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The Energetics of Asian Summer Monsoon

P. L. S. Rao!

Abstract—In this paper, we examine the large-scale balances of kinetic energy, vorticity, angular
momentum, heat and moisture over the Asian summer monsoon region. The five year (1986-1990)
uninitialized daily analyses for the summer season comprising June, July and August (JJA), produced at
the European Centre for Medium Range Weather Forecasts (ECMWF) under the aegis of Tropical Ocean
and Global Atmosphere (TOGA) have been considered to carry out the study.

The following features characterize the Asian summer monsoon domain. It acts as the source of kinetic
energy as well as vorticity, and sink of heat and moisture. Kinetic energy and vorticity are produced in the
monsoon region and transported horizontally. On the contrary, heat and moisture are transported into the
monsoon region. The zonal and meridional components of adiabatic generation of kinetic energy
contribute to the production of kinetic energy over the Arabian Sea and Bay of Bengal, respectively. The
horizontal advection of relative vorticity is balanced by sub-grid scale generation. The angular momentum
generated due to pressure torque (east-west pressure gradient) is balanced by the flux convergence of
omega momentum. Further, the angular momentum budget delineates that flux convergence of relative
momentum is necessary to maintain the surface westerlies against the friction. The horizontal convergence
of heat and moisture facilitates enhancement of diabatic heating, and also leads to the formation of
diabatic heat sources, which are crucial to sustain the summer monsoon circulation.

Key words: Monsoon, kinetic energy, heat, moisture, vorticity and angular momentum.

1. Introduction

The Asian summer monsoon represents a longitudinal asymmetric component
of the general circulation of the atmosphere, characterized by periodic reversal of
wind regimes, movements of jet streams and semi-permanent high and low pressure
areas. A well-known basic drive for the monsoon circulation is provided by intense
and persistent differential heating between the land and ocean. The summer
monsoon circulation over the Indian subcontinent and adjoining seas is charac-
terized by convergence of mass and moisture in the lower levels and strong
divergence aloft. The monsoon circulation is triggered by a sequence of events. The
formation of a heat low over northwest India precedes transport of moisture into
the land mass (RAO ef al., 1981). This is followed by convergence of heat
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(MOHANTY et al., 1983). Consequently, both give rise to profound cumulus
convection, which in turn enhances diabatic heating. This enables abundant
generation of available potential energy (APE). The establishment of monsoon
circulation is noted by a sudden and persistent rise in adiabatic conversion of APE
to kinetic energy (MOHANTY et al., 1999) and also evinced by a steep rise in kinetic
energy (KRISHNAMURTI et al., 1981; PEARCE and MOHANTY, 1984). Albeit, the
onset of the summer monsoon takes place towards the end of May, and the
circulation prevails through the end of September.

The prominence of the diagnostic studies employing observed data sets is well
recognized as an important GARP problem (PEARCE, 1979; KUNG and SMITH, 1974).
The advent of several field experiments over the Asian summer monsoon region
necessitated a comprehensive understanding of dynamics and energetics of the Asian
summer monsoon to ameliorate its simulation/prediction. Although a large number
of studies are reported on diagnostic aspects of the atmosphere, very few are related
to the Asian summer monsoon. The First GARP Global Experiment (FGGE)
provided an opportunity to undertake detailed studies over the Asian summer
monsoon region (MOHANTY ef al., 1982a,b, 1983; PEARCE and MOHANTY, 1984;
GEORGE and MISHRA, 1993). Currently, the availability of globally analyzed upper
air meteorological fields from various operational weather forecasting centers around
the world, enriches the scope of understanding the mechanisms of the otherwise data
sparse tropics, especially the monsoon region. Despite the fact that some aspects of
energetics and dynamics were addressed in earlier studies (MOHANTY and RAMESH,
1994; Ramesh et al., 1996), a comprehensive understanding is necessary to interpret
the Asian summer monsoon circulation in the extended range/seasonal scale
simulations. Further, it is also crucial to diagnose the source of errors associated
with the seasonal scale simulations and offer plausible explanations. In this vein, we
examined kinetic energy, vorticity, angular momentum, heat and moisture budgets
over the Asian summer monsoon domain.

