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ABSTRACT

Based on mean radiosonde/Rawin data for July-August for stations around the
monsoon trough over India estimates of sensible and latent heat energy through the
entire troposphere have been made. A quasi-eliptical boundary defined by 17 aero-
logical stations containing the monsoon trough has been chosen for the study.

The mean tropospheric circulation is briefly described.

Mass and energy fluxes are evaluated. The computations show mass inflow at all
levels up to 600 mb and outflow above 500 mb. The total energy shows a maximum
in the lower troposphere and in the upper troposphere with a minimum in the middle
troposphere. The flux computations show an export of sensible heat of 8.8 x 1018
calories per day and an import of 16.07 x 108 calories per day through latent heat.

Introduction

The southwest monsoon over India and the
further East is the largest known local pertur-
bation and the most important among the sea-
sonal standing eddies in general circulation.
This is much more important in view of very
heavy average rainfall during the period the
annual variations of which have a great impact
on the national economies of the respective
countries. The westerly air blowing north of
the equator converges into a well known mon-
soon trough (equatorial trough in summer) over
India and the upper flow is carried off by the
prevailing easterlies aloft. The upper outflow
of sensible heat from the troposphere ove:lying
the trough zone occurs chiefly in the upper limb
of the meridional mass circulation of the atmo-
sphere low lattitude cell in the hemisphere.

Riehl & Malkus (1958) examined the heat
source in the equatorial trough zone, a belt of
10° latitude to the winter side of the trough
around the globe. They examined the broad
climatic structure of the trough zone utilising
all available climatological data within the belt.
However, they suggested that variations in
trough structure must be studied in detail as
energy properties vary widely with longitude.
Berson (1961) examined the energy content of
the tropical monsoon trough zone using data
from Malaysia, Indonesia and north Australia
and has shown that the mean mass circulation

associated with the monsoon is a determining
factor of the horizontal transport of energy.
The present study concerns itself with the
estimation of heat and moisture over the Indian
monsoon trough zone. The work essentially
consists of volume integration of energy equa-
tions and evaluation of energy fluxes by line
integrals around the chosen periphery contain-
ing the active monsoon trough zone. Although
a study of this nature has obvious limitations,
it serves, however, a useful purpose in showing
the relative magnitudes of different parameters.

Area of study and data used

The selection of the area of study is generally
dictated by the location of wind and tempera-
ture sounding stations. However, for this study
a quasi-elliptical boundary defined by 17 aero-
logical stations (10 RS/Rawin stations and 7
Pilot Balloon stations) henceforth termed ‘‘mon-
soon ellipse’”” has been chosen for flux calcula-
tions. The area is suitable in that besides having
a large number of aerological stations around it
includes the region of active monsoon trough.
Fig. 1 shows the monsoon ellipse with the
aerological stations shown around its periphery.
Also shown in it are the mean tracks of monsoon
depressions which concentrate the rainfall in
this season and the normal dates of onset of
monsoon.

Tellus XXT (1969), 1



HEAT AND MOISTURE OVER THE INDIAN MONSOON TROUGH ZONE

65

60E
30

20

5 dune/
MONSOON ELLIPSE
~— Tracks of monsoon disturbonces

-—-— Dates of onset of monsoon

oL .
RS /RW statton

©  Pibal station

EQN ! 1 ]

o w

Fig. 1. Monsoon ellipse with aerological stations shown around it. Mean tracks of monsoon disturbances
(thick lines) and normal dates of onset of monsoon (broken lines) shown.

The area enclosed in the ellipse is equal to
19.65 x 1015 cm?. Lateral boundary of the ellipse
6.6 x 108 cm. In the region of assessment of heat
and moisture June is mostly a pre-monsoon
month for the northern part while the monsoon
is established over most of the southern parts
and eastern parts of the area. By the first week
of July the monsoon regimed is well established
over the whole area of the ellipse. However, in
September it is irregular and fluctuating in the
region. As July—August forms the active mon-
soon period over this area mean data for this
period have been used for his study. Mean
radiosonde/rawin data (1956-60) for the sta-
tions for July and August have been utilised.
Pibals are selective under monsoon conditions.
However, they have been utilised as they are
based on generally long periods and serve only
as gaps between larger net work of radiosonde/
Rawin stations on the boundary of the ellipse
in the absence of any other solution to utilise
all available data.

