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1, Introduction

The single most conspicuous weather system is the
annual cycle of monsoon over Asia. Though the monsocon is
a regional phenomenon, it plays significant role in the
atmospheric general circulation,

Historians have traced the origin of the term

'monsoon” to the Arabic word "Mausim". This Arabic word

ausim® is used for any thing that comes around but orce a
year, a fixed time, a season, The word was first used by
sailors for many centuries to describe a system of the
seasonal reversal of wind direction along the shores of
the Indian Ocean, especially in the Arabian Sea. Over the
Arabian Sea winds blow from the southwest for six months
of the year and from the reverse direction, northeast, for
the remazining six months, Several historical references
have been made to the seasonal reversal of winds over India
and other parts of Asia. .

The seamen's concept of monsoon as periodic wind
reversal failed to take into account the other major aspect
of the monsoon: "the rainy season", According to Sanskrit
literature as well as to folk knowledge, the monsoon is
indeed the result of a periodic reversal, but the realization
of this reversal is uitﬂ the sun and rains, not winds. The
early Aryans, who settled throughout norther India around
4000-1000 B.C., had known of a rainy season which occured
over northern India with surprising regularity every year.

. As monsoons have come to be better understood, the
definition has been broadened to include almost all of the
phenomena associated with the annual weather cycle within
the tropical and subtropical continents of Asia, Africa and
Australia, It is within these regions that the most vigorous
and drematic cycles of weather events on the earth take place.
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The annual cycle of the monsoon systems lead the
weather process over the region into two distinct phases:
the "Wet" and the "Dry". The wet refers to "the rainy
season" during which warm, moist and very disturbed winds
blow inland from the oceans. The dry refers to the other
half of the year, when the winds reverse bringing cool
and dry winter air from the hearts of the winter conti-
nents, The cross equatorial flows at some locations along
the equator link the dry of the winter monsoon to the wet
of the summer monsoon, and vice versa.

The dominant characteristic of the great monsoon
systems have exercised the minds of priests, writers,
physicians, musicians, painters as well as philosephers
and astrologers over the centuries and reflected in the
every way of lives, such as, agricultural activities,
economics, diets, customs,social cultures and festivals of
the inhabitants of the region - there exists a fundamental
alternation between the "Dry"and the "Wet™ principles,

This field has attracted a considerable interest
in the recent years, Further, recent studies on monsoons
have been greatly encouraged by a series of international
experiments, such as International Indian Ocean Expedition -
(I10E) of 1963-65, Indo-Soviet Experiments (1 MEX) of 1973,
Monscon 1977 and Monsoon Experiment (MONEX) of 1979 (Part of
FGGE Special Observation Period-1 and II).

Works on monssonal evolution,dynamics.energetics,
climatology, variability and short,medium and long-range
prediction in regional and global scales have been
explored in a large series of papers/publications by a
nunber of groups. In the lecture series it is planned to
give brief review of the major results obtained on monscon
climateology, variability, flow characteristics, numerical
simulation, short, medium and long-range prediction of
monsoon, The central problem in the monscon studies is the
veriability of monsoon rainfall, that is because of its
association with droughts and floods. Therefore, major
emphasis is given to the summer monsoon {5WSM),

A number of important publications on these topics
are:

(i}  Monsoon Meteorology, Ramage, 1971

(ii) Southwest Monsoon, Rao, 1976

(iii) Monsoon Meteorology, edited by Krishnamurti,1977

(iv) Monsoon Dynamics,edited by Lighthill and
Pearce, 1980

(v) Monscons, Das, 1976

{vi) Asian Summer Monsoon Circulation Statistics
1979-84, Mohanty,Hollingsworth and Dash,1985

(vii) Monsoons,edited by Fine and Stephens, 1987



2, Geographical Extent of Monsoon

The monsoon phenomenon has global as well as regional
manifestations., To define the geographic extent of the
monsoon we must first decide upon a definition of what
constitutes a monsoon climate, Although monsoon is defined
by the reversal of winds, their importance largely arises
on account of rainfall., Therefore a most common definmition
uses characteristics of the annual variation of both wind
and rainfall.

_By these criteria, to be a monsoon climate, the
following four principal features in the wind pattern are
suggested by Khromov (1957) and Ramage (1971):

(a} A cljange in the prevailing wind direction by
1207 between January and July;

(b) The average frequency of prevailing wind
directions in January and July should exceed
40 per cent;

(c) The mean resultant winds if at least one of the
months should exceed 3 MS~°;

(d) There should be fewer than one cyclone-anticyclone

alteration every two years in either month in
a five-degree latitude-longitude grid.

Thus, in general, the winds blow inland from the
cooler oceans toward the warm continent during summer
(Southwest Summer Monsoon SWSM) and from the cold continent
toward the warm oceans or land areas during winter {Northeast
winter monsoon NEWF). Such characteristics emphasize the
seasonal nature of changes in wind direction and the
persistence of the wind regime in each season, The change
is not brought about by variation in the track of moving
pressure systems, such as tropical cyclones. This definition,
as stated above, is not related to rainfall.

Thg defin@tion, to be a monscon regime, with respect
to the rainfall,it usually requires that the summer season

gSWSMJ must be very wet and the winter reason (NEWM) very
TY.

. The region where all of these criteria are met lies
within the rectangles shown as dashed lines in the Figure 1
(Webster, 1987)}. Almost all of the Eastern Hemisphere of
the tropics is included in the definition., Thus about one
half of the tropics or one quarter of the surface area of
the entire globe may be defined as a monsoon climate,

3, Driving Mechanisms of the Monsoon

The summer monsocon is an atmospheric process in which
the dry hot air prevailing over the continent (Asia) in
April and May has been completely replaced by very moist
equatorial, oceanic air, upto an altitude of three to five
kilometers. Naturally occuring physical processes taking
place within this moist air causes the rainfall (the rainy
season), The replacement of the premonsoon dry hot air over
the continent by the deep moist equatorial oceanic air is a
gradual process and marked by violent wind, lightning,
thunder, strong up and down currents of air and moderate to
heavy rain (called "pre-onset thunderstorm™}. This process
of replacement of dry air by the very moist air is called
"onset of the monsoon",

The fundamental driving mechanisms of the large-
scale monsocon are: .

