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1. INTRODUCTION

Atmospheric diabatic heating is the major
driving force of the general circulation of the at-
mosphere. The terrestrial environment of Mon-
soon Asia is deeply influenced by the monsoon
circulation specific to this area. The intensity
of the monsoon circulation, which consists of
the annual cycle by definition, varies over the
wide range of time spectrum, including intrasea-
sonal, semiannual, biennial, interannual, and in-
terdecadal time scales. The interdecadal vari-
ation in the intensity of the monsoon circula-
tion is an important factor in the recent global
change study to be pursued.

The intensitv of the monsoon circulation,
however, is difficult to define. One may define
the intensity in terms of a monsoon index such
as the total amount of precipitation over India
(see Parthasarathy, 1991), since the intensity of
the thermal convection induced by the ocean-
continent heat contrast has a high correlation
with the amount of precipitation. One may de-
fine the intensity by the magnitude of divergence
at the tropopause level over Tibettern Plato as
is directly linked with the intensity of the mon-
soon thermal convection. The wind shear be-
tween 350 and 200 hPa over East Asia or the in-
tensity of the Tibettern high at 200 hPa, or the
magnitude of velocity potential over southeast
Asia are the candidate of the suitable monsoon
index. However, each of these indices has merit
and defect as demonstrated by the relatively low
time correlation among these indices.

Probably, one of the most fundamental pa-
rameters for the monsoon index is the total
amount of the diabatic heating over this region.
The heat contrast between the Monsoon Asia

and surrounding oceans should be the direct
driving force of the monsoon circulation. Hence,
measuring the diabatic heating over this region
and analysis of its interannual variability are the
first step to assess the the terrestrial environ-
ment of Monsoon Asia.

This study evaluates the diabatic heating
field over the globe by means of the residual
method with the first law of the thermodynamic
equation. We utilized the global reanalysis pro-
vide by the National Center for Environmental
Prediction (NCEP). The vertical velocity is es-
timated by a unique method developed in this
study based on the 3-D normal mode expansion.
The characteristic distributions of the heating
field and the annual variation are quantitatively
presented.

2. METHOD AND DATA

In this study, the diabatic heating g is
evaluated by the residual of the following heat
budget equation (refer to Tanaka and Milkovich
1990):
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Here, the left hand side denotes local time
change of enthalpy, ¢,T', the right hand side rep-
resents its advection, adiabatic heating, and dia-
batic heating. The parenthesis designates static
stability parameter in the pressure coordinate.
When the vertical p-velocity, w, is positive, the
downward motion causes adiabatic compression
to raise temperature uader the stable stratifi-
cation with positive static stability. On the
contrary, the upward motion with negative w
causes audiabatic expansion to decrease temper-



ature. Note that all the variables, such as tem-
perature T, pressure p, horizontal wind V, are
observed quantity, except for w and ¢ which are
diagnostically evaluated. Therefore, we need to
calculate w first from the observed quantities to
obtain ¢ as the residual balance of the equation.

In this study, we have developed a new
spectral method to calculate w by expanding the
state variable in 3-D normal mode functions as
follows:
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is the state variable vector with horizontal wind
velocity u,v and geopotential deviation from the
reference state ¢ as functions of longitude A, lat-
itude 8, pressure p and time ¢. The 3-D Fourier
expansion coefficient w,,, has triple subscripts
of zonal, meridional and vertical wavenumbers,
respectively. The expansion basis function Il m
is a tensor product of vertical structure functions
Gm and Hough functions. The dimensional fac-
tor matrix X,, contains proper scale parameters
involving the separation constant of the equiva-
lent depth hn,. The equations (2) and (3) con-
struct a pair of Fourier transforms in the 3-D
spectral domain.

Once the expansion coefficient wpim is ob-
tained, the vertical motion w may be calculated
by the synthesis, corresponding to the inverse
transform:
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where  is the angular speed of Earth’s rota-
tion, ¢ the gravity acceleration, R the gas con-
stant of dry air, v the static stability parameter,
Tnim the eigenfrequency of Laplace’s tidal equa-
tion, and Zyn, the geopotential component of
the Hough function.

The twice daily (0000 and 1200 GM'L)
NCEP global reanalysis with 1w, v,w. T, ¢ are de-
fined at every 2.5 by 2.5 degree grid points over
L7 vertical levels from 1000 to 10 hPa. Although
w is provided in the NCEP reanalysis, it is used

only for the reference, but not for the heat bud-
get analysis, since the NCEP w appears to bal-
ance with the model’s q. Model’s ¢, although it
is also provided, is used only for the reference
since it is highly model dependent and possibly
an artifact of the model product.