Mean tropospherical circulation over India
and neighbourhood

The mean tropospherical climatological cir-
culation over India during the monsoon season
is too well known. However, the same is depie-
ted in a nutshell through relative vorticity and
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relative divergence charts and mean zonal and
meridional cross sections along longitude 77° E.

The relative vorticity fields at 850 mb and
200 mb are shown in Figs. 2a and b respectively.
A region of cyclonic vorticity of 3 x 105 sec—!
lies to the southeast of the monsoon ellipse as
distinet from a comparatively lower cyclonic
vorticity of 1.5 x10-5 sec~ over West Pakistan
where an active surface low lies during the
period. At 200 mb a region of anticyclonic vor-
ticity of 1.5 to 2.5 x10-5 sec~! lies over the
eastern parts of the monsoon ellipse.

The field of relative vergence at 850 and
200 mb are shown in Figs. 3a and b respectively.
A region of convergence of 2 x10-5 sec—* lies
over the eastern side of the ellipse at 850 mb
while there is divergence to its west. At 200 mb
the region of divergence lies over the eastern
parts of the ellipse whereas there is convergence
to the west.

Fig. 4a shows the vertical cross section of the
mean zonal component of wind along longitude
77° E. The westerly monsoon current is strong-
est with mean speed of 20/25 knots over the
south peninsula at 800 mb. The upper easterly
current is 70 knots strong between 150 and
100 mb over the southern latitudes. The dotted
lines in the figure show the anomalies of tem-
perature from the mean.

Palmen et al. (1958) showed that for main-
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Fig. 2. (a) 850 mb relative vorticity fields. Unit: 10-5 sec~!, Cyclonic (positive). (b) 200 mb relative

vorticity field. Unit: 10-8 sec~, cyclonic (positive).

tenance of tropical meridional cell equatorward
motion takes place at low levels and ascent to
high troposphere along the equatorial trough
and a return flow poleward aloft with a descent
in subtropics. But this outflow from equatorial
trough does not occur uniformly around the
globe but takes place in a few narrow channels
(Riehl & Malkus, 1958). Shown in Fig. 4b is
the vertical cross section of mean meridional
components of wind along longitude 77° E.
Meridional components are poleward in the

lower troposphere across the trough. North of
the trough they are poleward in the upper
toposphere. The monsoon southerlies extend up
to 600 mb at latitude 20° N while their depth
is limited to 900 mb at latitude 30° N. During
this period the northward extent of the tropical
meridional cell is largest over Indian longitudes
as different from other longitudes, say longitude
40° E (Rao, 1962), and pictures out the longi-
tude variable circulation of the troposphere in
this region of the globe.
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Fig. 3. (a) Mean (July—August) 850 mb vergence field. Unit: 10~° sec~! (divergence, positive). (b) Mean
(July—August) 200 mb vergence field. Unit: 10-5 sec—* (divergence, positive).

Atmospheric heat and energy balance

equations

Notation

A Reciprocal of the mechanical equivalent of
heat

Cp Specific heat of air at constant pressure

Cn Component of wind normal to the ellipse

Cs Component of wind parallel to the ellipse

F  Frictional force

g Acceleration due to gravity

L  Latent heat

M  Mass flux
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Pressure

Specific humidity

Perimeter of the monso on ellipse
Velocity vector

Contour heights

Density

CpT + Agz: enthalpy plus potential energy ter-
med in this paper as ‘“‘sensible heat’’ or ‘“‘poten-
tial heat”.