(a) The differential heating of the land and ocean
and the resulting pressure gradient that drives
the winds from high pressure to low pressure,

(b) The swirl introduced to the winds by the
rotation of the earth,

(c) The deep maist processes that deternine the
strength, vigor, and location of the major
monsoon precipitation by storing, redistributing,
and selectively releasing, in the visinity of
the heated continents,

It is interesting to note that the first and second
fundamental physical processes were identified and explained
nearly 300 years ago by Halley (1686) and Hadley (1935).

The primary driving ferce for the annual cycle of
monsoon: the differential heating between land and sea is
mainiy a result of solar heating., The differential heating
results from a combination of the following two factors:

(a) The variation in space and time of the solar
heating of the earth system that results from
(1} the annual cyle of the sun and (ii} the
characteristics of the earth's surface at a
particular location (mainly land and water
bodies).

(b) The spatial and temporal variation of the
cooling of the earth to space.

Thus the differential heating at a particular location
is actually the net radiative heating, which is the sum of
heating from sun and the cooling of the earth to space.
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The amount of energy received from the sun at the
surface depends on the intensity of the incoming solar
radiation and the length of the day (due to spherical shape
of the earth, tilt of the earth's axis=24' and the rotation
of the earth about the sun).

The heat loss from the earth's surface and the
atmosphere to space depends on the temperature of the
systems,

The distribution of the incoming solar radiation and
the loss of the earth radiation to space as a function of
latitude in the Northern Hemisphere (a) summer and (b) ’
winter are reproduced here from Webstar, 1987 {Figure 2).

It is clear from Fig.2 that in general the wimter
hemisphere loses far more heat in the net than it gains,
On the other hand, the summer hemisphere accumulate far more
heat than it loses., As a result, a strong differential
radiative heating exists between the summer and the winter
hemispheres. In practice no such accumations or losses of
heat do not occur and a transport of heat from the regions
of heat abundance to regions of heat deficit takes place.

Another important aspect is the land-ocean heating
contrast. With same amount of heat available to equal areas
of ocean and land, the impact on the temperature of eich
area would be very different. In fact, due to the following
two different physical properties of oceans and land, the
rise in land temperature would be far greater than that over
the ocean., They are:

(8) The specific heat of water (1.0 cal ngs oC) is
twice that of dry soil ( 0,5 Cal Cm ~3%), of
course a wet land with increased precip%tation
have specific heat of about 0.8 cal cm=30¢,

(b) The effective heat capacity {a measure of a
System as a whole to store heat) is many orders
of magnitude larger for the ocean than fcr land,

It is mainly due to the way each can transfer itself and store
heat internally, As for example, heat transfer through

sclids (land areas} is accomplished only by molecule to
molecule diffusion of heat which is very inefficient and

slow process, In case of fluids (oceans) along with molecular
diffusion, very efficient process of turbulent mixing or
stirring transfer heat,

' All these factors lead to the establishment of
differential heating between land and Ocean.
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Now we shall consider how heating patterns are
converted into the motion field we call the monsoon, The
processes involved for conversion and establishment of
monsoon flow are ;

(a) The creation by differentjal heating of regions
with different potential energies

{(b)  Resulting in the creation of a body force, in
this case the pressure gradient force,

(c) Atmospheric motion produced by work done by the
pressure gradient force that converts the
potential energy into kinetic energy,

Though the differential heating of the land ocean is
the primary driving force to initiate the monsoon flow, the
impact of the earth's rotation in the form of Coriolis force
gives rise to southwest and northwest monsoon currents,

The moisture process plays a very crucial role. The
physical processes of evaporation, formulation of clouds,
release of latent heat and precipitation associated with the
hydrological cycle increase the intensity of the monsoon
circulation and provide an upper limit on its intensity. A
positive feed back mechanism in the atmoshere., As far as
the land surface is concerned, the major impact of moist
precesses is to wet the ground which leads to a cooling of
the land due to increase of specific heat and increase of
evaporation. It provides a negative feed back mechanism to
mansoon intensity (as land becomes more "ocean-like") leads
to (i) inner landward movement - progress of monscon and
(ii) break in monsocon, After a few days the land again dries
out and warms up and leads to revival or active monsoon phase,
Thus land surface moist process adds a variability - active
and break epoches of monsoon,

Thus, if we consider only differential heating,
moist processes and rotation of the earth, it appears that
the essence of the diserved monsoon circulation and structure
can be explained. It pertains to only a very broad structure
of monsoon. In reality there exist a dramatic variability
of monsoon which can not be explained by using anly a few
elementary physical principles.

The componeats of heating that are important for the
monsoon are :

(A) Heat Balance of Land Area (Including the
elivated Tibetan Platean):

(8) sensible heat flux from the land surface,
(b) latent heat flux from the land surface.



(c)
(d)

(B) Air-

incoming minus outgoing (or reflected)
shortwave radiation,

incoming minus outgoing longwave rediation.

Sea Interaction i.e. fluxes of latent and

sensible heat from the Ocean.

(C) Heating with the atmosphere which includes
warming (or cooling) by the following process:

(a)
(b)
(c)
(d)
{e)
Among the

deep convection,
Earth's surface,

deep convection,

shallow moist and ‘dry convection,
longwave radiation,

shortwave radiation,

adiabatic processes.

above processes the more important are

all of the elements of heat balance of the
evaporative fluxes from the ocean and the

adiabatic warming and cooling within the atmosphere,

4, Planetary-Scale Monsoons

The plannetary component of the monscon is defined
by large-amplitude quasi-stationary long-waves of the
tropical circulation. It is described by a first few zonal
harmonics of the tropica% stream function field in the
latitude belt 10°N to 30°N (Fig.3 and 4). Observations
during the norther summer monscon season show that about
50% of the variance on these scale is carried by the
guasi-stationary components. The pressure fields in the
lower and upper troposphere appear to be nearly out of phase
with respect to each other,

The principal components that contribute to the
planetary-scale monsoons are given in table 1.