2. Methodology

The budget equations are obtained from the equations of motion and other
conservation laws, which the atmosphere obeys and represented in the flux form
with pressure as the vertical coordinate. It is well known that any time mean
atmospheric circulation consists of a stable component, which remains almost
constant or varies slowly over a time period, which is called the mean part, and
another rapidly varying component, which changes rapidly over a time period,
which is called the eddy part. In general, tropical circulations are dominated by the
mean component of the flow and extratropical circulations are dominated by the
eddy component of the flow. Since the Asian summer monsoon circulation is
predominantly driven by the mean component of the flow, we have bifurcated the
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time mean budgets into the respective mean and eddy budgets. In this study, we
have elucidated only the mean budgets. The various budget equations are expressed
in the flux form with pressure as the vertical coordinate. The kinetic energy
equation is expressed as
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where Ky =1 V kinetic energy of the mean flow, Ky =1 V’2 kinetic energy of the
eddy flow.
Various notations used in the equation are given below.
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The first term on the left of equation (1) designates the local rate of change of the
kinetic energy. The second and third terms describe the horizontal and vertical
divergence fluxes of kinetic energy, respectively. Similarly, the first term on the right
denotes the conversion of available potential energy to kinetic energy through the
action of pressure forces (adiabatic generation of kinetic energy). The second term
evinces the exchange of K,, to Ky and vice versa which arises basically from the
large-scale horizontal and vertical Reynold’s stresses. The last term signifies the
dissipation of kinetic energy by the turbulent frictional processes.

The vorticity budget equation is designated as

%+V (&7) + po+ g;))——(CD)—k <wa%>+z )

The first term on the left of equation (2) represents the local rate of change of
relative vorticity. The second and third terms indicate the horizontal fluxes of relative
and planetary vorticity, respectively. The fourth term describes the vertical flux of
relative vorticity. Similarly, the first and second terms on the right-hand side evince
the vorticity generation due to stretching and tilting, respectively. The final term
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designates the residue of vorticity (i.e., generation/dissipation from sub-grid scale
processes).
The angular momentum budget equation is illustrated as

%IJrV-(’I’/)+a(gﬁ°)—fﬁacosgo:—%JréqSH?} : (3)
where M = #ia cos ¢.

In the equation (3), the first term on the left designates the local rate of change of
relative momentum. The second, third and fourth terms describe the horizontal flux
of relative momentum, vertical flux of relative momentum and horizontal flux of Q
momentum, respectively. In the same manner, the first term on the right designates
the pressure torque (i.e., east-west pressure gradient), the second term indicates the
generation/destruction of momentum due to mountain torque. And the last term
describes the frictional destruction of momentum.

The sensible heat energy budget equation is written as

d(CpT)
ot

In equation (4), the first term on the left describes the local rate of change of
enthalpy. The second and third terms designate the horizontal and vertical fluxes
of heat, respectively. The fourth term indicates the adiabatic conversion of
available potential energy to kinetic energy. The term on the right describes the
contributions from all diabatic processes in the atmosphere, namely radiation,
condensation, evaporation of falling rain drops and turbulent transfer of sensible
heat.
The latent heat energy budget equation is denoted as
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In equation (5), the first term on the left describes the local rate of change of latent
heat energy. The second and third terms represent the horizontal and vertical
fluxes of latent heat energy, respectively. Similarly, the term on the right connotes
the moisture source/sink, which comprises diabatic heating due to latent heat
released from evaporation and condensation as well as the turbulent transfer of
latent heat.

3. Data and Scheme of Analysis

The present study is carried out making use of an uninitialized daily analysis
(1200 UTC) of ECMWEF for five (1986-1990) summer seasons comprising June,
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July and August. The data for the Asian summer monsoon region (45°N-15°S,
30°E—-120°E) are extracted from the global analysis. The basic meteorological fields
considered for the study include geopotential, wind, temperature and moisture at
ten mandatory pressure levels (1000, 850, 700, 500, 400, 300, 250, 200, 150,
100 hPa). The special global analyzed data sets generated at the ECMWF under
the international program on TOGA with a horizontal resolution of 2.5° on a
regular latitude/longitude grid are made use of. The details of the ECMWF
operational model are provided in the studies of JARRAUD and SIMMONS (1984),
and SIMMONS et al. (1989). The uninitialized mass and velocity fields produced at
ECMWEF are of good quality and suitable for diagnostic studies. This fact was
emphasized in various earlier studies (KANAMITSU, 1980; KUNG and TANAKA, 1983;
JULIAN, 1984; Chen et al., 1988).

The initialized vertical velocity field obtained from the nonlinear normal mode
initialization and stored in the ECMWF archives does not represent true vertical
motions in the tropics (KANAMITSU, 1980; MOHANTY et al., 1989). Further, an
intercomparison study (KUNG and TANAKA, 1983) indicates that the vertical motion
of the ECMWF analyses is underestimated mainly over the rising branch of the
Hadley circulation in comparison with that of the GFDL archives. It was also
noted (JULIAN, 1984) that the horizontal wind fields generated by the ECMWF
analyses represent a reasonable planetary scale divergent circulation over the
tropics. Hence, instead of using the o field from the ECMWF data sets, the
uninitialized wind fields have been used to derive the w field using the kinematic
technique. In the kinematic method, the main problem is that of the accumulated
biased errors involved in the computation of divergence from the wind components.
A technique suggested by O’BRIEN (1970) has been used in the study to adjust the
divergence in such a way that its vertically integrated value in any particular column
of the atmosphere becomes zero. The vertical velocity (w) values computed by the
kinematic method described above have been used in the calculations of the various
budgets.

