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ABSTRACT. Vertical circulations obtained by combining vertica! motion with the ccmponents of horizontal
motion suggest the existence of Walker, Hadley and monsoon-type cellsin certain narrow latitudinal and iongi-
tudinal sections across the monsoon trough zone in the time-mean July atinosphere over India and neighbouring
Bav of Bengal. The deduced vertical circulation cells appear to_be consistent with the distributions of diabatic
heating and cooling comput=d from heat and moisture budgets and rainlall computed from the moisture budge:
equation. The heat budget suggests that to a closs approximation, Qicp~— ow (where Q is the rate of diabatic
heating, ¢p is the speciiic heat of air at constanat pressure, w is the vertical p velocity and o is the static stability para-
meter) over this region as well as found in some other parts of the monsoon belt. The importance of a vertical cir-
culation cell forced by the mountain systems of eastern Himalayas in the maintenance of the monsoon trough and

the distribution of rainfall over northern India is discussed.

1. Introduction

Although monsoon has been studied in India over
many decades (for reviews of studies, see, e.g., Ramage
1971, Rao 1976, Krishnamurti 1985), there remain
several areas in which our knowledge and understanding
are far from complete. One of these relates to vertical
motion and possible existence of vertical circulation
cells (monsoon, Hadley and Walker-type) which are
directly related to distributions of monsoon rainfall.
As is well-known, vertical motion is not directly ob-
served and has to be computed from other parameters
involving wind, temperature or vorticity. Quite a few
methods are available for such computations. Yet,
to date there have been only a few computations of
vertical motion in basic monsoon flows over the Indian
region including the Bay of Bengal (e.g.. Das 1962,
Saha 1968. Luo and Yanai 1983). Most of the com-
putations den= relate to monsoon disturbance situations

(e.g.. Rao and Rajamani 1970, Krishnamurti er al.
1975, Godbole 1977, Saha and Chang 1983, Sanders
1984). Possible existence of vertical circulation cells
in monsoon has been examined by some workers
(e.g., Koteswaram [958, Rao 1962, Das 1962, Raman
1965, Krishnamurti 1971, Asnani 1973) but only
a few of them based their conclusions on actual com-
putation of vertical motion. Rao (1962) who studied
mean meridional circulation on the basis of the vertical
distribution of the meridional component of the wind
at rawin stations in India concludes that an elevated
Hadley cell (northerlies below. southerlies above)
exists to the north of about 25°N with the monsoon
cell (southerlies below, northerlies above) lying below
the Hadley cell north of this latitude. Das (1962) who
computed mean vertical motion over the Indian sub-
continent finds evidence of an east-west anticlockwise
vertical circulation cell with its rising branch over the
eastern Himalayas and sinking branch over the desert
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region of northwest India and Pakistan. Since monsoon
circulation is primarily forced by diabatic heating
and cooling of the atmosphere, these vertical circulation
cells, if they exist, should be consistent with the dis-
tributions of heat sources and sinks and the require-
ments of heat balance over the region.

The objective of the present study is to compute
mean vertical motion and deduce mean vertical cir-
culation cells by combining the computed vertical
motion with the horizontal components of the wind
in zonal and meridional vertical cross-sections. Heat
and moisture budgets are computed in an attempt
to identify the dominant heat sources and sinks which
provide the basic forcings for the observed circulations.
An attempt is made to compute monsoon rainfall
from the moisture budget equation.

2. Computational methods

Methods used for computation of the various para-
meters are briefly stated in the following sub-sections :

(a) Vertical motion

The vertical p-velocity (w) is computed by integra-
ting the continuity equation in the form :

w=—s /.Y ép (N

where 7.V is divergence of the horizontal wind vector
V, given by the expression :

V.V = dufax + av/ey — (v/a) tan ¢ 2)

where u & v are the eastward and northward compo-
nents of the horizontal wind, ¢ is the mean radius
of the earth and ¢ is the latitude.

The integration is carried out from the earth’s surface
upward, the lower boundary condition being w,—
V,. "/ p,, where p, is the surface pressure and V, is the
wind at the station level (if available, otherwise the
wind at the standard pressure surface immediately
above the station). The space derivatives are calculated
by using a centred finite-differencing scheme. The
well-known O’Brien correction is applied to the com-
puted vertical velocity at each pressure surface so as to
reduce the vertical velocity at the top (100 hPa) to
zZero.

