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THE STRUCTURE OF THE ASIAN SUMMER MONSOON*

by P. Koteswaram' and N.S. Bhaskara Rao

India Meteorological Department
New Delhi, India

Abstract: The wind and thermal structure
of the Asian summer monsoon in the
lower and upper troposphere have been
examined during different stages of
development of the monsoon. It is seen
that an upper tropospheric warm ridge
overlies the lower monsoon trough and
shifts along with it. The activity of the
monsoon is affected by the upper ridges
as well as perturbations in the upper flow
patterns. It is suggested that the summer
monsoon circulation represents a Hadley
type of meridional cell with its heat
source over the monsoon trough near the
thermal equator and 'sink' over the

cooler oceanic areas near the geographi-
cal equator. -

1. INTRODUCTION

The existence of the Summer Monsoon over South Asia has been known for centuries,
not only by people of the lands affected by the monsoons but also by different seafaring peoples
of the world. In early literature of India, copious referencei are made to the monsoonal winds
and clouds. The Greeks learned about the existence of these winds during Alexander's expedi-
tions to India. According to the observation of Hippalus, this wind was known to appear in the
Indian Ocean at the same time as the Etesian winds prevailed in the Mediterranean, ‘and navi-
gation from the Grecian ports was not practicable until the appearance of this southerly wind
which blew from the sea towards the land. Marco Polo heard of the monsoons at Mangi, whose
inhabitants sailed in winds to the Spice Islands near Ceylon and returned in summer with a
wind in the opposite direction. In 1554 Sidi Ali of Arabia, in his work on Mohit, on the navi-
gation of the Indian Ocean gave the times of commencement of the monsoon at fifty different
places.

Halley (Phil. Trans. 1686, p.158) described the summer monsoon as follows:

"To the northward of 3°S latitude, over the whole of Arabian or Indian Sea
and Gulf of Bengal, from Sumatra to the Coast of Africa, there is another
monsoon, blowing from April to October, upon SW and WSW and with
rather more force than the other (NE monsoon) accompanied with dark
rainy weather, whereas the NE blows clear; 'tis likewise to be noted that
the winds are not so constant, either in strength or point in the Gulf of
Bengal, as they are in the Indian (Arabian) Sea, where a certain steady
gale scarce ever fails. 'Tis also remarkable that the SW winds in those
seas are generally more southerly on the African side, more westerly

on the Indian. '

This description can hardly be improved upon. Halley also attempted an explanation
of the monsoon as due to differential heating of the land and sea.

* Pregented at the Symposium on Monsoon Meteorology, TENTH PACIFIC SCIENCE CONGRESS,
Honolulu, September 1961.
+ At present East- West Visiting Scholar, University of Hawaii.
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In a classical paper on the Indian Southwest Monsoon, Simpson (1921) treated the
problem as that of an extensive closed heat low over India, bound by orography. He laid
special emphasis on the effect of the Himalayas and the Arakan Yomas of Burma, which contain
most of the moist monsoon air within the confines of India and Burma, increasing its rainfall.
Ramanathan and Ramakrishnan (1933, 1938) studied the upper air circulation during the South-
west Monsoon with the aid of pibal winds and found that the monsoon current is 4 to 5 km deep
with an easterly flow aloft. Southerly components are confined to the sub-cloud layer and the
flow is westerly and sometimes even northwesterly at 1 km and above. In a volume of climato-
logical charts of the "Indian Monsoon Area' extending to 30°S, prepared by Ramanathan and
Venketeshwaran, published by the Indian Meteorological Department (1945), the monsoon
westerlies have been indicated as extending up to 5°S. The turning of the SE trades into the
SW monsoon was indicated as taking place even to the south of the equator, a fact which was
noticed by various workers since the time of Halley (e.g., Mienardus 1893). Fletcher (1945)
considered this trough south of the equator as a southern L. T. C. zone as distinct from the
northern I, T. C, over northern India in summer.

Though it is generally believed that the SW monsoon originates from the SE trades
of the Southern Hemisphere and gets deflected towards the heated land areas of India and SE
‘Asia after crossing the equator, doubts were expressed from time to time regarding the
correctness of this theory as the Southwest Monsoon is westerly, not southwesterly, above the
sub-cloud layer and the turning of the SE trades into westerlies takes place mostly to the south
of the equator. The belief has however persisted widely among meteorologists, as evidenced
from general circulation maps published in various text books where the surface streamlines
are drawn from the sub-tropical anticyclones of the Southern Hemisphere to the monsoon
trough zone of the Northern Hemisphere. Ramanathan in a recent paper (1960) considers that
the strengthening and advance of the moist monsoon current from the Southwest or West links
up the Indian Monsoon with the trades of the South Indian Ocean.