In this study, the dynamic and thermodynamic budgets are computed using the
daily analyzed fields of five summer monsoon seasons (JJA). Although we have
analyzed mean as well as eddy components of all these budgets, the discussion
invariably pertains to the mean component as the contribution of transient eddies to
the time mean is one order less than the mean. The terms representing the local rate
of change of various quantities have negligible contribution towards the respective
budgets. The various space derivatives are evaluated by the centered difference
scheme (second order) and the time derivatives are computed using the leap frog
scheme. Further, trapezoidal rule has been used in the vertical integrations. The
results at each regular latitude/longitude grid points are averaged both in zonal and
meridional directions to construct vertical profiles, sectorial averages over the
summer monsoon region and are also integrated vertically (1000—100 hPa) to derive
net tropospheric geographical distributions.
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4. Results and Discussion

The comprehensive analysis of energetics associated with the stable component of
the Asian summer monsoon circulation is presented as follows.

4.1. Mean Circulation Features

The mean wind at 850 and 150 hPa is depicted in Figure 1. The significant
features observed in the wind field consist of low level jet (Somali Jet) and the upper
level tropical easterly jet (TEJ). Both are in good agreement with climatology
(NEWELL et al., 1972; Rao, 1976). The distribution of mean wind field at 850 hPa
depicts Southern Hemispheric trades with a speed of 10 ms™' (45°E-100°E), a strong
cross-equatorial flow into the Northern Hemisphere off the Somali coast and a
strong zone of westerlies over the Arabian Sea and Bay of Bengal (15 ms™"). Wind
field distribution at 150 hPa is characterized by a strong and elongated anti-cyclone
centered over Tibet (30°N) in the Northern Hemisphere. Two contrasting wind
regimes present on either side of the Tibetan anti-cyclone, i.e. a westerly wind regime
(sub-tropical westerly jet) towards the north (not shown in Fig. 1b) and an easterly
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Figure 1
Wind field for JTA, 1986-1990. (a) 850 hPa, (b) 150 hPa, [contour interval; 5 ms™', magnitudes larger than
15 ms™! are shaded].



Vol. 158, 2001 Energetics of Asian Summer Monsoon 971

regime (Tropical Easterly Jet) to the south, are the most prominent features of the
Asian summer monsoon. The zone of easterlies extends over Indonesia, the Bay of
Bengal, India, Arabian Sea, Africa and equatorial Indian Ocean, with a core of a
maximum (about 30 ms™") approximately 5-15°N over the southeast Arabian Sea
and the adjoining Indian peninsula.

In order to delineate the characteristic circulation features of the Asian summer
monsoon in the vertical plane, the sectorial (30°E—120°E) pressure-latitude cross
sections of zonal wind (u), meridional wind (v), omega (w), and divergence (D) are
presented in Figure 2. The features depicted by zonal wind (Fig. 2a) include low-level
westerlies pervading the entire monsoon region up to 500 hPa level with a jet located
around 850 hPa level. Above that, a strong tropical easterly jet with a core of
27 ms~! around 150 hPa level, followed by a westerly jet in the upper troposphere at
200 hPa level in the extra-tropics are also noticed. The subtropical jet is clearly
discernable around 40°N in the extra-tropics. The characteristic strong low-level
easterlies are noticed in the Southern Hemispheric tropics. The salient features
pertaining to meridional wind (Fig. 2b) are cross-equatorial flow in the lower
troposphere and return flow in the upper troposphere. Stronger return flow is
indicated by the analysis compared to NEWELL’S (1972) climatology. The lower and
upper level maxima are noticed around 10°S. The vertical velocity (Fig. 2c) reveals
interesting features. The whole monsoon region is characterized by a rising motion
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Figure 2

Sectorial (30°E—120°E) mean pressure-latitude cross sections for JJA, 1986-1990. (a) Zonal wind, ms™", (b)
meridional wind, ms™!, (c) omega, 107> Pa s™', (d) divergence, 107 s™! [contour interval for (a): 3; for
(b): 1; for (c): 10; and for d: 5; negative values are shaded].
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with two maxima. The primary around 600 hPa level at 35°N, and the secondary
around 500 hPa level at 10°N. The vertical velocity shows a small subsidence zone
around 25°N. Another subsidence zone is noted between 5°S—15°S. However, the
monsoon climatology shows a rising motion in this region. The divergence (Fig. 2d)
depicts that the entire monsoon region is characterized by strong convergence in the
lower troposphere and strong divergence in the upper troposphere. On the contrary,
in the extra-tropics north of 40°N, the reverse is noticed. The low-level convergence
exhibits two maxima around 20°N and 35°N, and the upper level divergence
maximum is discerned around 10°N at 200 hPa level. A small divergence zone is
detected in the lower levels around 25°N, which is in agreement with the subsidence
observed in the vertical velocity.