(b) Vertical circulation cells

These are explored by combining the computed
vertical motion (w) with the horizontal components
(u, v) of the wind in zonal or meridional vertical cross-
sections, as appropriate. Though the vertical velocity
in the atmosphere is normally about two orders of
magnitude smaller than the horizontal velocity (u or v),
the combinations reveal the existence of rising and
sinking currents and possibly, in some cases, vertical
circulation cells, such as Hadley and monsoon in the
meridional planes and Walker-type in zonal planes.

(c) Heat budget
Heat budget is studied by using the First Law of
Thermodynamics in the form :
Ofc, = T/t + V. /T — ow (3)
(1) (2) (3) 4

where @ is the rate of diabatic heating, ¢, is the specific
heat of air at constant pressure p, T is temperature
and o is static stability parameter given by the expres-
sion

o = (R/c,) (T/p) — aT/ep 4)

where R is the gas constant for dry air (=287 J kg—!
K=1). For long-term mean data, 37/3¢ may be neglected.
Q'c, is then evaluated from Egn. (3) as a residual
from values of the term (3) (thermal advection) and
term (4) (adiabatic warming or cooling due to vertical
motion).

Term (3) is computed by using a centred finite-
differencing scheme. The static stability parameter
(o) at a pressure surface is computed from the values
of temperature and pressure at the surface and the
lapse rate of temperature between the pressure surfaces
immediately above and below. For example, at 850 hPa,

o = .R_ ﬁﬁﬂ-.

850 ‘I!’

~ Twow—Ta0_.
850 1000—700

Total tropospheric heating is calculated by integrating
QO from 925 hPa to 150 hPa.

(d) Moisture budget and precipitation

The moisture budget is computed from the law of
conservation of water vapour in the form :

s 7
(1/g) f'cgq'ens,L E—P—(l/g) il'{’ 4Vép—qw,fg (5)

© (D) (2) (3) ° @ (%
where, ¢ : is the humidity-mixing-ratio of air,

£ : rate of surface evaporation,

P : rate of precipitation,
, @ vertical p-velocity at the earth’s surface,
P, - surface pressure,
¢, : humidity-mixing ratio at surface and
g : acceleration due to gravity.

[47]

Term (4) in Eqn. (5) is a measure of the total vertically,
integrated moisture convergence and term (35) gives
an approximate measure of rainfall due to orography.

As in the case of the heat budget, gg/er is assumed
to be zero for time-mean data. The approximate re-
lation which is used to compute precipitation is then :

925
P=E=(g) ) V.qVép—g, ol (6)

where the moisture convergence is integrated between
925 hPa and 150 hPa.

3. Data and analysis

Basic data used for the study are the four-year (1963-
66) mean July wind, temperature and humidity-mixing-
ratio (computed from dew-point) data at individual
stations at m.s.l. and standard isobaric surfaces 850,
700, 500, 300, 200 and 100 hPa over the domain 0-30° N,
70-110°E. The main data sources are : (i) Meteoro-
logical Atlas of the International Indian  Ocean Ex-
pedition (1TOE), Vols. | and 2 (Ramage ¢ al. 1972a,
Ramage and Raman 1972b) and (ii) the WMO Monthly
Clinatic Data of the World, Tor the years 1963-66,
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Fig. 1. Streamline-isotach analysis over India and neighbourhcod :
(a) m.s.l. and (b) 50C hPa. Double-dashed line denotes the
monscon trough. Single-dashed lines are isotachs (knots).
Topography (shaded areas) shown at m.s.l. (Fie. la) is
above 1 km a.s.1. A denotes anticyclonic, C: cyclonic

Rainfall data are obtained from the India Meteoro-
logical Department sources (monthly summaries) for
stations in India and from the WMO Monthly Climatic
Data of the World for stations in regions outside
India. Evaporation data are obtained from a publi-
cation entitled *‘Evaporation data of observatories
in India (India Met. Dep., 1980) for stations in India
and from Ramage et al. (1972 a) for the sea areas.

Data plotted on maps are analyzed manually for
fields of wind, temperature and humidity-mixing-
ratio at the standard pressure surfaces and evaporation
and precipitation at the earth’s surface. A horizontal
grid of 2° Lat./2.5° Long. is used.

