperature and specific humidity at
the height z; us, Tsfc and qsfc are wind speed, air
temperature and specific humidity on the land
surface; CHN and CEN are the bulk transfer coef-
ficients in the neutral state. Normally, CHN and
CEN are taken to be identical in the neutral state,
and

CHN ¼ k2

½lnðz=z0mÞ�2
; ð4Þ

Fig. 2. The inter-monthly varia-
tions of radiation fluxes in the
Tibetan Plateau area
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where k is von Karman constant, and zom is aero-
dynamic roughness length. zom over the Tibetan
Plateau area can be determined by using the tur-
bulence data observed with a sonic anemometer–

thermometer, PBL tower data and AWS data
(Ma et al., 2002a; Ma and Tsukamoto, 2002b).

Figure 3 shows the diurnal variations and inter-
monthly variations of surface heat fluxes at the

Fig. 3. The diurnal variation and inter-monthly variation of land surface heat fluxes at the CAMP=Tibet stations
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stations (D105, BJ, and MS3478) of the
CAMP=Tibet, including net radiation flux (Rn),
sensible heat flux (H), latent heat flux (LE) and
soil heat flux (G0). One clear day data was
selected in each month, and the point of the diur-
nal cycle for one month stops and the diurnal
cycle for the next month starts was just at the
center of between two days curves in Fig. 3.
The results show that: 1) The diurnal variations
for surface heat fluxes in the Tibetan Plateau area
are very clear. Net radiation flux in each month at
MS3478 station is larger than that at D105 station
and BJ station due to the good vegetation cover-
age at this station (lower up-ward long wave
radiation); 2) Sensible heat and latent heat fluxes
play different roles in the partition of net radiation
flux in different month 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; 3) The surface
energy budget was, however, not well closed from
the observed data. CR ¼ ðH þ LEÞ=ðRn � G0Þ,
the present results show CR¼ 0.7 and sometimes
as low as 0.67. This kind of ‘‘imbalances’’ was
also found not only from PBL data analysis, but
also from sonic-anemometer data analysis (Ma
et al., 2000; Tanaka et al., 2001). And the ‘‘imbal-
ance’’ is larger in summer than in winter. There
are various possibilities for this ‘‘imbalance’’:
a) measurement problems (Ma et al., 2000);
b) advections around the experimental stations
(Ma et al., 2000); c) there exist a discussion that
a very weak systematic vertical flow can cause
such an imbalance (Lee, 1998).

3.2 Vertical variation of local surface
heat fluxes

Turbulence data observed with two sonic
anemometer–thermometer (Kaijo-Denki DAT-
300, path 20 cm) and two LICOR-7500 hygrom-
eter (LI-COR, inc.) on two levels (3 m and 20 m)
at BJ station of the CAMP=Tibet was processed
using the eddy correlation methodology. Some
main calculation equations are

Sensible heat flux : H ¼ �CPw0T 0

¼ ��CPu�T�; ð5Þ

Latent heat flux : LE ¼ L�w0q0

¼ �L�u�q�; ð6Þ

Friction velocity : u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j� u0w0j

q
; ð7Þ

Characteristic temperature : T� ¼ �w0T 0

u�
; ð8Þ

Characteristic specific humidity : q� ¼ �w0q0

u�
;

ð9Þ

Stability parameter : � ¼ � zTu�3

kgw0T 0

¼ � zTu�3�CP

kgH
: ð10Þ

where u0, w0, T 0, q0 are the fluctuation of horizon-
tal wind speed, vertical wind speed, air tempera-
ture and specific humidity, T is air temperature,
and g is gravitational acceleration.

Figure 4 shows the diurnal variations of sensi-
ble heat flux and latent heat flux on two levels
(3 m and 20 m) in Jun. 24 and Aug. 24, 2002 at
BJ station. The results show that the fluxes vary
by less than 10% of their magnitude with the
height over the Tibetan Plateau area. It means
that surface layer over the Tibetan Plateau is a
constant flux layer. Therefore, Monin-Obukhov
similarity can be used to this area.