In the vector form the equation of motion

can be written as
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multiplying equation (1) with V and rearrang-
ing the terms it becomes

d (v + AgZ V-VP+gV'F 2
Raly I ~ —V-VP+gV F,
el T49 e 2
this being an expression for the total change
of kinetic energy and potential energy in terms
of rate of work done by pressure forces and
through frictional dissipation. If @ is the heat
added or withdrawn from the system, then the
first law of thermodynamics can be written as

d dr
—9=0p**—— 3)

subtracting equation (2) from equation (3) and
substituting

aP dP

—+ V-VP for —

ot dt
equation (3) becomes
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this being the expression for changes in energy
in all forms. Utilising the equation of conti-
nuity, equation (4) becomes

QR _d A orongz:s ¥
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V3 dP
+V- oV CpT+AgZ+? **d—t*‘QV'F. (5)

As the computations are made over a long
period, neglecting local changes, equation (5)
becomes

dQ v
0 —=V-oV|CpT +AgZ+—) -V F. (6)

dt 2

The energy equations can be integrated for a
large non-homogeneous systemn where boundary
surface has any shape by transferring the equa-
tion to a unit volume and integrating over the
whole volume of the system.

On integrating equation (6) over an element
of atmospheric volume da and applying diver-
gence theorem equation (6) becomes

d V* edsdZ
fg Eda~ff0n (OpT+AgZ+—)e i
dt 2 g

- ng ‘Fda, (7)

where Cn is the component of wind normal to
the boundary (positive outward) and ds the
peripheral distance around the boundary. The
integral on the left hand side of the equation
represents the heat sources and sinks. The terms
to the right represent the total energy flux and
frictional dissipation of kinetic energy within
the volume. Equation (7) after changing the
vertical co-ordinate in the flux integral be-
comes

Qs+Qp—R-= fJCn(CpT+AgZ)w

+ fgv ‘Fde, (8)

where R is the net radiational cooling, @p the
precipitation heating and Qs the surface sen-
sible heat source, this equation representing
the requirement of sensible heat balance. Simi-
larly the latent heat balance equation can be
written as

dsdp
Qp—Qe=f[vaLq P 9)

LY

where Qe is the surface latent heat source.

Evaluation of heat content of monsoon
ellipse troposphere

For each station on the boundary of the
monsoon ellipse data for each element (wind,
temperature, dewpoint and contour value), for
each level from surface to 100 mb at intervals
of 100 mb and for 150 mb have been collected.
Then using the number of observations in each
month the integrated July—August means for
different element were obtained. As the num-
ber of observations decreased with height verti-
cal profiles for each station and elements were
plotted against pressure to check their internal
consistency. Then the mean value of different
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Fig. 4. (a) Vertical cross-section of the mean (July—August) zonal component of wind along longitude
77° E. Westerlies (continuous lines); easterlies (dotted line). Unit: knots. (b) Vertical cross section of the
mean (July—August) meridional component of wind along longitude 77° E (P, poleward; E, equatorward)

knots.

elements for each layer was picked out for each
station.

Then vertical space sections were prepared
for each of the elements with pressure on the
linear scale as ordinate and the peripheral
distance as abscissae. After the analysis of the
space sections fifteen equally spaced points
around the monsoon ellipse were chosen. Values
of each element for each layer of 100 mb thick-
ness were read out from the analysis at each
of the 15 grid points. This procedure was
adopted in order to weight all the stations
around the boundary irrespective of the
spacings of these stations. These 15 values were
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averaged horizontally to yield the mean value
around the ellipse for each layer. Table 1 shows
the enthalpy plus potential energy CpT +gZ,
latent heat energy (Lg) and total energy
(CpT +Lg +AgZ) averaged around the peri-
phery of the ellipse by the procedure detailed
above.

An examination of the values in Table 1
shows that the energy content for the monsoon
ellipse troposphere exceeds that of the broad
trough zone (Riehl & Malkus, 1958).