Table 1: Quasi-stationary Planetary-scale Monsoons
Southwest Northeast
Farameters Summer Monsoon Winter Monsoon
1. Pressure Monsoon trough Sub-tropical high
Lower Troposphere over India
2. Pressure Tibetan high Mid-ocean trough
Upper Troposphere
3, Tropospheric Thermal Warm Cold
Field
4. Tropospheric Moisture Moist Dry
Field
$. Large-Scale Velocity Upward Downward
Field
6. Divergence circulation in Outflow Inflow

the upper troposphere

7. Heating of the

Net heating
troposphere

Net cooling

8. Cloudiness Clud covered Relatively

cloud free
9. Mean winds at 200mb Easterly Westerly
(Tropical Easterly (Sub-tropical

Jet TEJ) Westerly Jet
STWJ)
10, Mean Surface winds Southwesterly Northeasterly

(Somali Jet)

The climatological features given here essentialy describe the
zonally asymmetric planetary-scale monscons. It is well recognised
that an understanding of the planetary-scale monsoons requires a
detailed knowledge of the heat sources and sinks.

S; Elements of Summer and Winter Monsoon Systems C.Krishnamurti,
15979,

The common elements in both the large-scale summer and .
winter monsoonal gyres include low-level flows from a large high-
pressure area (1) to a monsoon trough (2}, The flows accelerate



occasionally between 1 and 2 and a low level wind maximum
(3} (a jet or a surge} is frequently noted. Large areas of
cloudiness and ascent (4) are a characteristic of the
monsoon trough, The general rising air diverges out of an
upper anticyclone (5) along an upper-level jet stream (6),
These six major elements of the monsoon thus comprise a
complex local Hadley-type vertical circulation., These are

illustrated schematically in Figure 5. We may tentatively
equate the roles of:

(1)

(2)

(3}

4

(s)

(6)

The Mascarene high of summer with that of the Siberian
high of winter,

The monsoon trough over northern India dur;ng sammer
with that of the trough over Indonesia during northern
winter;

The cross-equatorial low-level jet (somali jet) over
East Africa during northern summer with the lower
tropospheric surges in the winter monsoon;

The summer monsoon rainfall and cloud cover over
northern India with its counterpart near souther.
Malaysia and Indonesia during winter;

In the upper troposphere, the Tibetan high of summer
with the western Pacific high of the winter;

The monsoonal tropical sasterly jet (TEJ) stream of
summer with subtropical westerly jet (STWJ) stream of
winter,

These features describe broad-scale monsoon systems,

A major difference between the twWo systems is in the

gometry of the underlying surface;

(i) In the summer monsoon the general ascent and rain-
fall occur over warm land areas (SE Asia) while the
descent occurs over the southern oceans (Indian
Ocean),

(ii)During the winter monsoon the general ascent and
rainfall occur over a marine environment (Northeast
Indian Ocean and western Pacific) while the descent
occurs over the land areas over eastern Asia and
@ll the way to Siberia.

It seems that a crucial element in the driving mechanism

for the summer monsoon is the shortwave radiative warm:ng over
the land areas; while it is the longwave cooling over the land
areas that seems to be more important for the winter momsoon.
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Circulation Statistics apd Climatology

We have confined our discussion on large scale
circulation statistics and climatology to the Suamer Monsoon
period.

1. 6§ié9-§E@@9!-HQE§99§-Qi!EE!?EZQE.§E§E§§!EE§

Distribution of selected atmospheric circulation
statistics for the months of May through August based on the
ECMWF analyses for the period 197951984 gre illussrateﬂ over
the tropical eastern hemisphere (0°E-180°F and 4595-45 N).
The statistics for individual months and the season Juae-
August are presented. Further, in order to have a better
understanding of the different epoches of the monsoon, the
four months are divided into eight periodsof 15-16 days
duration, and the diagnostics are computed for each period.

A brief description of the data set and analysis
procedure along with the results on the large-scale features
of the Asian Summer Monsocon are presented in Appendix A,

Regional Climatology

After discussion on broad large-scale features of the
monsoon, here we will describe the mean distribution of
some important climatological elements during the summer
monsoon over the Indian sub-continent and adjoining seas,

The results and discussions on this aspect are mainly
based on the materials presented in the monographs by
Ramage, 1971 and Rao, 1976 and presented in Appendix B,

ASIAN SUMMER MONSOON

CIRCULATION STATISTICS: 1979-1984

U.C. Mohanty®, A. Hollingsworth and S.K. Dash*®

“Centre for Atmospheric Sciences
Indian Institute of Technology
New Delhi, india

June 1985
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Abstract

u‘ith the provision of geostationary weather satellites during and after tha
Global Weather Experiment (FGGE) in 1979, a large body of msteorclogical data
bacame available over the otharwise data-sparse troplical regions. Thess data
have been analyssd at ECMWF using a modern data assimilation system. We
present statistics on the Asian Summer monsoon based on ECMWY andlyses from
1979 through 1984. Study of thess statistics may help in understanding and
ultimately in predicting the evolution of the Asian Monsoon. A geostationary
litollite was positioned over the Indian Ocean during 1979. The Ruropean
satellite Meteosat and the Japanese satellite Himawari have been avaflahble for
most of the period since 1979, although they only provide covarage of part of
t.i:o ragion of interest. Data from the Indian satellite Insat B began to be

l‘vuuablo in late 1984.