3. RESULTS

Figure 1 illustrates global distribution of
diabatic heating evaluated by the present nor-
mal mode method and averaged for December
1992 to February 1993 (DJF). The values (W
m™2) are the vertical mass integral up to 10 hPa.
Over Asian continent the diabatic heating indi-
cates negative values of approximately -200 W

m~2. Large negative value exceeding -400 W

m~2 is detected at the Northwest Territory in
Canada and the negative values extend to the
North America. Characteristic positive values of
200 W m™~? are seen over the western North Pa-
cific and North Atlantic Oceans. In the tropics,
small scale features dominate, indicating large
positive and negative heating fields along the
equator. Evidently, ocean is the heat source and
continent is the heat sink for the northern win-
ter.

Figure 2 illustrates the global distribution
of the diabatic heating averaged for June to Au-

“gust 1993 (JJA). Large heat source is detected

over India, exceeding 400 W m~2 corresponding
to the latent heat release associated with the
Indian summer monsoon. The heating area is
restricted within a rather small area, extending
from northeast to southwest. Large cooling re-
gions are attached along both the eastern and
western sides of the major heating area over In-
dia. Another large positive value exceeding 200
W m~2 is seen over China and Indochina Penin-
sula. Eastern Pacific is characterized by appar-
ent cooling both in the northern and southern
Pacific. In contrast, the western Pacific indi-
cates large positive values, especially over the
tropical western Pacific due to the active cu-
mulus convections. Southern Hemisphere In-
dian Ocean indicates negative values, extend-
ing toward southern part of Australia. Those
results in Figs 1 and 2 are qualitatively in good
agreement with former studies, such as Fortelius
(1989) and Schaack and Johnson (1991), al-



though the detail is rather different.

Figure 3 illustrates the difference between
the DJF and JJA in Figs. 1 and 2, subtract-
ing the former from the latter. We can notice
large positive value over India exceeding 800 W
m~? associated with the Indian summer mon-
soon. The large positive values extend toward
wide areas of China and Indochina Peninsula.
Positive values of 100 W m~2 are located zon-
ally over tropical northern Pacific. Parallel to
this, organized negative values are located over
the tropical southern Pacific associated with the
seasonal excursion of the ITCZ. At the north of
30°N, we can see a clear contrast of negative
values over the Pacific. It is interesting to note
that the heating field associated with Walker cir-
culation is undetectable. Moreover, the land-
ocean heat contrast associated with monsoon is
not evident in low-latitudes at the Pacific sec-
tor. The land-ocean contrast is clearer at the
Indian Ocean sector. The result suggests that
Indian monsoon is closely coupled with the sea-
sonal reversal of Hadley circulation instead of
the land-ocean heat contrast.

Figure 4 illustrates meridional distribu-
tions of the zonal mean diabatic heating for
DJF (solid line) and JJA (dashed line) calcu-
lated from Figs. 1 and 2. The largest heating in
the tropics is associated with the seasonal move
of the ITCZ. In DJF, it is located near 10°S
showing 75 W m~2, whereas the ITCZ moves
to 10°N in JJA indicating a narrow peak of 100
W m~2. Large radiative cooling is seen associ-
ated with the subtropical high pressure belt over
20°N in DJF and 20°S in JJA showing the value
-75 W m~2. Arctic shows large negative values
by the radiative cooling both for DJF and JJA.
Interestingly, Antarctic indicates smaller values
of the radiative cooling compared with the Arc-
tic.

4. SUMMARY AND DISCUSSION

In this study, global distribution of dia-
batic heating was analyzed in terms of a residual
method of the heat balance equation using the
NCEP reanalysis data. The vertical p-velocity
w is computed by means of the 3-D normal mode

expansion method. The results of the global dis-
tributions of heat source and sink are compared
for DJF and JJA in 1993.

The monsoon circulation must be induced,
by definition, by the heating contrast between
land and ocean, and the heating field must be
reversed seasonally. Hadley circulation, on the
other hand, is induced by the meridional heat
contrast which is also reversed seasonally. In
this study we detect the zonally symmetric heat-
ing contrast over Pacific and Indian Ocean sec-
tors associated with the ITCZ. The result sug-
gests that the Indian monsoon is induced, to
large extent, by Hadley circulation over Indian
Ocean. The South Asia is a special area where
the two major driving forces of Hadley and mon-
soon circulations operate simultaneously, rein-
forcing the circulation with each other so that
a strongest convective activity is maintained
there.
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