4.2. Kinetic Energy Budget

The maintenance and intensity of the general circulation of the atmosphere
depend on the balance between the generation and dissipation of kinetic energy. The
kinetic energy of the atmosphere is created through the conversion of the available
potential energy and eventually dissipated through frictional processes. The local
balance of kinetic energy is governed by three significant terms namely the horizontal
flux, the generation and the dissipation of kinetic energy. The mean horizontal flux of
kinetic energy is bifurcated into its two constituents, namely the component due to
the mean part of the flow and the component due to the eddy part of the flow.

The vertically integrated geographical distributions of significant kinetic energy
budget terms are presented in Figure 3. The horizontal flux of kinetic energy
(Fig. 3a) depicts a zone of flux divergence extending over the entire south Asian
region from the western Pacific to the eastern Arabian Sea. This zone delineates two
maxima, the first situated over the Bay of Bengal and the other over the eastern
Arabian Sea, respectively. The kinetic energy flux convergence is noticed over the
western Arabian Sea, adjoining Arabia and North African regions. These zones of
kinetic energy flux transport maxima/minima are situated at the respective locations
of entrance/exit regions of the tropical easterly jet.

The adiabatic generation of kinetic energy is presented in Figure 3b. Kinetic
energy is basically produced by an ageostrophic component of the flow. Positive
magnitudes denote the generation of kinetic energy through the conversion of
available potential energy, and negative magnitudes denote the destruction of kinetic
energy, i.e., transformation of kinetic energy in to APE. The production regions of
kinetic energy (KE) are characterized by strong horizontal flux divergence. The KE
generation denotes maxima/minima corresponding to the entrance/exit regions of the
tropical easterly jet. The maxima observed off east Africa is due to the presence of a
strong ageostrophic flow in that region.

In order to comprehend the characteristic features of kinetic energy generation
over the Asian summer monsoon region, the zonal and meridional components of
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Figure 3
Geographical distribution of vertically integrated kinetic energy budget terms for JJA, 1986—1990 [units:
107! Watts m™?]. (a) Horizontal flux, (b) adiabatic generation, (c) zonal adiabatic generation, (d)
meridional adiabatic generation [contour interval for (a): 20; for (b) (c) and (d): 40; negative values are
shaded].

adiabatic generation of kinetic energy are also analyzed. Earlier studies (KUNG, 1971)
indicated that the zonal component contributes to the destruction/production of
kinetic energy in the tropics/extra-tropics and vice versa in the case of the meridional
component. Further, these two components oppose each other. The significant
features depicted by the zonal component include the production over the eastern
Arabian Sea and the adjacent peninsular region, which is a specific feature, confined
to the monsoon region only. This is due to the super-geostrophic nature of the zonal
flow over the Arabian Sea. It also contributes to the destruction of kinetic energy over
the Bay of Bengal due to the sub-geostrophic zonal flow. The meridional component
contributes to the destruction of kinetic energy over the Arabian Sea and production
over the Bay of Bengal. This is due to the super-geostrophic nature of the meridional
flow over the Bay of Bengal and vice versa over the Arabian Sea. According to KUNG
(1971), the generation/destruction zones of kinetic energy are characterized by super-
geostrophic/sub-geostrophic flow either due to the zonal or meridional component of
the wind. As observed earlier in the case of the kinetic energy horizontal flux and
adiabatic generation, the summer monsoon circulation is characterized by two centres
of action; one over the Bay of Bengal and the other over the eastern Arabian Sea and
adjoining south Indian peninsula. The existence of production maxima over these two
locations is vital for the maintenance of the flux divergence maxima. Hence, in the
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maintenance of the summer monsoon circulation, the adiabatic production of kinetic
energy through the action of pressure forces plays a very important role.

The vertical distribution of kinetic energy is analyzed through the sectorial (30°E-
120°E) averaged pressure-latitude cross sections of significant kinetic energy budget
terms. The horizontal flux of kinetic energy evinces that the monsoon region is
characterized by convergence in the lower troposphere and strong divergence in the
upper troposphere. However, in the equator region (0-10°N) flux divergence is
noted. In the horizontal flux of kinetic energy, the mean component depicts
convergence and the eddy component depicts divergence in the upper troposphere of
the extra-tropics. However, the role of the Reynolds’ stresses on the flux transport of
kinetic energy is to counter balance the mean flow transport over the extra-tropics. In
the upper troposphere of the summer monsoon regime, the transient eddies are found
to supplement the mean flow transport leading to the net flux transport of kinetic
energy from the region.