Malurkar (1950) attempted to determine the link-up between the Indian Monsoon and
SE trades of the South Indian Ocean. He was of the opinion that shallow low pressure areas
travelling westwards to the south of the equator cross into the northern Indian Ocean .at pre-
ferred locations and move across the Arabian Sea or the Bay of Bengal carrying the monsoon
current in their wake. Such '"lows' which he called ''pulses'’ could be traced as feeble isallo-
baric 'lows'. The mechanism as to why the lows cross from one hemisphere to the other and
how they are transformed after crossingwas, however,obscure. Apart from this attempt, no
other evidence is available of trans-equatorial surges of the monsoon except along the East
African Coast where strong southerlies have been noticed even from the time of Halley. Fore-
casters in the Indian area have, long since, attempted to anticipate monsoon surges along the
west coast of the peninsula from the northward shift of the sub-tropical high pressure cells in
the South Indian Ocean.

Flohn (1950, 1953, 1957, 1960) consistently opposed the concept of the Southern
Hemispheric origin of these monsoon winds. In a number of articles he pointed out the exist-
ence of westerlies to the south of the equator even during the SW monsoon season. He postu-
lated two different patterns of the planetary circulation of the atmosphere — one idealised for
a land covered earth and the other for an oceanic globe. In a continental area, the thermally
controlled pressure pattern will be displaced according to the sun's zenithal position and hence
the thermal trough lies near 23°N in summer with a westerly current to its south.

The influence of high tropospheric flow on the onset of the monsoon was pointed out
by Yin (1949) and Riehl (1954) who considered that the SW monsoon burst on the west coast of
India as a result of the northward diversion of sub-tropical wésterly flow over northern India
in late Spring. The sub-tropical westerly jet stream shifts to the north of the Tibetan Plateau
rather abruptly at the time of the monsoon burst. This abrupt shift of the upper westerly flow
was observed by a number of other authors. (Sutcliffe and Bannon 1954, Suda and Asakura 1955,
Flohn 1956, Shih-Yen and Lung Shun 1957). Koteswaram (1956, 1958a), while confirming the
above mentioned ''singularity'l however, pointed out that strong upper westerlies persisted over
northwest India even after the onset of the SW monsoon. He drew attention to the setting in of
an Easterly Jet Stream at low latitudes over South India which coincided with the burst of the
monsoon there. He considered the upper divergence associated with the left ''exit'' sector of
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the easterly jet induced convergence in the lower levels and the subsequent "burst" of the
monsoon on the southwest coast of India. He noticed that this easterly jet shifted northwards
during 'breaks' in the monsoon when the monsoon rains decreased considerably over peninsular
India, and considered that this easterly current aloft is intimately connected with the SW mon-
soon in the lower levels. :

The influence of the seasonal warming of the Tibetan Plateau in "switching"” and
maintaining the upper level circulation over the Asian Summer Monsoon came into prominence
during recent years (Flohn 1957, 1960, Staff members of the Academica Sinica 1958, and
Koteswaram 1958, 1960). Koteswaram (1960) postulated a Hadley type of meridional circu-
lation functioning in summer over South Asia, with the source over the monsoon trough over
northern India and further east, as well as the eleévated heat source of the Tibetan Plateau and
the "'sink" over the cold equatorial sea areas. He pictured the southwest monsoon in the lower
levels as a ''return current'! in this meridional Hadley circulation working in a reverse direc-
tion to the usual tropical Hadley cell. The role of perturbations in the upper easterlies on the
formation of monsoon depressions and the fluctuations in the southwest monsoon current were
investigated by Koteswaram and co-workers (Koteswaram and George 1958, Srinivasan 1959).
Ramaswamy (1958) examined the effect of the lateral shift of the circumpolar westerlies over
Asia on the strengthening of the southwest monsoon and monsoon 'breaks’, and concluded that
the sub-tropical anticyclone shifts over Tibet during strong monsoon while an extratropical
westerly trough extends over North India in the upper troposphere in the 'break' period. A
number of Russian workers have also given thought to this monsoon problem. A summary of
their contributions has been given by Drozdov, Sorochan and Logvinov (1960).

2. FLOW PATTERNS DURING THE SOUTHWEST MONSOON SEASON

In order to get an integrated picture of the summer monsoon circulation, it is
necessary to examine the flow pattern in the entire troposphere, if not further aloft. The data
collected during the IGY have been examined with this end in view in order to study the general
patterns in the lower and upper troposphere over South Asia during various stages of the devel-
opment of the SW monsoon during 1958, and daily charts extending over a wide area were
prepared at different levels. A few sample situations are cited below to illustrate typical
patterns.