The salient points of the data analysis are as follows :

(a) The wind field

The isobaric wind analysis reveals the well-known
broad-scale features of the mean summer monsoon
circulation over the region, viz., a cyclonic circulation
in the lower troposphere (below about 500 hPa) and
an anticyclonic circulation above. As part of the lower-
tropospheric wind-field over India, there appears
a trough which extends from the centre of the ‘heat
low’ over Pakistan to the northern part of the Bay of
Bengal at m.s.). (Fig. la) and slopes equatorward
with height to be located in an approximately west-
east orientation across central India, along about

20°N at 500 hPa (Fig. Ib). This is the well-known
lower-tropospheric monsoon trough over India which
generally disappears above about 500 hPa.

(b) Temperature

Figs. 2(a. b) present the vertical distribution of zonal
anomaly of temperature (deviation from zonal mean
temperature) along latitudes 26° N and 20° N respecti-
vely. They show warm anomaly through the whole
troposphere over the monsoon trough zone and cold
anomaly in the lower troposphere to its east. Fig. 2(c)
presents the vertical distribution of meridional tempera-
ture anomaly (deviation from meridional mean tempera-
ture) along 85°E. It shows strong warm anomaly
over the whole land section and cold anomaly to the
south of about 16°N. Strongest warm anomaly appears
to be located at 200 hPa over the Tibetan region and
adjoining northern India.

(c) Humidity-mixing-ratio

The distribution of humidity-mixing-ratio (g/kg) at
two pressure surfaces, 850 hPa (full lines) and 500 hPa
(dashed lines), is shown in Fig. 3. At both the surfaces,
humidity maxima appear to be located over the north-
eastern parts of India and eastern Himalayas. Humidity
generally decreases westward and equatorward.

4. Results

The results of the computations are presented in
the following sub-sections

(a) Divergence

Computed divergence field (not shown for lack of
space) appears to meet largely the requirements of
Dines’ compensation in the vertical, ie., between
the lower and the upper tropospheres over most areas.
In a vertical section along 20°N, strong divergence
appears in the upper troposphere above about 500 hPa
with convergence below in the monsoon trough zone.
Mainly divergence appears to prevail in the lower
troposphere over the Bay of Bengal with convergence
aloft. Convergence occurs through most of the tropo-
sphere over the Burmese and Indo-China peninsula
mountains.

(b) Vertical motion

Orographically-forced  vertical  motion  ( w, ),
presented in Fig. 4(a), shows upward (U) motion on
the windward slopes of the Western Ghats mountains
along the west coast of India, the Arakan Yoma on
the Burmese coast and the mountain ranges of eastern
Himalayas and downward (D) motion on their
leesides. Fig. 4(b) which presents the distribution
of vertical motion at 500 hPa shows strong upward
motion to the southwest of the m.s.l. location of the
monsoon trough and downward motion to the east
over the northern part of the Bay of Bengal and adjoin-
ing Bangladesh. Strong upward motion appears over
the mountain ranges of northeastern India, Burma and
Indo-China peninsula. Weak downward motion appears
over the southern parts of the Indian Peninsula on the
leeside of the Western Ghats mountains and over the
whole of northwestern India. Zonal vertical cross-
sections showing the distributions of vertical motion
along latitudes 26” N, 20° N and 14° N are presented
in Fig. 4(c).
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Fig 2. Tempearature anomaly (°C) in zonal and meridiona! vertical secticns : ) 26° N, (h) 20°N and (¢) 85°E,
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Fig. 3. Humidity-mixing-ratio (g/kg) at 850 hPa™ (full lines)
and 500 hPa (dashed lines). Shaded area shows oro-
graphy above 3.0 km a.s. 1.

(c) Vertical circulation cells

Resultant streamlines based on (i, @) values in
zonal-vertical sections along latitudes 28° N, 267 N,
24° N, and 20°N are presented in Figs.i5 (a-d) respectively.
They appear to reveal the following

Along 28°N (Fig.5a), the whole tropospheric flow
over and to the west of the Himalayan massif appears
to be descending strongly, except over the Assam
valley where there is upward motion below about 500
hPa. Along 26° N (Fig. 5b), an anticlockwise vertical cir-
culation cell appears to be centred at about 78°E
at 800 hPa with strong upward motion to the east,
easterlies above, downward motion to the west and
westerlies below the centre. To some extent, this cell
which is forced by the mountains (MTN) appears to

Figs. 4 (a&b). Vertical motion (unit : 1074 hPa 1 ) : (a) due to
orography (ws) and (b) at 500 hPa, U-upward,
D-downward. In (a), hats denote prominent hills
and mountains
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Fig. 4 (c). Vertical motion  (unit
sections along 26°N,

D-downward

resemble the east-west vertical circulation cell suggested
by Das(1962). Two anticlockwise Walker-type vertical
circulation cells, one centred at about 77°E at 700
hPa and the other centred at about 93°E at 600 hPa
appear in the vertical section along 24° N (Fig. 5¢).
Circulation cells along 20° N (Fig. 5d) show features
which are very similar to those along 24°N. The
sections along both 24°N and 20°N bring out the
existence of strong upward motion in both the lower-
tropospheric westerlies and the upper-tropospheric
easterlies to the west of the monsoon trough zone near
the Head Bay of Bengal and strong downward motion to
the east. They also show strong orographic lifting of
air at the mountain ranges of northeastern India and
Burma.

