1. INTRODUCTION

1.1 General

'Monsoon' means rainy season. JYor Indian
meteorologists, the word monsoon has come to be so much
associated, that they identify even the other seasons as
pre-monsoon (summer) and post-monsoon (winter) seasons,
This word is derived from the Arabic word "Mausim"

( Ramanathan, 1960) which means season and was used by

the Arabs to designate the winds over the Arabian sea
which blow for approximately six months from the southwest
and for six months from the northeast. In course of

time, it has become the synonym of rainy season. The
monsoon.is said to be good or bad according to whether

the rainfall is in excess or in deficit,

1.1.1 Planetary oscillation concept of the monsoon

Monsoon, in reality, is a guasi-stationary wind
system (India Met. Dept., 1949) over Asia which alternates
in direction between northeast and southwest during the
year. It thus forms a part of the global general circula-
-tion. The periodical change of wind direction on the
surface and aloft results from the normal swing of the
planetary circulation zones (Flohn, 1960 a). Figure 1,1.1
which is based on Byers (1959) shows the schematic represe-

-ntation of planetary circulation observed when the sun is at
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Figure 1l.l.1 Schematie representation of winds at
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equinox, Three wind belts are present in each hemisphere;
the trade winds of low latitudes, the westerlies of middle-
1atitudes and the easterlies of polar latitudes. The

line of demarcation between the trade winds of the
northern and southern hemispheres is the eguatorial
convergence zone, It is often known as the Intertropical
Convergence Zone (ITCZ or ICZ ). It is also called the
Intertropical Front (ITF) (Sawyer, 1952), Intertropical
Trough (ITT) (Saliman, 1960), and Near Equatorial Trough
or Convergence (Bamage, 1971). This equatorial convergence
zone is a narrow east-west band of vigorous cimulonimbus

convection and heavy precipitation. (Holton et al, 1971}.

During the northern summer, the whole system of
planetary Zones undergoes a shift towards the north and'
during the northern winter towards the south; a shift
which follows the march of the sun in its zenith. The
average Zonal axis 6f the ITCZ which is at 13°N in July,
is displaced to 4°S in January (Riehl, 1954), The zonal
axis of the subtropical . anticyclones (Figure 1.1.1) is
displaced along the meridian only by half as much
(Pedelaborde, 1963), Under these conditions, the tropical
regions of the globe undergo two annual wind regimgs.
For example, during summer the southern hemisphere
air-gtream penetrates well into +the northern

hemisphere in India and southeast Asia and to a smaller
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extent in Africa whereas during winter the northem
hemisphere air-stream penetrates farthest southward in
south America\( Brazil), east Africa and northeast Australia

( Ramanathan, 1960},

The general circulation of the atmosphere stems
from the inequalities in the solar radiationrteceived
and absorbed by the earth«atmospher; gystem, The equatorial
region serves as heat source while the polar regions
serve as heat sinks, The atmosphere is a gigantic, though
inefficient, heat engine transfoming the potential energy
represented by the heat differences into kinetic energy
of the mean motion (Byers, 1959) . Through this mean
motion, called the general circulation, heat is transported

from souxrce to sink.

The global pressure distribution and- the
resulting winds represented by stream lines are shown
in FPigures 1.1,2 and 1.,1.3 ( based on Mintz et al, 1952)
respectively for July (summer) and Jaruary ( winter).

The pbsition indicated of the ITCZ (dotted line in the
figures) is based on Sawyer ( 1952), though there are
various versions about its positioning especially over the
Asiatic continent in July. Whereas Sawyer ( 1952) and
Mintz et al ( 1952) showed the ITCZ north of the Himalayas,
Saliman ( 1960) and Pedelaborde { 1963) showed it through
India south of the Himalayas., ~But, Riehl ( 1954) does

not show the July ITCZ over the portion of east Asia
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Global distribution of pressure at the surface
for the month of (a) -Tulv -summer and (B) Tan-

uarv -winter. Centers of h>ffh pressure (H) are
hatched; the position of the Himalayas is shad

ed and the brohen line rerresents the 1TC7.