3.3 The distribution and inter-monthly
variation of regional land
surface heat fluxes

The study on the regional surface energy parti-
tioning and its inter-monthly variation is of para-
mount importance over heterogeneous landscape
of the Tibetan Plateau and it is also one of the
main scientific objectives of the GAME=Tibet
and the CAMP=Tibet. Therefore, we will try to
derive the regional land surface heat fluxes by
using the NOAA-14=AVHRR data and the field
observational data here. Here, ‘‘Regional’’ land
surface heat fluxes are not ‘‘aggregated’’ fluxes
(Batchvarova et al., 2001), but surface fluxes
fields or surface heat fluxes on each pixel of
NOAA-14=AVHRR data.

The general concept of the methodology is
shown in a diagram (Fig. 5). The surface reflec-
tance for short-wave radiation (r0), land surface
temperature (Tsfc), are retrieved from NOAA-
14=AVHRR data with the atmospheric correction
by using radiative transfer model MODTRAN
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(Berk et al., 1989) and aero logical observational
data. The radiative transfer model also computes
the downward short- and long-wave radiation at

the surface. With these results the surface net
radiation (Rn) is determined. The soil heat flux
(G0) is estimated from Rn, Tsfc, r0 and MSAVI

Fig. 5. Diagram of parameterization procedure combining NOAA-14=AVHRR data with field observations

Fig. 4. The diurnal variations of sensible heat fluxes and latent heat flux on two levels (3 m and 20 m) in Jun. 24 and Aug. 24,
2002 at BJ station of the CAMP=Tibet
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(Modified Soil Adjusted Vegetation Index, Qi
et al., 1994) which is also derived from NOAA-
14=AVHRR data. Sensible heat flux (H) is esti-
mated from Tsfc, surface and aero logical data
with the aid of so called ‘blending height’
approach (Mason, 1988).

3.3.1 Net radiation

The regional net radiation flux is expressed as

Rnðx; yÞ ¼ ð1 � r0ðx; yÞÞ � K#ðx; yÞ þ L#ðx; yÞ
� "0ðx; yÞ�Tsfc4ðx; yÞ; ð11Þ

where � is Stefan Boltzmann constant and sur-
face reflectance r0(x, y) is derived from the
channel-1 and -2 of NOAA-14=AVHRR data
with the models of Paltridge and Mitchell
(1990) and Valiente et al. (1995). Surface reflec-
tance of each pixel r0(x, y) should be considered
as an effective reflectance, it is not only a func-
tion of the surface coverage but also of the solar
elevation angle (Gryning et al., 2001). The surface
emissivity "0(x, y) is a function of the vegetation
coverage, and is also derived from channel 1 and
2 data with the algorithm by Valor and Caselles
(1996). The incoming short-wave radiation flux
K#(x, y) and the incoming long-wave radiation
flux L#(x, y) in Eq. (11) can be derived from
radiative transfer model MODTRAN (Kneizys
et al., 1996) directly. The land surface tempera-
ture Tsfc(x, y) is retrieved from the brightness
temperature of channels four and five of NOAA-
14=AVHRR according to Sobrino and Raissouni
(2000) in this study, i.e.

Tsfcðx; yÞ ¼ T4ðx; yÞ þ 1:40½T4ðx; yÞ � T5ðx; yÞ�
þ 0:28½T4ðx; yÞ � T5ðx; yÞ�2

þ 0:83 þ ð57 � 5WÞð1 � "Þ
� ð161 � 30WÞ�" ð12Þ

where "¼ ("4þ "5)=2, �"¼ "4� "5 (Li and
Becker, 1993), "4 and "5 are spectral emissivity
of channel 4 and channel 5 of NOAA=AVHRR,
T4 and T5 are brightness temperature of channel 4
and channel 5 of NOAA=AVHRR, W is water
vapor content.