Considerable longitudinal variation is observed in the
resultant streamline, (v, ) patterns along meridional-
vertical sections along 77.5°E, 85° E and 90° E presented
in Figs. 6 (a-c) respectively. The section along
77.5°E (Fig. 6a) shows an elevated Hadley (H)
cell centred at about 25°N at about 400 hPa
but no monsoon czll below, as visualized by
Rao (1962) Northerlies below the centre of the
cell appear torise to the south of the m.s.l. loca-
tion of the monsoon trough between 24°N and
21°N but sink further south. An entirely different pattern
is presented along 85°E (Fig. 6b) where a well-defined
Hadley (H) cell appears to becentred at about 26°N at

1 107*hPa s Y }in vertical-zonal
20°N and 14°N. U-upward,

500 hPa and a Monsoon (M) cell to the south, as suggest-
ed by Rao (1962). The section along 90° E (Fig. 6¢c)
shows no Hadley or monsoon cellbut an anticlockwise
circulation cell centred at about25°N at 500 hPa with
strong upward motion to the north, northerlies above,
downward motion to the south and southerlies below the
centre. Clearly, this cell is forced by the mountains and
may be called a Mountain (MTN) cell. Downward
motion appears in the whole troposphere over the Bay

of Bengal.

(d) Heat budge.

Fig. 7(a) which presents the computed values of the
terms of the heat budget equation along meridian 85°E
at 500 hPa appears to reveal the following :

(i) Diabatic heating (Q/c,) is strongly positive to
the south of the m.s.l. location of the monsoon trough
with a maximum value of about 12x10—° K s~ at
20°N;

(i) The effect of diabatic heating is almost totally
compensated by adiabatic cooling due to upward motion
(—ow), ie., Q,~2—ow and

(iif) Thermal advection (V.7 T) is relatively very
small at 500 hPa, with slight warm advection to the
north of about 21°N and cold advection to the south
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Fizs. 5 (a=c). Resultant streamlines (v, ) in zonal-vertical ssctions along : fa) 28°N,7(b) 26°N and (c) 24°N
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Fig. 5 (d). Resultant streamlines (v, w) in Zonal-vertical
section along 20°N

The distribution of total diabatic heating Q (vertically
_integ'rated between 925 hPa and 150 hPa) is presented
in Fig. 7 (b). It shows strong diabatic heating to the
southwest of the m.s.l. location of the mean monsoon
trough and over the mountainous regions of north-
eastern India, Burma and Indo-China peninsula and
diabatic cooling over the trough location itself and
over Bangladesh and most parts of the Bay of Bengal.

|

(e) Moisture budget and precipitation

Fig. 8(a) presents the distribution of compuied oro-
graphic rainfall (term 5 of the moisture budget Eqn. 5).
Positive values of rainfall (R) occur on the windward
slopes of mountain ranges where the vertical motion is
upward and negative values on the leesides and where the
vertical motion is downward and which are relatively
dry (RD) areas. A negative value for orographic rain-
fall has no other significance except that it occurs due
to downward motion on the leeside. Fig. 8(b) shows
strong moisture convergence (MC) to the southwest of
the m.s.1. location of the monsoon trough and strong mo-
isture divergence (MD) to east and northeast. Strong
moisture convergence occurs over the eastern Himalayas.
Burma and Indo-China peninsula. There appears to be
moisture divergence over the western half of the Indian
Peninsula and moisture convergence over the eastern half
of the Peninsula and adjoining western part of the Bay
of Bengal.