1. INTRODUCTION

The Asian summer monsoon is an important atmospheric phenomencn occurring
every year fram June to September. The land-sea heating contrast in summer is
the main driving force for the monsoon circulation. The behaviour of the
monsoon depands on many inter-dependent atmospheric processes. It is of
critical importance for rainfall in the Indian sibcontinent. The agriculture
in this region depends very much on the timely distribution of appropriate
amounts of rain. The wonsoon may be discussed in terms of the onaet phase,
active or break periods and the withdrawal phase. Opinions differ on what
constitutes the onset of monscon. In general, the date of onset over the
Indian peninsula Lls determined on the basis of & aharp increasa and
characteristic persistence in the rainfall over the southwest coast of India
{Ananthakrishnan et al., 1968). The normal date of cnset is 31 May. However,
4 survey of nearly 70 years of Indian rainfall data indicates that the extreme
dates for the onsst of rain over the southern tip of India ars 11 May and 15
Juna (Das, 1984}. The onset depends on a series of earlier events such as the
change in the circulation pattern, and on the heat and moisture content of the
atmogphere over the Arabian Sea (Mohanty et al., 1983). A zone of high
Pressure uilds up over the Indian Ocean in May: in some years the high is
more pronounced than others. About a week prior to the onset the Northern
Hemisphere westerly jet moves to a new location north of the Himalayas and

an easterly jet is established over the Indian peninsula. HMonsoon rains first
set in over southern India in early June and move northwards until they cover
the antire subcontinent by mid-July. During a monsoon Beagon there are
Periods of precipitation extremes; there are spells of reduced rainfall, and
of floods, which have no reqularity. The withdrawal of the monacon begine
from the north to the mouth. Given the shorter duration of monscon over the
northern than the southern regions of India, it is plausible that the rainfall
variability is generally higher over the north.
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The behaviour of the monscon can be studied through the statistica af
important meteorclogical parameters such as the wind, geopotential haight,
temperature/thickness, vorticity, divergence and the meridional fluxes of heat
and moisture, etc. over a considerable length of time, and over the monascon
region. With the success of the global experiment (PGGE) in 1979 and the
continued availability of some geostationary weather satellites, we Fave &
large volume of data available ovar the tropical data sparss regiona. The
analysed fields used hers are produced by a sophisticated data Awsimilation
system. The statistics of the SumMer monsoon based on thome analyses will be

helpful for better understanding and, ultimately, prediction of the MODBOON .

With this aim in mind, we have used the ECHUF analysed data from 197% t111
1984. Wa have Prepared statistics of soma ralevant fields in the monscon
- ragion for the months of May through August. In order to have a bhettmr
understanding of the differsnt phases of the ®onsoon, the four months are
divided into eight periods of 15-16 days duration, and the diagnostics are
fomputed for each pariod. The anomaly of the vector wind in sach month and
Seascn from the six year mean fields are also presanted. We beliave, these
statistics will be useful to sclantiats interested in studies of the Asian

Bussar monsoon.

2. DATA SET

The data base used for Producing the statistics reported here comprisas the
1979 FGGE level 111-b analyses and the 1950 to 1984 opsrational analyses
Produced at ECMWF. The 1200 GMT values of the zona) and meridional winds,
temperature, geopotential haight, vertical velocity and relative
humidity/specific humidity for the region from 45'5-45°N latitudes and.
0*E-180°E langitudes at ten Pressure levels (1000, aso, 700, 500, 400, 300,

200, 150, 100 and 50 mb) for tha sonths May to August are used ag bagic

data for the computation of circulation statistics of the various phases of
the monmoon. The geographical region of study covers the monsoon regime ag

defined by Ramage (1971).

The analysed fields are produced by a four-dimansional miltivariate data
assimilation scheme described in detail by Bangtsson et al. (1982) and Shaw et
al. (1984). In this scheme the assimilation is carried out in three steps
viz., multivariate optimm interpolation, nonlinear normal mode initialisation
and six hours' foracast which provides the first guess for the subsequent
analysis. In the last six years a number of improvements have been
incorporated in this data assimilation procwdure. Some of the more noteworthy
changes are the introduction of interpolation of analysis increments from 10
Dacember 1980, diabatic initialisation from 21 September 1982 and revised
optimum interpolation statiatics (structure functions) from 22 May 1984 (Shaw
ot al., 1984). Although these modifications will be raflected in the
statistics presented hars, the mean mass and velocity fields are not affacted

very much.

The mass and vealocity fields are analysad hy a three-dimensional miltivariate
optimum interpolation scheme with a geostrophic constraint in the extra-
tropics. The humidity fields are analysed at aix levels (100¢, @50, 700, 5S00,
400 and 300 mb); the variable analysed for thia purpose is the precipitahle
water content for the five layers. It may be noted that during the 1980
ponsoon the huaidity analysis was identical to the first quesa. The
temperature is derived from the thickness using the hydrostatic relation; the
vertical velocity is obtained from the mags continuity relation. Initjelised
analyses are used for deriving both the temperature and the vertical velocity.
The mass, velocity and humidity used are the uninitialised fields for 1979,
1983 and 1984 whersas for the years 1980, 1961 and 1982 all the Fislde are the

initialised ones. While studying the statistics reported here, one should
3



remember the above stated nonuniformity in the bamic data set during the six

year period considered.

1. COMPUTATIONAL PROCEDURE

Long term statistics show that the onset date of the summer monsoon over the
Indian subcontinent may ba delayed or advanced by as much as 15 days from its
cuntologicauy normsl date which is considered to be 31 May at the Kerala
coast. After the onset of tha monsoon over the scuthern tip of IndLks, it
normally takes two weeks for the monscon to cover the major part of the Indian
land mass, except for north west India and Pakistan (Fig. la). We feel it
aAppropriate to calculate the statistics of the analysed fields by dividing the

period from May to Mgust into eight phases of 15-1g days each as categorised
below.

Pra-onset phase i Pariod A from 1 May to 15 May
Onest plase t+ Pariods B and C from 16 May to 15 June
Established phase : Periods D, E and ¥ from 16 June to 31 July

Last phase t Pariods G and H from 1 Agust to 31 August

However, the complete withdrawal of the monscon from the Indian subcontinent

is not so abrupt as its oneet, and the retreat Process takes about three

months {Fig. 1b).
Six-year (1979 to 1984) mean values of the basic fields, tonal wind fuay),
meridional wind(v}, geopotential height (4), temperature (T}, humidicy (g);

some of their cross producta uv, uT, ¥T, uT, uq, vq and wqi an well us a few

lmportant derived fields like relatjve vorticity and divergence are calculated

for each of the eight periods, and for the period 1 Jupe to 31 August;
[(Period 1), For calculating heat and moisture adgets we have preferred to

estimate the omega fisld from the horieontal winds by & kinematic method

4

rather than using the archived omega values from the initialised fields. A
number of techniques are available for the kinematic estimation of vertical
motion (e.qg. O'Brien, 1970 and Kung, 1973). In this study O'Brien's kinematic
technique is adopted to estimate the coega profile) this snsures that the
vertically integrated divergence over the entire atmospharic column {1000 to

50 mb} vaniwhes.