In the free atmosphere, the adiabatic generation of kinetic energy (Fig. 4b)
indicates more production over the strong flux divergence regions and destruction/
weak production over the flux convergence regions. The kinetic energy production
displays two maxima. The primary in the boundary layer and the secondary in the
upper troposphere (250-100 hPa). Earlier studies (KuNG, 1971) carried out over
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Sectorial (30°E-120°E) mean pressure-latitude cross sections of kinetic energy budget terms for JJA, 1986—
1990 [units: 10~ Watt kg™']. (a) Horizontal flux, (b) adiabatic generation, (c) zonal adiabatic generation,
(d) meridional adiabatic generation [contour interval: 50, negative values are shaded].
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North America and the tropics (MOHANTY et al., 1989) adduce this aspect, despite
the fact that the latter study related to the winter season. The strong generation of
kinetic energy in the boundary layer is confined to the tropics only. A plausible
explanation is offered by the presence of a strong cross-isobaric flow in the tropics,
however, in the extratropics of the Northern Hemisphere kinetic energy destruction/
weak production is recognized.

As noticed earlier, the zonal (Fig. 4c) and meridional (Fig. 4d) components
oppose each other. The zonal component contributes to the destruction/weak
production of kinetic energy in the boundary layer of the monsoon region, and in the
upper troposphere (jet level) of the extratropics. Further, it contributes to strong
generation/production in the upper levels of the tropics. The salient feature over the
monsoon region is that both components contribute to the production of kinetic
energy in the upper troposphere. The features depicted by meridional generation in
the equator region are strong production in the lower troposphere and destruction/
weak production in the upper troposphere over the Southern Hemispheric tropics.

The kinetic energy budget is further analyzed through the area (15°S—45°N,
30°E-120°E) averaged vertical profile presented in Figure 5. It shows that the kinetic
energy generation is completely balanced by the dissipation, as the contribution from
the horizontal flux terms is insignificant. The monsoon region is characterized by flux
convergence in the lower levels and strong flux divergence in the upper levels. The
kinetic energy production maxima in the boundary layer and the upper troposphere
are similar to those in the investigations (KUNG, 1971; SAviJARVI, 1980) carried out
over North America. The comparison of the boundary layer dissipations over North
America, the Atlantic and Europe (SAVUARVI, 1981) with the Asian summer
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Vertical profile of kinetic energy budget terms for JJA, 1986-1990. [Continuous line with squares indicates
adiabatic generation of kinetic energy. Broken lines with + and x indicate eddy and mean horizontal flues
of kinetic energy, respectively. Broken lines with circles and triangles connote the zonal and meridional
adiabatic generation of kinetic energy, respectively. Broken line with diamonds evinces the residue of
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monsoon domain shows higher magnitudes over the monsoon region. This is due to a
strong westerly flow over the monsoon domain. The meridional component depicts
strong production in the lower as well as the upper troposphere. Further, the
magnitudes of meridional generation are one order more than those of zonal
generation. The study delineates the monsoon domain as a source region of kinetic
energy, which is facilitated through conversion of available potential energy. The
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As in Figure 3, but for vorticity budget [units: 107 Nm™]. (a) Relative vorticity advection, (b) planetary
vorticity advection, (c) generation of vorticity due to stretching [contour interval for (a): 50; for (b) and (c):
20; negative values are shaded].
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persistent generation of available potential energy supports a thermally-driven
meridional overturning over the monsoon region.

4.3. Vorticity Budget

The characteristic features of the monsoon are further analyzed through the
vorticity budget. Earlier studies (HOLOPAINEN and OORT, 1981; CHU et al., 1981)
revealed that the horizontal transport and the production terms (stretching and
tipping) are significant in the vorticity budget.

The geographical distributions of vertically integrated vorticity budget terms are
shown in Figure 6. The relative vorticity advection shows convergence over the Bay
of Bengal and north Arabian Sea. It depicts divergence in the southeast Arabian Sea
and the adjacent peninsula. The planetary advection indicates divergence over the
places of relative vorticity convergence, viz. the Bay of Bengal and off east Africa, as
they oppose each other. The east African maximum is due to the strong cross-
equatorial meridional monsoonal flow. The monsoon region is characterized by net
vorticity advection. The vertically integrated vorticity generation due to stretching is

VORTICITY BUDGET JJA 1986-90
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Figure 7
As in Figure 4, but for vorticity budget. [units: 107'? s™]. (a) Horizontal flux of absolute vorticity, (b)
generation of vorticity due to stretching [contour interval: 50, negative values are shaded].
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illustrated in Figure 6¢. The monsoon region is characterized by strong generation of
vorticity. This generation is crucial to maintain the monsoon circulation.

Certain interesting aspects of the vorticity budget are discussed through the cross
sections. The sectorial mean cross section of horizontal flux of absolute vorticity
(Fig. 7a) demonstrates that the monsoon region is characterized by strong
divergence reaching 15°N and strong convergence to the north of that in the lower
troposphere. However, in the upper troposphere it connotes strong flux divergence in
the monsoon regime, and convergence in the extra-tropics. The lower tropospheric
advection is supported by strong generation of vorticity by the stretching term
(Fig. 7b). The entire monsoon region is characterized by strong generation of
vorticity in the lower troposphere and weak generation/destruction in the upper
troposphere. The strong generation in the lower levels may be attributed to cyclonic
circulation in association with strong low-level convergence. The stretching term
contributes to the generation of anti-cyclonic vorticity to the south of the Tibetan
anti-cyclonic circulation, in association with the strong divergence over the
prevailing easterly wind regime.