3.3.2 Soil heat flux

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

G0ðx; yÞ ¼ �sCs½ðTsfcðx; yÞ � Tsðx; yÞ�=rshðx; yÞ;
ð13Þ

where �s is soil dry bulk density, Cs is soil spe-
cific heat, Ts(x, y) stands for soil temperature of a
determined depth, rsh(x, y) represents soil heat
transportation resistance. However, the regional
soil heat flux G0(x, y) cannot directly be mapped
from satellite observations through Eq. (13) for
the difficulty to determine the soil heat transpor-
tation resistance rsh(x, y) and the soil temperature
at a reference depth Ts(x, y). Many investigations
have shown that the mid-day G0=Rn fraction is
reasonably predicted from special vegetation in-
dices (Daughtry et al., 1990). Some researchers
have shown that G0=Rn¼�(NDVI) (Clothier
et al., 1986; Choudhury et al., 1987; Kustas
and Daughtry, 1990). An improved fraction of
G0=Rn¼�(r0, Tsfc, NDVI) was proposed (Menenti
et al., 1991; Bastiaanssen, 1995). However, prob-
lems exist in the NDVI definition equation
because of the effects of external factors, such
as soil background variations (Huete et al., 1985;
Huete, 1989). In order to reduce the soil back-
ground effect in NDVI, a parameterization based
on MSAVI is proposed over the Tibetan area in
this study as

G0ðx; yÞ ¼ Rnðx; yÞ � ðTsfcðx; yÞ=r0ðx; yÞÞ
� ðaþ br0 þ cr0

2Þ
� ½1 þ dMSAVIðx; yÞe�; ð14Þ

where the constants a, b, c, d and e are deter-
mined by using the field data observed at six
observation stations (AWS110, Anduo, NPAM-
MS3478, Naqu, AWS3608 and SPAM-MS3637)
during the GAME=Tibet IOP; r0 is a daily mean
reflectance value obtained from field observa-
tions. MSAVI (x, y) is derived from the band
reflectance of channel 1 and 2 of NOAA-14=
AVHRR as (Qi et al., 1994)

———————————————————

MSAVIðx; yÞ ¼
2r2ðx; yÞ þ 1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2r2ðx; yÞ þ 1�2 � 8½r2ðx; yÞ � r1ðx; yÞ�

q
2

; ð15Þ
———————————————————
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where r1 and r2 are the band reflectance of
NOAA-14=AVHRR band-1 and band-2 on the
land surface.

3.3.3 Sensible and latent heat fluxes

The sensible heat flux H(x, y) can be derived from

The straightforward way to model sensible
heat flux in a large area is to sum up the contri-
bution from different surface elements. If the
local scale advection is comparatively small, it
is desired that the development of convective
boundary layer may smooth the local heteroge-
neity of surface disorganized variety at so called
‘blending height’, where atmospheric character-
istics become approximately independent of hor-
izontal locations. The corresponding ‘effective’
surface variables can be determined accordingly
(Mason, 1988). This approach has been proved
to be successful to calculate regional averaged
surface fluxes recently (Lhomme et al., 1994;
Bastiaassen, 1995; Wang et al., 1995; Ma et al.,
1999a; Batchvarova et al., 2001; Ma et al., 2002c).
Based on this approach, the regional sensible
heat flux H(x, y) is expressed as

where ZB is blending height, uB and Tair-B are
wind speed and air temperature at the blending
height respectively. ZB, uB and Tair-B are deter-

mined by using field measurements or numerical
models. In this study, these variables will be
determined with the aid of radiosonde measure-
ments. Z0m(x, y) is effective aerodynamic rough-
ness length including the effect of topography
and low vegetation (e.g. grass), and is determined

