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This study is an attempt to apply the surface energy flux computation
algorithm to geostationary satellite data for the Tibetan Plateau to understand
the surface energy budget distribution of sub-plateau scale. It is generally
considered that the sensible heat flux accordingly decreases and the latent
heat flux exceeds the sensible heat flux after the onset of the monsoons since
surface moisture increased gradually. It is apparent from our result that this
dramatic change cannot be seen all over the plateau, but only in the southeast
part of the plateau. In the northwest part of the plateau, sensible heat flux is
always greater than latent heat flux all through the year.

1. Introduction

The Tibetan Plateau is important in the formation of the global climate
and atmospheric circulation in terms of both orographic and thermal
forcing mechanisms.1,2,3,4,5 The plateau surface absorbs the larger amount
of incoming solar energy than its surrounding area, so that it directly heats
the middle of troposphere above it. It is essential to study energy balance
between land surface and atmosphere over the plateau. The quantitative
estimation of thermal effect is required to understand its influence on
regional and global climate. Land surface energy fluxes are important
parameters to discuss thermal effect. Numerous researches6,7 have reported
land surface-atmosphere interaction of the plateau surface based on the
meteorological measurement data obtained form the Global Energy and
Water Cycle Experiment (GEWEX) Asian Monsoon Experiment (GAME)
project and Coordinated Enhanced Observing Period (CEOP) Asia-
Australia Monsoon Project (CAMP) on the Tibetan Plateau. However
these studies contribute to point or patch scale understanding of the energy
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Fig. 1. Location of the study area shown as the dark shaded (above 4,000 m) inside the
thick square (25–40◦E, 80–100◦E). The star indicates a sub-satellite point (equator at
140◦E) of GMS-5.

budget in the limited area over the plateau. Patch scale knowledge from
observation needs to be integrated with a regional scale understanding
of the Tibetan Plateau. Satellite remote sensing offers the possibility of
determining regional distributions of surface meteorological properties.
Furthermore, a strong diurnal variation of those fluxes exists over the
Tibetan Plateau. Therefore, to measure the diurnal cycle, the continuous
data stream of a geostationary satellite is required. We have developed
retrieval algorithm for land surface energy fluxes (net radiation Rn, soil heat
flux G0, sensible heat flux H and latent heat flux λE) using Geostationary
Meteorological Satellite (GMS)-5 data.8 In this study, the horizontal
distribution of these fluxes across the Tibetan Plateau were calculated by
using this method every an hour in 1998, and the seasonal variation of the
land surface energy budget was presented. The area above 4,000m inside
the thick square depicted in Fig. 1 is defined as the Tibetan Plateau.

2. Data and Retrieval Method

To estimate land surface energy fluxes, Surface Energy Balance System
(SEBS) developed for NOAA9 is applied to GMS data. Rn is estimated as
a budget of shortwave radiation, incoming longwave radiation from the air
at the surface and outgoing longwave radiation from the ground surface.
Rn is estimated as

Rn = (1 − α)R↓
S + R↓

L − εsfcσT 4
sfc, (1)
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where R↓
S is the downward shortwave radiation as a function of the solar

constant, the atmospheric transmittance and local time, α is the surface
albedo, R↓

S is the downward longwave radiation as a function of the
atmospheric temperature, σ is the Stefan–Boltzmann constant, and Tsfc

is the land surface temperature. G0 is estimated using Rn as follows:

G0 = Rn[Γc + (1 − fc)(Γs − Γc)], (2)

where Γs is the ratio between G0 and Rn for bare soil and Γc is the ratio
between G0 and Rn for surface fully covered with vegetation. The fractional
vegetation cover fc is determined using the normalized difference vegetation
index (NDVI). To derive the sensible heat flux H the similarity theory is
used. In a complex landscape there is a height, called the blending height,
where the impact of the underlying surface diminishes. Although there are
various atmospheric profiles over a single pixel of satellite measurement, the
blending-height concept allows one to assume a representative profile over
the complex landscape in the Tibetan Plateau. At the blending height z,
wind speed u and air temperature Tair satisfy the general conditions given
by Monin–Obukhov similarity theory, which is described as

u =
u∗

k
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, (4)

where k is von Kármán’s constant, ρ is the air density, Cp is the specific
heat constant, u∗ is the friction velocity, d0 is the zero-plane displacement
height, z0m is the roughness height for momentum transfer, z0h is the
roughness height for heat transfer, Ψm is the stability correction function for
momentum transfer and Ψh is the stability correction function for sensible
heat transfer. The Monin–Obukhov stability length L is defined as

L = −ρCpTairu
∗3

kgH
, (5)

where g is the gravitational acceleration. Derivation of the sensible heat
flux H using Eqs. (3)–(5) requires only u and Tair at z, as well as Tsfc.
The latent heat flux λE is the residual resulting from an application of the
energy budget theorem to the land surface:

λE = Rn − G0 − H. (6)
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In these fluxes’ retrieval process, Tsfc estimation and cloud removal
have an important part. To obtain the Tsfc distribution over the Tibetan
Plateau, the split-window technique is applied to the radiances of GMS-5
infrared channels.10 This technique utilizes the difference in atmospheric
absorption at two different wavelengths (11 and 12µm) in a radiative
transfer equation. For cloud-free atmosphere under local thermodynamic
equilibrium, the radiative transfer equation is available to derive Tsfc. Tsfc

is determined as follows:

Tsfc = T11 + A(T11 − T12) − B − C(1 − ε) − D∆ε, (7)

where T11 and T12 are GMS-5 brightness temperatures at 11 and
12µm. Here, ε = (ε11 + ε12)/2 is the average emissivity over both
channels, and ∆ε = ε11 − ε12 is the spectral variation in emissivity. The
coefficients A through D consist functions of atmospheric transmittances
and temperatures at both channels. Cloud removal has an important
part in these fluxes’ retrieval process. In this study, 11µm brightness
temperature with a variable threshold technique is used to remove all kinds
of clouds, where as many researchers use a fixed threshold to mainly identify
convective clouds.

Figure 2 shows the process flowchart of the method used in this study.
Surface parameters (Tsfc, α, ε and NDVI) are calculated from satellite

Fig. 2. Flowchart for estimating the surface energy fluxes from the GMS data.
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measurements. α, ε and NDVI do not change inter-diurnal scale severely,
but change intra-seasonal scale, so in this study, these are estimated
from NOAA data as 10 days mean. However, atmospheric parameters
(u, Tair and z) can be obtained by neither GMS nor NOAA satellite
measurements. These are obtained from the 40 year of reanalysis data
from the European Centre for Medium-Range Weather Forecasts (ERA-40).
Both parameters in grid format with a longitude and latitude resolution 0.1◦

were interpolated from the original data. The detailed model evaluation has
been done and presented in our previous studies.8,10

3. Result and Remarks

The seasonal variation of land surface energy fluxes on the Tibetan Plateau
was analyzed using the hourly dataset obtained by GMS-5 observations.
Spatial distributions of monthly mean the Bowen ratio (the ratio of H

to λE) are shown in Fig. 3. Except for monsoon period, monthly mean
H is always lager than λE (Bowen ratio is larger than 1) all over the
plateau. During monsoon period, λE becomes greater than or equal to H

in the southeastern part of the plateau, while H still dominates in the
northwestern part of the plateau.

Fig. 3. Spatial distributions of the monthly mean Bowen ratio in 1998 over the Tibetan
Plateau.



May 3, 2010 11:41 AOGS - AS 9in x 6in b951-v16-ch13

152 Y. Oku and H. Ishikawa

According to the previous studies based on surface measurement,6,7 the
daytime H is lager than λE during dry (non-monsoon) period. After the
onset of the monsoon, H accordingly decreases and then λE exceeds H since
surface moisture increased gradually because of increased precipitation.
Finally, λE dominates during monsoon period. This dramatic change can
be seen only in the surface measurement stations located across the eastern
part of the plateau. The western part of the plateau belongs to arid and
semi-arid areas. Since there are fewer mounts of precipitation than in the
eastern part of the plateau, little water is available for evaporation, even
during monsoon period. λE increases temporally when precipitation occurs,
but λE might not dominate.11 In the northern part of the plateau, few
stations are available to monitor the surface energy budget, so its behavior
is unknown clearly.

The present result is not only consistent with the previous works,
but also significant in terms of being obtained from satellite data which
are superior to ground-based measurements in spatial representativeness.
The monthly mean values of Bowen ratio are thought to be distributed
inhomogeneously over the complex landscape over the plateau. For example,
the value of Bowen ratio becomes less than 1 over most of the southeastern
part of the plateau after the onset of monsoon, but it is apparent from
Fig. 3 that the area Bowen ratio greater than 1 locally exists. It might
be difficult to detect this heterogeneous distribution by only using surface
measurement data.

Utilizing the surface energy fluxes data used in this study, it will be
expected that a better quantitative understanding of the interactions
between the land surface and the atmosphere over the Tibetan Plateau
can be obtained. For example, the heat source Q1 and the moisture sink
Q2

2 can be obtained from the reanalysis data as an index of the heat budget
over the troposphere and across the plateau. In comparing Q1 and Q2

with the land surface energy fluxes, the atmospheric heat budget from the
ground surface to the atmosphere can be quantified for a diurnal-seasonal
time period as the next step of our study. The resent study12 suggested that
the heated air near the surface is transported upward by moist convection
with its mixing layer and it rises upper tropospheric temperature over the
plateau. H is one of the most important key parameters to develop the
mixing layer. Combining our products with results from various numerical
simulations, it might be able to reveal the relationship between them.
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