(a) Monsoon Burst

The ""burst'" of the monsoon on the west coast of India was rather late in 1958, having
been delayed to the middle of June instead of the usual late May or early June. The sub-tropi-
cal ridge line in the upper troposphere which generally lies along 15°N in Spring (Koteswaram:
and Parthasarathy 1953) shifted to 20°N by the 5th of June. Two waves were noticed in the
easterlies to the south of this ridge, one along 100°E and the other at 80°E. The westerlies
over North India had a trough roughly along 80°E and the core of the westerly jet stream lay
near its normal position near 27 N, skirting the southern rim of the Himalayas and extending
into higher latitudes over China. A westerly flow (the SW Monsoon)had set-in in the lower
levels over the South Bay of Bengal. The two troughs over India apparently got interlocked
and remained almost stationary for a number of days. A well-marked ridge formed over the
west coast of India and another over the Bay of Bengal. The divergent southward meridional
flow apparently induced a ''low' in the lower levels off the southwe st coast of India during the
second week of June. As is well known in India, such low level 'lows' over the southwest
Arabian Sea are the precursors of the southwest monsoon along the west coast of India. They
gradually move northwards or northwestwards and carry the monsoon westerlies to higher
latitudes. A similar extension of the monsoon in the wake of northward moving ''lows™ occurs
in the Bay of Bengal. In some years these ""lows' intensify into tropical depressions or even
tropical cyclonic storms which precede the monsoon burst over the country. The monsoon
burst occurred on the west coast south of 15°N on June 14 with heavy falls of 10 to 16 cm in
24 hours at some stations.

Figs. la and 1b give the contour and isotherm patterns at 700 mb and lc and 1ld the
corresponding patterns at 200 mb at 0000 hr GMT on 16 June 1958, The east-west '"monsoon
trough' is well marked at the 700 mb level, extending from about 10°N in the Arabian Sea to
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Fig. 1 (b) Isotherm pattern at
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ZOON in the Bay of Bengal. At lower levels a trough line is not generally noticeable, as the
wind flow is westerly in the dry current also due to the influence of the heat low over Northern
India. It is therefore preferable to locate the monsoon trough at 700 mb. The important
features at this level are the ''lows" over the sea areas and the ''highs" over land. An exten-
sive westerly current exists to the south of the monsoon trough. The warmest air at this level
lies over North and Central India and over South Arabia. The Tibetan Plateau does not seem

to have affected the temperature distribution over North India as the winds continue westerly
and increase with height, indicating a northward decrease of temperature over the Indian plains.

Figs. 1 (c and d) show the existence of SW to W winds over most of North India
though the jet stream core had shifted over the Tibetan Plateau. The monsoon had already
advanced to about 15°N and wide spread rainfall occurred along the west coast of India to the
south of 15°N with heavy falls amounting to 9 to 13 ¢m during the 24 hours following the map
time. The core of the sub-tropical westerly jet lay to the north of the Tibetan Plateau near
35°N. A stationjust to the north of Lhasa in Tibet, however, reported 60 kt winds at 200 mb on
the 17th. The warmest temperature in the upper troposphere lay over India and Burma.

The west coast rainfall occurred ahead of the easterly upper trough over South India
at 200 mb where marked upper dive rgence is indicated. An easterly jet probably exists at
higher levels, as can be judged from the 60 kt easterly wind reported at 100 mb at Pt. Blair.

The '"'burst" of the monsoon on the west coast of India occurred after the core of the
westerly jet stream shifted to the north of the Indian plains and probably beyond the. Tibetan
Plateau. The ''switch over' of the monsoon circulation, however, appears to have been
accomplished by the heating effect of the Indian land area itself as the upper anticyclone had
not shifted to Tibet by then. ’

(b) Active Monsoon

Figs. 2 (a and b) illustrate the low level conditions on 9 July 1958 when the monsoon
had extended almost over the entire Indian sub-continent. A weak depression lay at the head
of the Bay of Bengal and r%in fell extensively over the whole country outside Madras State.

The west coast north of 15 N and Gujarat had some very heavy falls of rain (15 to 24 cm in 24
hours) during the next two days. The warmest air extended from Iran to Burma along the
north Indian plains,

Fig. 2c indicates the upper ridge lying almost over the monsoon trough. Two waves
in the upper easterlies and one in the westerlies are seen, the latter having extended into North
India from higher latitudes. The strong anticyclone extending from the Caspian Sea to NE
Arabian Sea is conspicuous. This ridge lies over the lower '"heat low" in this region. The
marked upper divergence to the east of this ridge line over Gujarat probably triggered the
very heavy rain in this area during the next 48 hours. The warmest air at 200 mb was in the
upper anticyclones over Iran and West Pakistan, North and Central India, and Burma (Fig. _Zd).

The situation on this day was complex; it however illustrates how even at the height
of activity of the monsoon, the upper anticyclone did not shift over Tibet as postulated by some
authors (e.g. Ramaswamy, 1958) but lay over the plains of India and Iran. On a number of
occasions in July 1958, the upper ridge lay almost over the low level trough as in the present
occasion.

(c) Monsoon 'break!’

The weakening of the monsoon over Peninsular India and its simultaneous activation
over the sub-Himalayan region occurs periodically during the monsoon season, particularly in
August and September. The usual signs are the shift of the monsoon trough to the foot of the
Himalayas and the disappearance of the easterlies over North India in the lower troposphere.
Such situations have been called "'breaks'" in the monsoon and it is believed that the monsoon
is ""broken' off from its source in the southern hemisphere during such periods. Many Indian
meteorologists consider that the monsoon easterlies over North India are replaced by circum-
polar extratropical westerlies during such 'break" conditions. Ramaswamy (1958) who studied
two situations of active and weak monsoon in 1953 and 1954 was of the opinion that a trough in
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