by the Taylor’s model (Taylor et al., 1989). In
other words, local aerodynamic roughness length
can be determined by using the observed turbu-
lent data (Chen et al., 1993; Ma et al., 2002a),
and Table 1 is local aerodynamic roughness
length at two stations (Anduo and NPAM-
MS3478) derived from turbulent data (in order
to compare each other, local aerodynamic rough-
ness length on other land surface are also given
here). Then, effective aerodynamic roughness
length Z0m(x, y) can be derived by considering
the effect of grass and mountains (Taylor et al.,
1989). The excess resistance to heat transfer,
kB�1, is shown as a function of surface tempera-
ture over Tibetan Plateau area (Ma et al., 2002a).
d0 is zero-plane displacement length, which can
be calculated from Raupach’s model (Raupach,
1994) over this area.  h(x, y) and  m(x, y) are the

integrated stability functions in Eq. (17). They
can be derived by using the models of Paulson
(1970) and Webb (1970).

———————————————————

Hðx; yÞ ¼ �CPk
2uðx; yÞ ½Tsfcðx; yÞ � Taðx; yÞ��

ln
z�d0ðx;yÞ
Z0mðx;yÞ þ kB�1ðx; yÞ �  hðx; yÞ

�
�
�

ln
z�d0ðx;yÞ
Z0mðx;yÞ �  mðx; yÞ

� : ð16Þ

———————————————————

Table 1. Aerodynamic roughness length z0m on different land surface

Anduo NPAM HEIFE
desert

HEIFE
Gobi

HEIFE
oasis

HEIFE
oasis

AECMP’95
oasis

Land surface grass grass sand very sparse bean, wheat, corn, �1.8 m
Characteristics land, �5 cm land, �15 cm desert vegetation �0.4 m �1.0 m
Observational
Height=m 2.90 5.60 2.90 2.90 2.90 2.90 4.90
z0m=m 0.00436 � 0.00564 (May) 0.00267 � 0.00280 � 0.06100 � 0.16800 � 0.30200 �

0.00040 0.0139 (July) 0.0003 0.00030 0.00400 0.03000 0.0200
0.0324 (August)

———————————————————

Hðx; yÞ ¼ �CPk
2uB

½Tsfcðx; yÞ � Tair-B��
ln

zB�d0ðx;yÞ
Z0mðx;yÞ þ kB�1ðx; yÞ �  hðx; yÞ

�
�
�

ln
zB�d0ðx;yÞ
Z0mðx;yÞ �  mðx; yÞ

� ; ð17Þ

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

LEðx; yÞ ¼ Rnðx; yÞ � Hðx; yÞ � G0ðx; yÞ: ð18Þ

3.3.4 Results

It is better to select the satellite data in clear
days to study the distribution and inter-monthly
variation of energy budget components. Unfor-
tunately, it is difficult to select this kind of sat-
ellite data over the Tibetan Plateau area because
of the strong convective clouds when NOAA-
14=AVHRR observation took place (around
local time 1400). Only three scenes of the
NOAA-14=AVHRR could be selected during
the whole IOP of the GAME=Tibet. The scene
of June 12, 1998 was selected as a case of pre-
monsoon and whole meso-scale area. The scenes
of July 16, 1998 and August 21, 1998 were se-
lected as the cases of mid-monsoon and the
post-monsoon. The images around Anduo station
and NPAM station were selected as the com-
parable areas because fluxes measurements using
sonic anemometer-thermometer were undertook
at these two stations. It is also very clear around
these two stations on the images of NOAA-
14=AVHRR.

Figure 6 shows the distribution maps of land
surface heat fluxes around Anduo station and
NPAM-MS3478 station in different months. It
is based on 45 by 40 pixels with a size of
1 km� 1 km2. The land surface heat fluxes
derived from satellite data were compared with
the field measurements at Anduo and NPAM-
MS3478 sites. They are shown in Fig. 7. The
field observational data, which used for valida-
tion here, was just measured at the time of satel-
lite over passed the area or ten minutes averag-
ing value around that time. The mean absolute
percent difference (MAPD) was computed as a
quantitative measure of the difference between
the derived results on No. i point (Hderived(i))
and measured value on No. i point (Hmeasured(i))
of one scene as,