Figure 1.1.3
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Surface streamlines representing the surface winds
for the month of (a) July -summer and (h) Januarv-
winter. Centers of high pressure (¥) are hatched:
the position of the Himalayas is shaded and the
dotted line represents the ITCZ.
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between about 90°E and 130°E, apparently due to lack of

observational evidence,

The distribution of continenﬁs and oceans exerts
profound influence on the distributions of pressure and
~wind. The strongly oceanic character of the southern
~ hemisphere inhibits large seasonal changes., Hence thé
subtropical anticyclones over the Atlantic, the Pacifiec,
and the Indian Oceans remain as prominent features in
the southern hemisﬁhere both in summér and winter
(Figures 1.,1.2 and 1,1.3) with comparatively small
variations in their location and intensity. 1In the
northern hemisphere, where continentality is very pronounced,
the subtropical anticyclones are found only over the
Atlantic and the Pacific oceans both in summer and winter
whereas over the-Asiatic continent, an area of intense
low pressure centered over Afganistan is located in summer
(Figures 1.1.2 and 1.1.3) and a well-developed anticyclone

centered over Siberia in winter.

It is also seén from Figures 1.,1.2 and 1.1,3 that
the ITCZ undulates between 4°N (central Pacific) and 40°N
(China) in July and between 25°S (Africa) and 8°N (off the
California coast) in January. The seasonal displacement
hardly exceeds 5° latitude in the western hemisphere (0° to
180°W), whereas it ranges upto 50¢ latitude in the eastern
‘hemisphere (0° to 180°E}. It is evident that the

meridional distribution of oceans and continents with
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respect to the eqﬁator causes such contrasts.' The Asiatic

-continent distorts the otherwise symmetrical distribution.

patterns of global pressure.and winds. The éontinental
stretch north of the equator and the oceanic spread to
the south of it provides one special topographic feature
causing differential heating éf land and sea which is
unique in itself., South America (Brazil) does not
experience monsoon because of the narrowing down of the
continent frém equator to both north and south, thus
restricting the areas in which heat lows might form.
Thus, the monsoon, in addition to its being a part of
the general circulation, is essentially of thermal
origin, |

1.1.2 Thermal concept of the monsoon

The thermal concept of the monsocon was first
proposed by Halléy in as early as 1886. In the summer
hemisphere, the air over the Asiatic continent is wammer
than that over the Indian ocean. A thermal low pressure
is, therefore, developed over the warm continent (Figure
1.1.2A). Pressure increases in colder, denser air over
the ocean, The flow of air is then from high pressure
over the ocean towards low pressure over the land, as
indicated by streamlines in Pigure 1.1.3 A, During
winter, a reverse current flows from the relatively cool
land (high pressure) towards the heated ocean { low
pressure) as shown in figure 1.1.33; Thus, the monsoon

winds are analogous to the sea breezes and the land
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breezes on an annual time scale and a continental space
scale (Flohn, 1960 b). It looks as though Asia breathes

out during winter and breaths in during summer.

The Indian subcontinent furnishes the TDbest
large—scgle example of the monsoon, In summer, from
June to 5eptember, the general flow is from sea to land
(Figﬁra 1.1.4 4). The winds over major part of -the
country are from the southwest. The air being‘of‘oceanic
origin has high humidity. Clouds and rain are of
" frequent occurrence and this period is the southwest
monsoon. During winter, from December to February, the
general floweis from north to south, northwesterly in
the plains, northerly in the central parts and north-
-easterly in the south peninsula (Figure 1.1.4 B}. The
air over the country being mainly of continental origin
has low humidity. This period is the northeast or winter

monsoon.

1.2 Southwest Monsoon Season

i

The southwest monsoon or the summer monsoon

(June to September) is the principal rainy season for
most of India. Over 70 percent of annual rainfall is
recorded during this season. (bas, 1963), Since the
present investigation is limited to the southwest o
monsoon, the features relating to the southwest monsoon

only are discussed in the following.
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1.2.1 ' Burface features

i The pressure configuration at sea level for a
typical monsoon month of July is shown in Figure 1.2.1,
which is reproduced from the paper by Rao et al (1968),
The area of lowest pressure lies over norfhwest India
with a trough of low pressure stretching across the
Indo-Gangetic plains in the northwest-southeast direction.
This trough is known as the monsoon trough and its
periodic movements to the north and south have an

important bearing on the rainfall over north India.

The monsoon first strikes the Kerala coast by
about June 1, This feature is popularly known as the
'monsoon burst', By the middle of July, it is established
over the whole of India (Das, 1968)., These are anxious
weeks for the Indians, since a late monsoon may“mean crop

failure.