As moisture gradients in tropics are small,
being particularly so in the equatorial trough
zone, the deviations of latent heat (Lg) in
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tenths of cal gm-! at individual stations from
the mean around the boundary are worked out
and the vertical profile is shown in Fig. 5. High
positive values are noticed between 800 and
700 mb on the eastern half of the elliptical
boundary. Large negative values are noticed
towards the western end of the boundary indi-
cating relatively marked dryness of the air.
However, around Nagpur and Visakhapatnam
the deviations are negative up to lower middle
troposphere. It is interesting to note that mon-
soon westerlies over Nagpur and Visakhapat-
nam show relative dryness in comparison to
Bombay and Calcutta.

The vertical profiles of the mean distribution
of sensible heat and total energy are shown in

Fig. 6. While the sensible heat energy increases
with height the latent heat energy decreases
with height, as a consequence the total energy
shows a maximum in the lower and the upper
troposphere with a minimum in between. This
occurs in the layer 600-500 mb. The values of
Lq above 400 mb have been neglected.

Heat and moisture fluxes

The flux integrals of sensible heat and latent
heat shown in equations 8 and 9 can be broken
up into contributions of mean and eddy motions.
The contributions of eddy motions arise from
two factors: one being due to variation of wind
and other parameters around the boundary
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Table 1. Mean energy of the monsoon ellipse troposphere

Unit: cal gm~!

Potential
heat or Total
Potential Latent sensible energy
Pressure Enthalpy energy heat heat Cpt+ Agz
100’s mb CpT (4gz) Lq CpT + Agz +Lg
Surface 9 72.0 1.5 10.8 73.5 84.3
9-8 70.5 3.5 8.8 74.0 82.8
8-17 69.1 6.1 6.3 75.2 81.5
7-6 67.4 8.7 5.3 76.1 81.4
6-5 65.9 11.9 3.3 71.8 81.1
5-4 63.6 15.7 1.8 79.3 81.1
4-3 60.8 20.4 — 81.2 81.2
3-2 57.1 26.0 — 83.1 83.1
2-1.5 53.1 31.5 — 84.6 84.6
1.5-1 50.1 36.0 — 86.1 86.1

(space eddy terms) and the other due to vari-
ations in time. As the study is based on bi-
monthly mean data the time eddy terms of
shorter durations are omitted and hence the
eddy motions referred to here are space eddy
terms only. The kinetic term energy turns out
to be of much smaller order than that of the
sensible heat and energy in the latent heat
form and hence it is neglected. The sensible
heat and latent heat flux terms in equations
8 and 9 when broken up into mean and eddy
terms and omitting kinetic energy term become

dsdp

H=ﬁ+H’=ff(CpT+AgZ) Cn

gl

CpT + AgZ Cndsdp

Cndsdp
g

L=i+L’=fqu
— Cndsdp Lg’Cn’dsdp
T g

where bars and primes represent mean and eddy
motions respectively.

1y

Lateral mass flux

Shown in Fig. 7 is the vertical profile of the
normal component of motion at different sta-
tions around the lateral boundary of the ellipse.
The inflow is maximum near 900 mb at stations
to the southeast o

—L— highest in the uppe
. (CpT + AgZy Cn'dsdp (10) the eastern half of
g ’ components are ot
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Fig. 5. Vertical profile of the deviations of Lg (in tenths of cal gm=?) from the mean around the boundary

continuous line (positive); broken lines (negative).
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Fig. 6. Vertical profile of the sensible heat (CpT +¢Z) and total heat (CpT +gZ + Lq) averaged around the

lateral boundary. Unit: cal gm-1.

sphere near 800 mb to the south and southwest
aloft between 150 and 100 mb.