However, over the extra-tropics of the Northern Hemisphere a reverse phenom-
enon, i.e., production of lower-level anti-cyclonic vorticity and upper-level cyclonic
vorticity, is observed. To the north of the Tibetan anti-cyclone in the upper
troposphere, convergence of flow is observed in association with the subsidence
prevailing over the westerly wind regime. This results in the formation of a strong
zone of flux divergence and anti-cyclonic vorticity production in the lower
tropospheric levels overlying the sub-tropical high pressure cells. The relative
vorticity advection is predominant over the summer monsoon region, which
contributes to the horizontal transport of vorticity out of the domain. The planetary
vorticity advection also contributes to the horizontal transport from the monsoon
domain. The replenishing of vorticity is not effectively balanced by the vorticity
generation due to stretching and tilting terms. The budget terms show that the
horizontal transportation of vorticity is effectively balanced in the monsoon region
by the production of vorticity through sub-grid scale processes such as cumulus
convection. Earlier studies (WILLIAMS and GREY, 1973; REED and JOHNSON, 1974;
CHU et al., 1981) have delineated that the cumulus convection in the tropics could
generate a large apparent source of positive vorticity.

The vertical profile of vorticity budget terms is depicted in Figure 8. The
horizontal advection of relative vorticity indicates that the monsoon region is
dominated by flux divergence in the lower and upper troposphere. However, the
planetary vorticity advection displays, low-level divergence and upper level conver-
gence. The planetary vorticity advection shows a maximum approximating the
950 hPa level and a minimum approximating the 200 hPa level. The vorticity
generation due to the stretching of isobars delineates strong production in the lower
troposphere and strong dissipation in the upper troposphere. The residue illustrates
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Figure 8
As in Figure 5, but for vorticity budget. [Continuous line with squares indicates horizontal advection of
relative vorticity. Broken lines with circles, triangles and diamonds connote horizontal advection of
planetary vorticity, vorticity generation due to stretching and residue of vorticity, respectively].

the generation of vorticity in the lower as well as the upper troposphere. However, in
the mid troposphere, it contributes to the dissipation.

4.4. Angular Momentum Budget

In the regional angular momentum budget, the horizontal transport terms
(Q momentum and relative momentum fluxes), the pressure torque (zonal pressure
gradient), and frictional dissipation of momentum govern the balance. The vertically
integrated geographical distributions of significant angular momentum budget terms
are presented in Figure 9.

The horizontal flux of Q momentum (Fig. 9a) shows strong divergence over the
east Arabian Sea and the adjoining peninsular India. Also, flux convergence is
depicted over the Tibetan plateau, the Gangetic plains, northeast India, Burma, Bay
of Bengal and the west Arabian Sea. The divergence maximum is situated over the
peninsular India and the convergence maximum over the head Bay of Bengal. The
relative momentum (Fig. 9b) flux distribution shows flux convergence over the entire
east Arabian Sea and the adjoining peninsular India with a maximum over the east
Arabian Sea. Interestingly, the omega momentum flux opposes relative momentum
flux. The monsoon region is characterized by momentum transport into the region in
order to balance the surface westerlies against friction. This is illustrated by flux
divergence pattern. The vertically integrated geographical distribution of pressure
torque (Fig. 9¢) indicates that the entire peninsular region is dominant of momentum
generation, which is balanced by the flux convergence over the domain. The pressure
torque generates momentum along east Africa and adjoining Arabia, and contributes
to weak generation/dissipation over the Bay of Bengal, Burma and the western
Pacific. The pressure torque delineates maximum generation of momentum over the
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Figure 9
As in Figure 3, but for angular momentum budget. [units: 10° kg s™]. (a) Horizontal flux of omega
momentum, (b) horizontal flux of relative momentum, (c) pressure torque [contour interval: 20; negative
values are shaded].

south Indian peninsular region. The angular momentum budget is further analyzed
through the sectorial mean pressure-latitude cross sections. The Q-momentum cross
section (Fig. 10a) exhibits strong flux convergence in the lower levels and strong flux
divergence in the upper levels of the Northern Hemispheric (NH) tropics. However,
in the Southern Hemispheric tropics and the NH extra-tropics the opposite pattern is
seen. As explained earlier, during the monsoon season strong momentum flux
convergence is necessary to maintain the surface westerlies. The relative momentum
flux delineates the opposite pattern with strong flux convergence in the upper
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As in Figure 4, but for angular momentum budget. [units: 10" m* s™2]. (a) Horizontal flux of omega
momentum, (b) horizontal flux of relative momentum, (c) pressure torque [contour interval for (a) and (b):
100; for (c): 50, negative values are shaded].

troposphere of the NH tropics. However, in the lower troposphere of the monsoon
region a prominent zone of flux convergence is observed between 10°N and 30°N.
The pressure torque contributes to the destruction of momentum in the upper
troposphere, and generation in the middle troposphere of the monsoon domain. It

also contributes to the slight destruction between 5°N and 25°N, and strong
generation north of 25°N.
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Figure 11
As in Figure 5, but for angular momentum budget. [Continuous line with squares indicates horizontal flux
of omega momentum. Broken lines with circles, triangles and diamonds evince horizontal flux of relative
momentum, pressure torque and residue of angular momentum].