In pressure coordinates the total potential snerqy (heat energy) and latent

heat energy budget equations Bay be written in flux form as

ac T 3
+ v.(CPT_V_ )+ ——{C Tw) 'W'Q.

3t P p

P 2
S . Voqu + Fpllae) = g

The symbols used here are defined in Table 1.

In long term climate studies one can neglect the time rates of change; and,
except in mountainous regions, owega at the top and the bottom boundaries of
the atmosphers can be sassumed to vanish. Therefore, the vertically integrat

budget terms in the atmospheric column may be sxpressed as,

P - —
Vovr) = W, R
¥ C c
P P
e P
Vivg) = E-P

Here™ and > denote the time avarage and vertical integration respectively.
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Net effect of all diabatic contributions to
sensible heat = Qu + QP + Q‘rs’

Net affect of all diabatic contributions to latent
heat = Qﬂ. - Q’.

Diabatic heating dus to radiative effects.

Latent heat relessed dus to the net effect of
condansation C and avaporation i.

Diabatic heating dus to vertical eddy tranafer.
Latent heat flux convergence dus to vertical

eddy transfer (vhich, when intagrated vertically, is
determined by the avaporation at tha surface)
Specific heat at constant presaurs

Latent heat of avaporation

Volume density

Temperaturs in *g

Vertical motion in 10-3 Pa g1 {approx. mb day -1y

Vector wind in w g-}

Table 1t List of- aymbols

The diabatic heating due to radiation, condensation and turbulent processes
(Q), and the moisture source/sink (E - P) are estimated as residves from the
above equations. E and P atand for evaporation and precipitation
respectively. In all these computations space derivative terms are discreticed
by centred (second order) finite differences, while the trapezoidal rule has

besn used in the vertical and horizontal integrations.

4. SCOFPE OF THE ATLAS

During different phases of the wummaer MOnScon we depict the major changes in
the circulation pattern in the lowsr and the Upper troposphere, using data at
850 mb snd 200 mh pressure laevels respectively. For each of the nine periods
{A to I} the spatial distribution of tha fialds of wind, geaopotential height,
temperature, vorticity, divergence, vertical velocity, kinetic enargy and
specific humidity {only at 850 ab) are illustrated at both 850 mb and 200 mb
levels. Since major changes take place over the Arabisn Sea with the
establishwent of the low level Somali Jet and upper leval Tropical Easterly
Jet, we present maridional cross-sections of zonal wind, meridional wind,
vorticity and vertical velocity, as well as meridional transports of heat and

moisture by the mean flow and eddies, averaged over the sector (45°E =75%E}.

Since the increase of differential heating and the build-up of moisture over
the Indian Ocean and adjoining land masa plays & very crucial role in the
establishment of the summer RMONSOON, Wa also present the net tropospheric
horizontsl heat flux divergence, adiabatic enthalpy source, horizontal

moisture flux divergence and diabatic heating {(calculated 48 & residual) for




\
each of the nine periods. The net tropospheric moisture (net pracipitable
water in the layer 1000 to 100 mb} and mean tropospheric temparature with
their zonal asymmetries (deviations from the global mean} are also
illustrated. The anomalies of individual months and seasons in the vector
wind at 850 mh and 200 mb from their =mix Yedr averages are reported in the

last saction.

5. BROAD CHARACTERISTICS OF THE STATISTICS

The discuseion in this section is not a comprehensive review of the vast
amount of information contained in the acconpiny:l.ng figures. We hava

attempted only to describe some of the obviocus general features of the monsoon

circulation.

Wind: The susmar mo is iated with the establishment of a strong

low level cross-equatorisl flow off the east ccast of Africa extending up to
500 mb, called the Somali Jet, and an upper tropospheric squatorial easterly
jet known as the Tropical Easterly Jet {Koteswaram, 1958}. A comparison of
the spatial distributlon of wind in the differant phases shows a rapid
intensification of both lower and upper level flows in phase C. Thesa flows
are strengthened/maintained in the subsequent phages D-G, During the last
phase (H) the low level flow ia seen to weaken. These facts are also brought
out by the zonally averaged values of zonal wind (45°E - 75°E} at different
levels. The averaged values of the meridional wind show the low level

scutherly and upper level northerly flows during the monsoon months.

Geopotential height: ‘The geopotential height analysis at 200 mb during
different time sequences shows the development of an upper tropospheric high
during phase C which gradually covers the entirs Indian subcontinent. This

high is also reflected in the thickness of 1000-500 mb layer. Similarly at

850 mb, tre Indian Monsaon low bacomes organised in phasa C and is
strengthered/maintained during the successive phasss until phase H, when it

begins to dissipate,

Temperature: The temperature field shows that the Indian peninsula begins

to heat up in May and this heating gradually spreads northwards, covalring the
Indian subcontinent. The heat low over north west India coincides with the
pressurs low thare during the established monscon. The mean tropospheric
tempsrature and the zonal asymmetry in the mean temperature brings out clearly
the fact that during the monsocon thes temperature of tha atmosphere over north
west India and Pakistan increases, indicating a strong differential heating
gradient.

Cmaga: The computations of omega show rising motion over southeast Asia
during the established monsoon psriods. The averaged values of omegh over the
Arabian sea ragion clearly depicts strong rising motion at the lowsr

troposphere between 10* and 25°N latitude.

Divergence: With the establishment of the wonsoon, low lavel COnvargence
and upper level divergence are sean over eastsrn India and other south east
Asian countries. In the Himalayan region thera seems to ba development of

noiss in the calculationa due to orography.

Kinetic anerqgy: With the strengthening of the low leval and upper level
flowa the mean kinetic energy alsoc increases during phase C and remains high

during the established phass of the monsoon.

Vorticity: As the monscon becomes established, the upper level

anticyclonic vorticity intensifies from -10 x 10-6 4=V ¢o -30 x 10-6 g-1.

10




At low levels, pasitive vorticity is built up over the Arabian sea and the
adjacent land mags. This sharp vorticity build up is clearly seen in the

zonally averaged values over the Arabian Sea at differant levels.