Table 2 shows the values of Cn and the lateral
mass flux (positive outward) obtained from the
value

dsdp
n—-.

g

C

The vertical profiles of mean components of
wind tangential {(Cs) to the ellipse and normal

Table 2. Normal component of motion averaged
around the boundary (Cn) and the lateral mass
flux (positive outward)

PPP Cn Lateral mass flux
(100’s mb) (knots)  unit 1001° gm day—!
Surface 9 —-2.1 —0.63
9-8 —-1.9 -0.57
8-7 - 1.6 —0.48
76 —0.4 -0.12
6-5 0 0
54 0.3 0.09
4-3 1.2 0.35
3-2 2.2 0.66
2-1.5 2.2 0.34
1.5-1 2.4 0.36
Surface —5 - 6.0 -1.8
5-1 6.0 1.8
Surface 1 0 0

(Cn) to the ellipse obtained by averaging the
values around the boundary are shown in
Figs. 8a and b respectively. The tangential cir-
culation is cyclonic up to about 400 mb and
anticyclonic above it. Maximum cyclonic com-
ponents are obtained near 900 mb. The normal
components are inward up to 600 mb and out-
ward above 500 mb. This only goes to show the
decrease in intensity of the monsoon trough
convergence with height and its reversal aloft.
The outflow is largest above 300 mb and occurs
in the divergent easterly flow at the southern
periphery of the upper tropospheric quasistatic
ridge over south Asia over the region of low
level trough.

The sensible heat and latent heat fluxes
around the boundary have been evaluated
employing terms in equations 10 and 11 are
given in Table 3. A large import of sensible
heat energy takes place in the lower troposphere
(138.10 x 10*® cal day-!) and a larger export
aloft (146.91 x10'® cal day-!) leaving a net
export of 8.81 x 108 cal day 1.

The moisture flux is negative (inward) at all
levels both by mean and eddy motions except
for a small export of 0.11 x 108 cal day-! be-
tween 500 and 400 mb levels. Thus a net import
of 16.07 x 10*® cal day~! takes place into the
ellipse through latent heat.

Tellus XXT (1969), 1
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Fig. 7. Vertical profile of the component of wind normal to the boundary at different stations (knots).

Summary and Discussion

Methods used in the study are similar to
these employed by Palmen (1958), Riehl &
Malkus (1958) and Colén (1960). In this bi-
monthly (July—-August) mean wind and tem-
perature data were used.

The normal components are inward up to
600 mb and outward above 500 mb. In the layer
600-500 mb there is no ageostrophic mass cir-
culation. The total energy shows a maximum

I
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100' S mb
W
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~
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in the upper troposphere and lower troposphere
with a minimum in the middle troposphere.
The computation of fluxes of sensible heat and
latent heat shows an import of 16.07 x 10'® cal
day-! through latent heat and an export of
8.81 x 1018 cal day~! through sensible heat. An
examination of values of energy parameters
together with the normal component of wind
at individual stations suggests that a larger
import of latent heat occurs at the southwestern

B
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Fig. 8. (a) Vertical profile of the tangential component (Cs) of wind (knots) averaged around the boundary.
(b) Vertical profile of the normal component (Cn) of the wind (knots) average around the boundary.
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Table 3.

Lateral fluxes of CpT +AgZ, Lq and CpT + AgZ +Lq by mean and eddy motions

Unit: cal day—!

Flux of CpT + Ag2
(Unit: 1018 cal day—1!)

(Unit: 10*® cal day-1)

Flux of Cpt + Agz+ Lg
(Unit: 1018 cal day—1)

Flux of Lg

Pressure in Mean  Eddy Mean Eddy Mean Eddy
100’s mb motion motion Net motion motion Net motion motion Net