The advance of monsoon over the sea areas
(Arabian sea and Bay ;f Bengal) is usually accompanied
by squally weather, rough seas, and heavy rain showers
(Ananthakrishnan et al, 1968). It is frequen%ly ushered
by cyelonic storms with the associated heavy rainfall
(India Met. Deptt. 1949). As the monsoon extends north-
-wards it branches off into two currents (Simpson, 1921;
Ramage, 1971). The Bay of Bengal current impinges on the
south Burma coaét almost at right angles and after

crossing the coast it is deflected westwards up the
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Gangetic plains, The Arabian sea current strikes the west
coast of India almost at right angles and after surmount-
-ing the Ghats, advances over the Deccan Plateau from West
to east. When the monsoon is fully established, the
monsoon trough becomes the meeting ground for the Arabian
sea current and the Bay of Bengal current, Depressions
form in succession in the north Bay and move along this
trough. The depressibns intensify the monsoon (India

Met. Deptt., 1949).

Figure 1,2.2 shows +the rainfall distribution
during July. The data are based on the Climatological
Tables, India Met. Deptt. (1945, 1960). The regions of
heaviest rainfall are the west coast and the northeastem
parts of India and the west coast of Burma. In these
regions, orography plays important role in modifying the
flow of the monsoon. (Petterssen, 1953). The trough over
the Gangetic plains and the dépressioﬁs which move along
the axis of thé trough play an important role in the
general distribution of rainfall over India (India Met,
Deptt., 1949; Rahmatullah, 1952). The fluctuations in
the position of the monsoon trough in any given season
determine the pattern of the rainfall distribution over
the country in that season, When the trough shifts
southward from its mean position, the monsoon activity
is wideSpread. On the other hand, when it shifts north-
-ward its activity is ;imited only to northeast India.

When the lgpter condition pergists, there is a ceasation
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of rainfall over most of north India. This is known as
the 'monsoon break' condition. Consequently, the
monsoon period is not one of continuous rain in any part
of India, The pulsatory character of air movements and
of rainfall is one of the most striking features of the

monsoon period,

The monsoon begins tg withdraw from Punjab and
Rajasthan by the middle of September and from the remain-
-ing parts of the country by the end of November (Anantha-
-krishnan, et al, 1971). With the help of brightness
values ( which is a measure of cloudiness) obtained from
the meteorological satellites ESSA III and ESSA V,

Godbole et al (1970) have been able to demonstrate
clearly the latitudinal advance of the monsoon with
reference to months. Their results are reproduced in
Figure 1.2,3 which alsé show that the advance of the

monsoon is more spectacular than its retreat,

1.2,2 Upper air features

The westerly flow near the surface dJdecreases in
strength with height and eventually turns into an\easterly‘
flow. The height at which this reversal takes place
varies with latitude and longitude. It decreases with
increasing latitude and increases with increasing longitude.
In general, the mean depth of the westerlies from T0°E .
to 100°E is 5 kp over the equator, 6 km over 10°N and
2 km over 25°N (Desai, 1971). 4lso, it is 1.3 km over
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the west Arabian Sea, 3 km over the east Arabian Sea and
6 to 7 km over the peninsular India extending from the
Western Ghats to the Burma Coast (Desai, 1971). The
vertical strugture of the monsoon is, thus, characterised
by two wind regimes, the westerlies in the lower

troposphere and- the easterlies aloft.

The streamline analysis for the 200-mb level is
shown in Figure l.é.4 which is reproduced from the paper
by Koteswaram (1958). The pattern reveals the existence
of a large anticyclone over the Tibetan Plateau. This is
the subtropical high over the Asiatic continent which
builds up only above 500 mb and extends upto the tropo-
-pause., The special feature of this subtropical high is
‘that it is characterised by an upward vertical motion
which is opposite to. what is observed in the subtropical
anticyclones over the Pacific and the Atlentic (Staff
Members Academia Sinica, 1958), This is due -to the
fact that the Tibetan plateau which has an average height
of over 4 km and which occupies, on that account, more than
1/3 of the troposphere, acts as an eleveted heat source,
generating higher temperatures over there than in fhe |

free air at the same pressure level,

Tropical Easterly Jet : A feature of considerable
interest as seen in Figure 1.2.4 is the existence of
Tropical Easterly Jet (TEJ). It is a belt of strong

easterly winds running along the southern periphery of
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Figure 1.2.3 Block diagram of brightness values against
latitude ( 20?S to 20°N) for different

months. Patching indicates the region of
maximum brightness.