Diabatic heating: The diabatic heating is calculated as the residue in

the budget equation. Hence the magnitude of the diabatic heating ias sensitive
to the approximations made in tha other tarms of the snergy equation.

Howsver, qualitatively the distribution of disbatic heating agrees with the
genaral pattern of the monsoon circulation. From phase C onwards, cne finds
that the net tropospheric diabatic heating increases over India and adioining
areas of south east Asia. The maximun values occur during the active phase of
the mongoon, dus to the strong latent heat releass through condensation of

water vapour.

Moisture: The variable we use to depict the tropospheric moisture figld

is the net precipitable watar. With the advance of the monscon there is a
strong moisture uild up over India and adjoining areas of south sast Asia.
The zonal asymmetry of net moisturs clearly brings out the area of maximom
moisture uild up. The same region also shows the maximum diabatic heating,
From phase C onwards there is moisture flux convergence over the indinn land

BASS Accompanied by divergence over the Arabian Sea and Indian Ocean which

weakens in phase K.

Heat Iudget: with the intensification of monsoon flow in phase C the
scuth-east Asian region changes from iuving & negative to a positive net

adisbatic enthalpy ancmaly. The increase in the net enthalpy may be

n

attributed to the enhancement of the condensation of watar vapour and of
turbulent processes close to the surface. With the onset of monsoon there is
& net horizontal heat convergence over the region. This is clearly indicated

in the time sequence diagrams.

Meridional transports of tempersture and moisture: The zonal averages of

the maridional transports of temperaturs and molsture by the eddiea and mean
tlow over the Arsbian sea region are illustrated in sach of the nine periods.
It is seen that the mean flow is mainly responsible for the meridional
transports. This im a characteristic of the flow pattern in the tropics.
Starting with the onset phasse, the low level meridional tranaports increase
and psrsiat through tha active Iphanl of the monsoon. Large cross-equatorial

transports are seen to be associated with the low lavel croas-equatorial

flow.

12
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: ‘..{{%i A k ' ﬁﬂ /\1:‘0
s !: 2\ s /;f’f; .;ﬁ !: : Southwest Monsoon Climatology
= o= !‘
:5 - ! y \? llg There are a number of monsoon systems, however, none is
- N Y so phisically powerful or dramatic, so rich in folklore,
) ] ] literature, and history, or has such an enormous socio-
. | ,5 - - economical impact as the Asian summer monsoon, in particular,
7 b iE = 5 { the Indian summer monsoon, Further, a large number of
S -\ o " i e literatures/monographs and long reliable records on monsoon
AT E N . ’ - phenomencn over Indian sub-continent are also available,
A £ L R4 b § Therefore, here under regional climstology of monsoon, we
; - A a \ - have confined our discussion on Asian summer monsoon over
HU~ > | | f . Indian subcontinent and adjoining seas.
kN | Z - f'
- k] | * "
: v \d E @J & \ \ﬁb Ig Geographical distributjon of a few important climato-
e L H - = ! q 5 logical elements such as sea-level pressure, surface
y -(:ﬂhQB‘ 5 >~ - js temperature, rainfall, upper air temperature and upper winds
g1 e - i are presented, tracing their evolution from the preceding
- ) [}
‘J{:>1\- K g - d - s season and decay at the end,
-] &l ’ s #
M L (134
,v)ﬂ/.-', {.l.j i N 1. Sea:level pressure_ and_surface winds
E S bt 5

The mean sea-level pressure and surface winds for
April, July and October are illustrated in figures 1-3. They
represent mean surface climatelogical conditions during
pre-monsocn, wonscon and post-monsoon periods Tespectively,
1 By April the mean sea level pressure (MSLP) indicates the
X establishment of heat low over iand at about Tropics of
f Cancer and high pressure cells over the Bay of Bengal and the
Arabian Sea. The summer continental low pressure areas
1 completely dominate north Africg and ésia by May. 1Its main
! centre lies over India (near 30 N, 75”E) with an extension
> as a trough upto east coast of India. The heat low is still

V/___Cf

o ] : more marked in June with the main Centre over Pakistan.

T é Monsoon activity is maximum in July when the low pressure

) o area extending from north Africa to northeast Siberia is
most intense. Its main centre is over north Baluchistan and
neighbourhood (Fig.2). A trough lies over north India with
axis from Sriganganagar (NW India) to the Head Bay, which

is referred to as the "Monsoon Trough". By October, the
trough over northern India shifts to the Bay of Bengal, with
trough line along 13°N and the pressure field is flat over
India (Fig.3)}. Thus, the main features of MSLP distribution
in the monsoon season are (i) Heat Low over Pakistan,

(ii) Monsoon Trough over north India and (iii) strong pressure
gradient to the south,
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In June, the surface winds mainly blow from west to
southwest over Indig except porth India (northoof monsocn
trough)., Between 5°N and 15N cnd west of 65 E, the wind
speed is 20 Kt.in the Arabian Sea ana elscwhere in the range
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of 10 to 15 Kts. In July the flow is further strengthgnad
with more Shan 25 Kts over the Arabian Sea (west of 68“E and
between 10°-20°N), By September, there is a weakening of
pressure gradient and winds weaken, particularly over the
sed areas,

Mean surf&ce temperatures reduced to sea-level at a
lapse rate of 6°C per km are illustrated in figure 4. Land
gets progressively heated after December-Janugry and By
April the temperatures are of the order of 33C to 35Y over
southern India upto 24°N. Ip July the southwest monsoon
causes_extensive cloudiness, Clouding is hgavy between 179N
and 24°N in the Central regions, west of 77YE and south ofo
17°N in the Peninsula, and to the east of approximately E5°E
in northeass India. oTemperatures are even in these regicns
(between 28%C and 29 C) The hottest areas lje over Northuwest
India and Pakistan, Thus the region Bf highest temperatures
shifts from near 20°N in April to 28°N by July,