The distribution of total precipitation, computed
from Eqn. (6) is presented in Fig. 9(a). Here, areas of
positive values are indicated as rainy (R). while those of
negative values are designated as relatively dry (RD).
A negative value may arise from strong moisture di-
vergence or downward motion or both. The distribution
of the 4-year (1963-66) mean July observed rainfall is
presented in Fig. 9(b). Fig. 9(a) when compared with
Fig. 9(b) suggests that despite differences in magnitude
the computed rainfall pattern corresponds reasonably
well to the observed rainfall pattern in some areas
such as the Western Ghats mountains, the monsog,
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Fig. 6. Resultant streamlines (v, w)in meridional-vertical
sections along (a) 77.5° E, (b)85°E and (c) 90°E

trough zone and the mountain ranges of eastern Hima-
layas, Burma and Indo-China peninsula. However,
some dissimilarities are noticeable over the southern
part of the Indian Peninsula, Bay islands, parts of West
Bengal and over Bangladesh. Lack of rainfall data over
the Bay of Bengal hampers comparison of the computed
rainfall with the observed over the sea area.

The distribution of observed rainfall ( Fig.9b) shows a
relative rainfall minimum at the m.s.l. location of the
monsoon trough with the main rainfall areas lying to its
southwest and northeast. Fig.9 (a) suggests that the
computed rainfall also is similarly distributed relative to

the monsoon trough.
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Fig. 7. Computed]values of the terms of the heat budget : (a) Meridional
profiles at 500 hPa along 85° E (unit : 1075 K s™') and
(b) Horizontal distribution of vertically-integrated total
diabatic warming (W) and cooling (C) (unit_: W m™®

5. Concluding remarks

Through simple analysis of the time-mean horizontal
and vertical motion field and computation of heat and
moisture budgets, the study has identified the principal
rising and sinking air currents and the meridional and
zonal vertical circulation cells that exist in the time-mean
July atmosphere over India and the adjoining Bay
of Bengal. Mean meridional circulations associated
with the monsoon trough over India consist of a
monsoon cell which lies equatorward of the m.s.,
location of the trough with rising motion along the
equatorward-sloping surface of air mass discontinuity

between the predominantly continental air to the north
of the trough and the moist southwest monsoon air, to
the south and an elevated Hadley cell with its sinking
branch over the areas to the north‘of the trough.a.nd
rising branch in the south coinciding with the rising
branch of the monsoon cell. An important vertical circu-
lation cell which is evident in both the zonal (Figs. 5
b, ¢, d) and the meridional (Fig. 6¢c) cross-sections Is
that forced by the mountains of eastern Himalayas and
northeastern India and which may be more appropriately
calleda Mountain cell. It arisesas follows : :l'he_ S/SE
winds from the’ Bay“of Benga! which enter the plains of
northern India at m.s.l. veer with height and strike the
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Fig. 8. Computed values of the terms of the moisture
budget equation 5 (unit : 1073 kg s~ m™?) : (a) Orogra-
phic rainfall (R-rainy, RD-relatively dry) and (b) Verti-
cally-integrated total moisture divergence (MD) and
moisture convergence (MC)

high mountain bacrier head-on and rise in deep convec-
tion and divergs inthe middle and upper troposphere to
sink over the plains of northeastern India. Heavy preci-
pitation that occurs in the rising branch of the mountain
cell creates a strong diabaticheat source there, while a
relative rainfall minimum which occurs) in the sinking
branch becomes a diabatic heat sink (Fig. 7b). Thus the
monsoon troughat m.s.l. is located ina region which is
characterized by diabatic cooling, tropospheric subsi-
dence and a relative rainfall minimum. A hypothetical
question which has often been asked : What will happen
to the monsoon over India if the Himalayan mountain
complex was removed or did not exist at all ? Hahn
and Manabe (1975) who addressed this very question
in their General Circulation experiment on the South
Asian Monsoon circulation with and without mountains
find that in the absence of the Himalaya mountains and
the Tibetan Plateau, the rain-belt associated with the
summer monsoon advances northward only up to the
southern part of India and no farther north. In western

(o)

2 hY
2 3.t

70 7% ao 85 20 = WOF

Fig. 9. Distribution of rainfall (R-rainy, RD-relatively
dry): (@) Rainfall computed from the moisture
budget and (b) Observed 4-year mean July
rainfall (unit}: 1073 kg’s™ m™

Africa. except the coastal mountain ranges, there are
no high mountains comparable to the Himalayas to act
as a barrier to the low-level monsoon inflow from the
Gulf of Guinea and it is well-known that little or no rain
falls to the north of the monsoon trough there. One may
conclude that similar would have been the fate of India in
the absence of the Himalayas and the elevated Tibetan
Plateau. The granary belts of northern India would turn
into a Sahara-type desert without the Himalayas.
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