The area averaged vertical profile of angular momentum budget terms is
illustrated in Figure 11. The Q momentum shows strong flux convergence in the
lower levels and divergence in the upper levels. The relative momentum flux on the
other hand delineates weak convergence in the lower levels and strong convergence
in the upper levels. The pressure torque contributes to the destruction of
momentum in the upper troposphere and generation in the lower troposphere.
The residue of angular momentum contributes to the weak generation of
momentum in the lower as well as upper troposphere. Further, it is also seen
that the flux convergence due to omega momentum is entirely balanced by the
pressure torque over the monsoon domain.

4.5. Heat and Moisture Budgets

The thermodynamical characteristics of the summer monsoon are analyzed
through heat and moisture budgets. The vertically integrated horizontal flux of heat
is depicted in Figure 12a. The entire monsoon region is dominated by convergence of
heat flux. However, strong heat flux divergence is detected off east Africa. The heat
flux convergence depicts the maxima over the Bay of Bengal, Indian peninsula and
the east Arabian Sea. The adiabatic conversion of available potential energy to
kinetic energy (Fig. 12b) denotes that the monsoon region is characterized by the
generation of kinetic energy. The zones of excess conversion of kinetic energy are
supported by strong convergence of heat flux in the monsoon domain. The adiabatic
conversion of kinetic energy from APE delineates maxima over the Bay of Bengal,
the peninsular region, the eastern Arabian Sea and the western Pacific, indicating the
presence of a strong rising motion over these regions. Further, these are the zones of
excess rainfall over the monsoon domain.
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Figure 12
As in Figure 3, but for heat and moisture budgets. [units: Watt m™2]. (a) Horizontal flux of heat, (b)
adiabatic conversion of APE to KE, (c) diabatic heating, (d) horizontal flux of moisture [contour interval
for (a): 400; for (b): 500; for (c) and (d): 200] [negative values are shaded].

The diabatic heating pattern (Fig. 12c¢) indicates that the active phase of the
monsoon is characterized by the intense diabatic heat sources over the domain. The
entire monsoon region is dominated by diabatic heating with maxima over the Bay of
Bengal, the east Arabian Sea, the peninsular region, and the western Pacific. These
heat sources are identified by strong moisture flux convergence (Fig. 12d) and
rainfall as well.

Earlier studies (MOHANTY et al., 1982a,b, 1983; PEARCE and MOHANTY, 1984)
reveal that the moisture flux convergence takes place well before the formation of
diabatic heat source over the monsoon region. The moisture flux convergence along
with diabatic heating plays an important role in modulating the monsoon circulation.
The moisture flux transported into the monsoon region is transferred to the middle
tropospheric levels through a turbulent exchange mechanism. In the troposphere, the
moisture undergoes phase transformation and releases latent heat. Thus the
formation of diabatic heat source takes place.

The vertical distribution of heat and moisture budgets are analyzed through their
corresponding sectorial means. The sectorial mean of heat flux is depicted in
Figure 13a. Strong flux convergence of heat in the lower levels and strong flux
divergence of heat in the upper levels are the characteristic features of the monsoon.
The lower level flux convergence shows maxima around 20°N and 35°N and the
upper level divergence displays maxima around 10°N and 35°N. Heat flux
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Figure 13
As in Figure 4, but for heat and moisture budgets. [units: Watt kg™']. (a) Horizontal flux of heat, (b)
adiabatic conversion of APE to KE, (c) diabatic heating, (d) horizontal flux of moisture [contour interval
for (a): 200; for (b): 20; for (c): 100; and for (d): 20; negative values are shaded].