The rainfall distributjon in the principal "rainy
season" of India, the southwest mensoon period (June-September)
is illustrated in Figure §, In most part of the country the
annual rain is mainly accounted for by the falls in this
Séason (except extreme south Peninsula and the east coast
areas), Orographic influence is dominant in the distribution
of rainfall in this season. In the north Indian plains, a
minimum rainfall belt runs from northwest India to the north-
east India, partically along the axis of the monsoon trough.
Mean monthly rainfall amounts are not uniform during this
period (June-September). Broadly, rains increase with the
setting of the monsoon, reach a maximum in July and then
decrease,

The coefficient of variation of rainfall (ratio of the
standard deviation of the season's rainfall to the mean
amount) is illustrated in Figure 6. This varies from 60 per
cent in the western desert to 20 percent or less in the mcst
rainy areas. In the southeastern tip of the Peninsula where
this is not the rainy season (with less than 10Cm rainfall),
it is 100 per cent. In general, the coefficient of variation
decreases with increasing rainfall upto about 100 cm and
then does not vary, Standard deviations of rainfall are
generally comparable over the whole country but the wide
differences in variability are due to the differences in mean
rainfall. These fluctuations in rainfall affect economic
activities, more so in areas of poor rainfall. Monsoon
activity is so closely associated with rainfall that it is
generally described by quantum of rainfall: As for example:

{i) Weak monsaon - Rainfall less than half the normal,

- 4 -

(ii) Normal monsoon - Rainfall % to 1% times the normal

(iii) Active/strong monsoon - Rainfall 15 to 4 times the
normal

{iv) Vigorous monsoon - Rainfall more than 4 times the
noraal

Heavy rainfall of the order of 25-30cm are not infrequent
inothe monsoon season, but they are mgre probable north of
15°N along west coast and north of 20°N in the rest of the
country, apart from the western ghats,

. By April a thermsl high dgvelops over central India with
its centre at about 22°N and 809N (Fig.7). A strong meridional
gradient of temperature is observed to north and south of the
ceBtre. By 700mb, the thermal high shifts shouthwards to

15°N and temperature gradient is towards nortg. At 500mb also
the temperature decreases to the north of 12N and is uniforg
to the south. Even at 300mb a weak thermal high is observed
over the south Peninsula. The trcpisal tropopause occurs in
April near 100mb, to the north of 25 N.

Theothermal Bigh at 850mb shifts gradually to northwest.
(May - 23°N and 78°E and June - extreme NW India and adjoining
Pakistan),

In July (Fig.8), during well established summer monsoon,
the thermal high lies over Itran, Iraq and Central parts of
Arabia at 850mb and a thermal ridge runs from it to 35°N to
north of India. A nearly similar pattern is observed 35 o
700mb. At 500 and 300mb, a thermal ridge runs along 257-30°N
with appreciable temperature gradient to the south at 300mb.

Standard deviation of temperature is about 2° at 850,
700 and 500mb, incressing to 5°C alfot. The standard
deviations are higher in the north than in the south.

Thus the warmest region shifts markedly in the monsoon
period, more so in the upper troposphere. The thermal ridge
at 200mb over Tibetan region is an important feature,

5. Upper_winds

In April (Figs. 8 and 9), a trough line runs along 7?°E
at 900mb over the Peninsula as at sea level. The sub-tropical
ridge (STR) appears over iand near about 18°N at 850mb and
pgrsists at 700mb. Aloft, it gradually shifts southwards to
87N at 200mb. Westerlies increase with height over northern
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India and the adjojnéng Peninsula (40 Kts near 25°N at 309mb
and 50-60Kts ncar 27°N at 20umb - Westerly jet)

With onset of summer monsoon, a trough is established
over north India (Monsoon Trough:MT)} To the south of the
trough WSS to WNW winds prevail while to the north of the
trough southecasterly winds (Fig.10 and 11), Westerly winds
over the Peninsula increase. with height from ground and reach
a miximum between 900 and 800mb level. (900mb along west
coast and 800mb in eastern Peninsula), A wind maximum near
900mb is found in the Arabian Sea with more than 25kts wind
(low level somali jet).

Ths monsoon trough shifts south with height and is near about
23°N at 700mb but becomes diffuse above 500mb over the
Peninsula. The warm surface low over Pakistan and neighbour-
hood is replaced by the subtropical high at 700mb. The
southwesterly current becomes weak at 500mb and replaced by
easterly over the whole country at 300mb. Casterly i ',
strengthen with height from 300mb reaching a maximum in the
layer 150-100mb. The wind spceds are between 60 and 80Kty
over the Peninsula between 150 and 100mb (Tropical Easterly
Jet TEJ). The subtropical westerly jet moves northward to
the north of the Himalayas. While the wind patterns from
June to July are intensified between 850-500mb and 200-100ab,
winds are slightly weaker in August in these layers, In
September, winds are further weaker upto 900mb.

To summarize, during summer monsoon a low-level westerly
jet {at about 1.5km over Arabian Sea) and a easterly jet
(at about 15Km over Penisnsula) are established. Thus a
strong vertical shear is observed in southemBay of Bengal,
Arabian Sca and l'eninsula. A monsoon trough is formed in
lower tropophere extending from heat induccd 1ow over NW
India and Pakistan to the Head Bay of Bengal. The gSub-
tropical high is intensified over the Tibetan Plateaé‘with
TES in the south and STWJ in the north (called Tibetdn High).
The southwesterly flow from the Arabian Sea across the
Peninsula is wsually refercd as the "Arabian Sca Monsoon"™ and
that of the southcasterly wind to the north of the monsoon
trough (MT) is culled as the "Bay monscon Current”.
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Repional Aspects of Monsoons (Intraseasonal and Interanrual
Variability of Monsocon Ra:nIa{I over india)

1. Introduction

Regional aspects of monsoons occur on a small scale,
Opinions differ on what the dividing line should be between
the planetary and regional scales of motion, However, it
is important to recognize that the different scales are
coupled strongly, one often contributing to the other
through complex interactions which are not yet fully under-
stood. Here we will comsider only some of the prominent
features on which some agreement is apparent in the literature.
Here some details will be left out either because they are
based on insufficient data or because their relevance to
the large aspects of the monsoon is not clear.