Figure 1.2.4 Streamlines and isotachs at 200 mb. The jet
axis is marked by heavy dotted line and the
wind maxima shaded.



Tibetan anticyclone. The core of the easterly Jet has an
average maximum speed of about 70 knots and occurs along
15°N at a height of about 13 km (150 mb). It has been
shown that the TEJ is quasi-geostrophic in nature with
speeds consistent with the observed horizontal tempe ra~
~ture gradienth(Kbteswaram, 1958), Below the level of
strongest winds, temperatures decrease from right +to
left across the current looking downstream; above the
level of sfrongest‘winds, the reverse is true. The TEJ
stretches across the Asiatic continent as a whole with
its origin over the South China sea and exit over
Africa (Flohn, 1964). The strongest winds are attained
over southern In@ia. The axis of the TEJ on a typical

monsoon day is shown in the figure. )

Subtropical Westerly Jet : It is also seen fro@ Figure
l.2.4 that, in addition to the TEJ over Asia, there is
amother jet called the Subtropical Westerly Jet (STJ)
located at higher latitudes north of the African conti-
~-nent. . Over Asia it is located north of the Tibetan
Plateau. Its mean position in winter ( not shown by
Figure) is at much lower latitudes; its axis running
just along the southern periphery of the Tibetan plateau.
Yin (}949),was able to show that a sudden shift of the
STJ from its winter-time position ( south of Himalayas)
to its summer-time position ( north of the Himalayas)
ushers the monsoon over India. Subsequently, Yeh et al

(1959) and Koteswaram et al (1961) also confirmed Yin's
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'findings, namely, that the retreat of the westerlies over
northern India coincides with the 'burst' of the Indian
summer monsoon, Chakravorty and Basu (1957) and Ramaswamy
(1962) further showed that the reappearance qf the
westerlieé south of the Himalayas impedes the advance df
the monsoon giving rise to the 'monsoon breaks'

referred to garliér. Finally, the wifhdrawal of the
monsoon is heralded by a breakthrough of the STJ south

of the Himalayas ( Reiter and Heuberger, 1960):

A relationship has been shown to exist between
the position of the TEJ and the rainfall amaunt over Asia
and Africa (Koteswaram, 1958; Raman et al, 1964; Miller
et al, 1967). The vertical velocity induced b&_the TEJ
is upward north of it in the 'entrance’ region andi
south of it in the 'exit' region (Flohn, 1964), and
this feature is consistent with the heavy prééipitation
noticed north of the TEJ in the '‘entrance' region
(Asia) and south of it in the 'exit"region (Africa).
However, recent studies based on the 1961-67 climatic
data for India did not reveal definite relationsﬁip
between the TEJ and the rainfall amount (Ananthakrishnan
et al, 1969)., It has been’pointed out (Rex, 1969) that
since the baroclinicity associated with the TEJ is more
confined to the upper troposphere no organised vertical
motion along the inelined isentropic surfaces would

occur in the lower troposphere. Consequently, the

7
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monsoon precipitation is of non-frontal character. It is

associated with strong convective systems due to déstabilisa-

-tion of deep tropospheric layers.

\

1.2.3 ITCY% and monsoon trough

Very 1little information is available about the
relationship between the ITCZ and the monsoon trough.
According to Riehl et al (1958) and Flohn (1965), these
appear to be one and the same. But, it is not so if
the positioning of the ITCZ is considered according to
Sawyer (1952), Mintz et al (1952), and Pedelaborde (1963).
Since the ITCZ is essentially due to the convergence of
alr masses from the two hemisPhexes, it is the‘Opinion
of the apthér that the monsoon trough over India and
the ITCZ over Asia are two different systems differing
in their nature and scale. The ITCZ over the aAsiatic
continent is purely of thermal origin and represents a
large-scale discontinuity between the 'two hemispheric
trades whereas the monsoon trough over the Indiansuﬁ-
-continent, besides being thermal in origin, is dynamical
in nature, being produced only by the deflectea monsoon
air on account of the presence of the Assam and Burma
mountains., A similar view has also been expressed by
Desai (1967). It would, thus, appear that just as the
periodic movement of the monsoon trough influences the
rainfall over India, the periodic movement of the I1TCZ

should influence the overall rainfall activity over Asia,
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