Surface —46.31 —0.57 —46.88 -6.88 -0.22 - 17.02 —-53.11 -0.79 —53.90
9-8 —44.00 —0.82 —44.82 -5.02 -0.09 —5.11 -49.02 -0.91 -49.93
8-7 —-36.11 -0.80 —36.92 -3.02 -0.04 —3.06 -39.13 -0.84 - 39.97
7-6 -9.14 -0.14 -9.28 -0.62 -0.19 -0.81 -9.76 -0.33 —10.09
6-5 0 -0.21 -0.21 0 —0.18 -0.18 0 ~0.39 -0.39
5-4 +7.14 -0.33 +6.81 +0.16 —0.05 +0.11 -7.30 -0.38 +6.92
4-3 +24.36  +0.12 +24.48 — — — +24.36 +0.12 +24.48
3-2 +54.84 —0.22 +54.62 — — — +54.84 -0.22 +54.62
2-1.5 +29.20 -0.34 +28.86 — — — +29.20 -0.34 +28.86
1.5-1.0 +33.17 -1.03 +32.14 — — — +33.17 -1.03 +32.14
Surface to 5 -135.56 —2.54 —138,10 1546 -0.72 -16.18 —151.02 -—-3.26 —-154.28
5-1 +148.71 —-1.80 +146.91 +0.16 —0.05 —-0.11 +148.87 —-1.85 +147.02
Surface to 1 +13.15 —-4.34 +8.81 -1530 -0.77 -16.07 -215 -5.11 -17.26

and eastern portions of the elliptical boundary
while their import through the southern stations
is relatively smaller. It is interesting to see that
in monsoon westerly current Nagpur and
Visakapattanam show relative dryness in com-
parison to Bombay and Calcutta.

The fields of vorticity and divergence at 850
and 200 mb presented in this paper bring out
the dissimilarity even within the Indian mon-
soon trough zone. Active zone of cyclonic vor-
ticity and convergence in the lower troposphere
with anticyclonic vorticity and divergence aloft
over the eastern portions of the ellipse with
almost opposite features over the western por-
tion. The flow pattern being favourable for

active development of weather in the eastern
portion and otherwise in the western portion
of the ellipse. Vertical velocity patterns (Das,
1962) over the region of the ellipse are also in
general agreement with the above features. Stud-
ies of Ramasastry (1955) have shown poleward
time eddy fluxes of heat and moisture at sta-
tions over the eastern part while being equator-
ward over the western parts. This inhomogeneity
of the area is a limitation in this study. Hence
a detailed examination of sensible and latent
heat fluxes over the eastern parts and western
parts of the monsoon ellipse is likely to throw
more light into the energetics of the trough
zone.
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OB OLIEHKAX TEIINIA 1 BJAMHOCTHU B UHANNCKROM MYCCOHE

Ilponenansl oneHkyu OGHYHON ¥ CKPHITON TemJo-
Boli sHepruu B Tpomocepe, OCHOBaHHLIE Ha
CpeJHMX pafgMO30HIOBLIX JAHHBIX 3a HIOJb—
aBrycr s cTaHmui Ha Teppuropuu WHaum B
nmepuog Myccora. Jlaa usydenus Oblia BHOpaHa
KBa3HM-2JUIMOTHYECKaA TpPaHUNA, ONpegesieH-
Haa 17-10 aspoJoruyecKMMU CTAHLUAMU, Yepes
KOTOpHle mpoxoaua MyccoH. HopoTko omnmcH-
BaeTCA CpefHAA TpomocepHas LUPKYJIALMA.
OLeHUBAOTCA IIOTOKH MACChl U 3HepPruyu. DBh-
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YUCJACHUA NOKA3LIBAIOT BTeKaHNe MacChi Ha BCeX
YPOBHAX BILUIOTH A0 600 MO M BBHITEKaHMe BHIIE
500 m06. [lonHas sHeprua o6HapyKUBAET MaKCH-
MYMBI B HUKHell 1 BepXHeil Tponocepe 1 MHHK-
MyM B cpegHeft Tponocdepe. Bruncnenna noro-
KOB TOKA3BIBAIOT OTTOK OOBIYHOTO Temaa IIo-
pAgKa 8,8 x 10'® kajgopuit B feHp N NPHTOK
CKpBITOr0 Temaa nopAgka 16,07 x 10'® kanopnit
B JeHb.