MAPD ¼ 100

n

Xn
i¼1

� jHderivedðiÞ � HmeasuredðiÞj
HmeasuredðiÞ

�
:

ð19Þ
It is seen that: (1) the derived land surface heat

fluxes were in good accordance with the land

surface status. These parameters show a wide
range of variations due to the strong contrast of
surface features in the study area; (2) not only on
June 12, but also on July 16 and August 21, the
derived net radiation flux, soil heat flux and
sensible heat flux were close to the field mea-
surements. The difference between the derived
results and the field observation MAPD was less
than 10%; (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
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 radia-
tion flux was 470 W=m2 over the HEIFE area in
9 July, 1991 and that was 750 W=m2 over the
GAME=Tibet area in 16 July, 1998; (4) the
values of soil heat flux and sensible heat flux in
June over this area were larger than these values
in July and August. Net radiation flux and latent
heat flux in June were lower than their values in
July and August. The reason is that although land
surface in this area is covered by the same grassy
marshland in these days, June 12 was the day
before the Asian monsoon coming, and the land
surface was dry in that day, July 16 and August
21 were within and after Asia monsoon, the land
surface was wet and the grass was high and in
growing; (5) The derived regional soil heat fluxes
based on MSAVI were reasonable in different
months in this area with MAPD less than 10%;
and (6) all elements of heat balance equation at
NPAM site on June 12 well corresponded to the
satellite data. On the other hand, all but latent
heat flux corresponded to the satellite data in
other seasons and other stations. The conclusions
derived from above facts were, (a) net radiation,
sensible heat flux and soil heat flux could be
derived from satellite, (b) in the case of NPAM
on June 12, because the surface energy balanced
in the surface observation so that the latent heat
flux estimated by surface observation well
corresponded to that estimated by the residual of
satellite data analysis. One dimensional energy
budget did not balance due to large error of the
latent heat flux through the surface observation
and advection in this area. The large error of the
measurement on latent heat flux may depend
on the accuracy of the turbulence measurement
sensors (Ma et al., 1999b; Ishikawa et al., 1999;
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Fig. 6. The distribution maps of land surface heat fluxes for the GAME=Tibet area
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Ma et al., 1999c; Ma et al., 2000; Tanaka et al.,
2001). This point and conclusion (a) clearly show
the disagreement of latent heat flux between sur-
face observations and satellite one.

4. Concluding remarks

In this paper, the field experiments of the
GAME=Tibet and the CAMP=Tibet are intro-
duced and some results on the local surface
energy partitioning (diurnal variation, inter-
monthly variation and vertical variation etc.)
are presented by using the field observational
data. The surface energy budget was not well
closed from the observed data. The reason for
this ‘‘imbalance’’ is pointed out, but further sys-
tematic research is necessary to figure out the
cause of surface flux imbalances.

The regional distributions and inter-monthly
variations of land surface heat fluxes (net radia-
tion, soil heat flux and sensible heat flux) over
heterogeneous area of the GAME=Tibet are
derived by using NOAA-14=AVHRR data and
field observations. The results are in good agree-
ment with field observations. The approach of
deriving regional latent heat flux as the residual

of the energy budget may not be a good method
due to the measured ‘‘imbalance’’ of energy and
the strong advection over the study area. Future
improvements are to be made to derive more
accurate regional latent heat flux over such areas.
It is also worth trying SEBS (Su, 2002) to
derived regional land surface heat fluxes, espe-
cially for latent heat flux.

All the results in this paper are gotten from
high elevation area, the Tibetan Plateau. In order
to extend them and the parameterization method
presented here to a broader perspective, the
results gotten in the Tibetan Plateau have to be
compared to them over similar landscape types,
i.e. arctic, sub-arctic and alpine etc., and our
parameterization method should also be used to
the similar landscape types. All these research
will be done in the coming days.
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