convergence is seen in the Southern Hemispheric tropics also. The adiabatic
conversion of APE to kinetic energy (Fig. 13b) depicts primary maximum around
300 hPa level and another maximum around 500 hPa level over the monsoon region.
However in the Southern Hemispheric tropics, negative generation is denoted with
maximum around 200 hPa. The adiabatic conversion of APE to KE pattern reveals
that the entire monsoon region is dominated by rising motion, which in turn
produces APE that ultimately converts to kinetic energy. Hence the monsoon region
is characterized as the source region of kinetic energy. Additionally the negative
generation in the Southern Hemispheric tropics delineates the subsidence in that
region. This confirms the meridional overturning of the monsoon region. Further,
the level of maximum in the upper troposphere agrees well with the earlier finding of
energy conversion over the tropics (NITTA, 1970). The diabatic heating (Fig. 13c)
pattern depicts lower-level maximum. This is however confined between 0—15°N.
North of 15°N cooling is observed in the lower levels and strong heating is noticed in
the upper levels. The lower-level heating is due to the turbulent transfer of the
sensible heat from the warm land and ocean surfaces to the boundary layer.
However, the middle tropospheric maximum is due to the release of latent heat
through a condensation mechanism. The sectorial mean of horizontal flux of
moisture (Fig. 13d) shows a zone of strong convergence in the monsoon region with
a maximum between 15°N and 21°N. However, between 0-10°N flux divergence of
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As in Figure 5, but for heat budget. [Continuous line with squares indicates horizontal flux of heat, Broken
line with circles, triangles and diamonds connote vertical flux of heat, adiabatic conversion of APE to KE,
and diabatic heating, respectively].
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Figure 15
As in Figure 5, but for moisture budget. [Continuous line with circles indicates horizontal flux of moisture
and broken line with plus connotes moisture source/sink].

moisture is detected. The vertical structure of various terms in heat and moisture
budgets are illustrated in Figures 14 and 15. The horizontal flux of heat (Fig. 14)
manifests strong convergence in the lower levels and divergence in the lower levels.
On the contrary, the vertical flux of heat indicates the opposite. In effect, the
horizontal flux of heat is completely balanced by the vertical flux of heat. An earlier
study (MOHANTY et al., 1983) reveals that the horizontal flux of heat is completely
balanced by the vertical flux of heat, with maximum convergence in the lower
tropospheric levels in the case of horizontal heat flux, and maximum convergence in
the upper tropospheric levels in the case of vertical heat flux. The adiabatic
conversion of kinetic energy from APE discerns primary maxima around 300 hPa
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level and another maximum around 500 hPa level in the monsoon region. Due to the
intense rising motion throughout the summer season (JJA), the conversion depicts
larger magnitudes in the entire troposphere. The diabatic heating profile shows
heating up to 300 hPa and cooling in the upper troposphere. The adiabatic
conversion pattern reveals that the entire monsoon region is characterized as the
source region of kinetic energy. The diabatic heating profile shows upper
tropospheric cooling, apart from lower and middle tropospheric heating, which is
attributed to radiational cooling. The moisture flux convergence plays a vital role in
the maintenance of monsoon circulation. The organized and strong moisture
convergence enhances cumulus convection due to intense vertical motions. The
cumulus convection further strengthens the diabatic heating. The intense heat source
attracts more moisture flux into the monsoon region as a feedback process. The
combined effect leads to the CISK mechanism, which is the characteristic feature of
most of the tropical monsoon systems. The significant terms in the moisture budget,
namely the horizontal flux of moisture and moisture source/sink, are illustrated in
Figure 15. Strong convergence of moisture flux in the lower levels and weak
divergence in the upper levels is the characteristic feature of the monsoon region. The
moisture source/sink characterizes the monsoon domain as the sink region of
moisture.

5. Conclusions

The following conclusions are drawn from the above results.

The circulation off east Africa and the adjoining western Indian Ocean
determines the strength of cross-equatorial flow and the ageostrophic motions in
maintaining the lower tropospheric features of the monsoon. Also, it controls the
quantum of heat and moisture flux transport into the monsoon regime.

The circulation over the Bay of Bengal and the eastern Arabian Sea largely
determines the upper tropospheric features of the summer monsoon regime. The
entrance/exit regions of the tropical easterly jet are characterized by production/
destruction of KE, which is essential to maintain outflow/inflow prevailing at the
respective locations of the TEJ. It is interesting to note that the eastern Arabian Sea
maximum of KE production is maintained by the zonal component, while that over
the Bay of Bengal is maintained by the meridional component of the ageostrophic
flow. The generation of kinetic energy over the Arabian Sea by the zonal component
is a unique feature confined to the monsoon domain only.

The mean circulation of the summer monsoon is characterized by a net vorticity
advection from the region of its influence. This observation indicates that the
monsoon area is quite unstable during the summer season, with the production of
vorticity within the domain itself in order to maintain the circulation. This
production is manifested through sub-grid scale processes such as cumulus
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convection, unlike other regions where the balance is between the transportation and
stretching terms.

In this study, a net momentum flux convergence is observed over the region of
low-level monsoon westerlies. Such a distribution is essential to maintain the low
level monsoon westerlies against the surface friction. It is also ascertained that
pressure torque contributes to the production of momentum and balances the flux
convergence over the summer monsoon region.

Further, the summer monsoon domain is characterized by a net convergence of
heat and moisture. Also considerable heat energy is generated through the action
of adiabatic processes. The combined effect of these processes leads to the formation
of strong diabatic heat sources in the region to maintain the monsoon circulation.
Ultimately, the study enabled identification of other active zones, which have
considerable bearing on the rainfall over the Indian region.
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