The variability of summer monsoon rainfall is the
central problem because of its social-economic importanc=
(association with droughts and floods). Further, reliable
records of rainfall over India are available for a long
period (80-100 years}. Therefore, emphasis will be given
to the interannual variability of summer monscon rainfall
over India. The regional features of the summer monsocon
are associated with short period rainfall fluctuations
(intraseasonal variability). The hundred-day monsoon over
India from 1 June to mid-September consists of spells of
heavy rain (Active phase) followed by lean periods (Break
Phase). The duration of an active or a break phase is
about a week, but on some occasions prolonged breaks alss:
occur, The duration and frequency of breaks increase
towards the second half of the monsoon.

The influence of the summer monsoon is spread over
countries of east and south-east Asia. In China, the summer
monsoon rains are known as Mia-Yu, over the southern part
of Korea as Mae-Ue and in Japan as Baiu rains. Rainfall
over monsoen lands exhibits extreme contasts. The wide
variations in space of the monsoon rainfall are generatec
either by the alignment of mountain barriers or by the ncrmal
track of rain-bearing systems.

In this lecture we will consider the dates of onset
and retreat of monsoon, principal rain bearing systems (such
a@s monsoon depression, monscon trough, mind-troposheric
cyclone, off-shore vortices etc.), Break monsoon and
certain aspects of inteannual variability of monsoon rainfall.

2. Onset and Withdrawal of the Monsoon

Perceptible changes on account of the monsoon, are
(i} winds from about southwest, (ii) decrease in temperature
from the heat of April and May and (i1ii) increase in rain-
fall. The first is mainly of interest to mariners, while

other two have more general impact. Dates of onset can be
fixed by the changes in any of these features for any year,
However, development of these three features are not
simultaneous, Therefore, opinions differ on what really
constitutes an onset of the monscon. Many prefer to define
it as the date on which the prevailing wind reverse their
direction. On the other hand, for the purpose of agriculture
it is more convenient to fix the dates of onset by the
commencement of rains,

Table 1 (Yashino, 1971) provides approximate dates
for theobegigning of the symmer monscon season over a region
from 757-140"E and from 20°-45°N. The rainy season begins
earliest in south China towards the beginning of May.
Subsequently, it extends its influence over the south-eastern
parts of Japan and Burma. Monsoon rains do not begin over
India until the very end of May (though southwesterlies
set in the Arabian Sea in early May).

The India Meteorological Department (National
Meteorological Services of India) has fixed the dates of
onset and withdrawal of monsoon with reference to the rather
sharp increase and decrease respectively shown by the five-
day means of rainfall, supported by the changes in the
circulation. Figure 1 shows the normal dates of the onset
and withdrawal of the monsoon (based on rainfall and synoptic
features: nearly 70 years'data on a few working rules for an
objective determination of the date of onset of monsoon,
They are based on a specific number of stations receiving a
24-hour rainfall of 1 mm or more for several consecutive
days,)

. The arrival of the monscon is a gradual process
starting with a transition period when atmospheric charact-
eristics change from a state of extreme dryness to one of
high humidity and light continous rain. Thunderstorms are
8 feature of the pre-monsoon condition lead to genuine
monsoon rainfall,

A survey of nearly 70 years of the onset of monsoon
over the southern tip of the Indian peninsula reveals the
normal date as 31 May with extremes of 11 May and 15 June.
Consequently, any rainfall prior to 11 May is not regarded
as genuine monsoon rain, The standard deviation of the
dates of establishment of monsoon along the west coast south
of 20°N is 6-7 days. The earliest date was 17-22 days
before, while the most delayed arrival was 10-13 days after
the normal date. To illustrate the variability of the
advance of monsoon, a histogram giving the dates of onset
of monsocon over Bombay from 1979 to 1975 is given in figure
2 (Rao, 1976).



3. Breaks in Monsaon

Within the monsoon season, there are periods when the
monsoon activity in terms of rainfall considerably decreases
or ceases over most part of India but increases over regions
near foot of Himalayas and southern Peninsula. During such
activity, the monsoon trough shifts to foot hilis of the
Himalayas. This situation is referred as “Break in Mcnsoon",
This break phase may last for a couple of days to as much
a5 3 weeks. Ramamurthy (1969) has catalogued the "breaks"
in July and August from 1888 to 1967 which was summarized by
Rao (1976) and are presented in the table 2.

Table - 2

Statistic of breaks in monsoon

........................................ B R T R,

Month No.of No.of Avera- Long- Most No.of break days in

breaks break ge du- est fre-

days ratien break quent First Sec: Last
days dura- 10 cond 10 days
tion days days
days
Jul 83 306 5.8 17 4 81 117 108
Aug 55 356 6.5 20 3 115 159 82
Commen- § 47 21
cing
July
ending
in Aug.

Besides significant changes in rainfall dis%ributinn over
wost parts of the country, a number of imporant changes in
the flow patterns are observed, They are :

{i) Shift of monsoon trough northwards near the foecthills
of Himalayas and absence of any low pressure or
trough of low pressure in the North Bay of Bengal.

{ii) General decrease in pressure gradient over the country,
For illustration, the pressure gradient between Bhuj
(23.3N and 69.6E}§ Trivandrum (8,3N, 76.9E) may reduce
to 1-3mb during break situation compared to 7-10mb in
good mensoon conditiens.

(iii) The monsoon trough at 8§50mb and 700mb level also shifts
northwards near the foothills or disappears. Instead,
there is development of ridge over Northwest India.

- 4 -

{iv) The above changes result in general absence of easter-
lies over north India. There is also general decrecase
of strength in westerlies over peninsular India, where
flow starts developing morc northerly component,

(v) General shift of uppep tropospheric sub-tropical ridge
southward by over 2-3” latjitude.

(vi} Occurrence of double easterly jet maxima over ]ngia,
one around 10N and another fairly north near 20°N,
Sometimes instead of double maxima, we observe

generally strong easterlies spread over a very broad
areca.

(vii)} Appearance of westerly jet over the northern parts of
the country,

(viii)In some cases, the ridge-trough system at 500mb over
and east of Caspian sea may extend upto 300 or even
200mb level,

The middle of August is most susceptible to breaks,

Breaks in monsoon occur mainly due to the follewing
activities:

(i) Northward shift of monsoon trough to the foot hills
of the Himalayas when a depression moves to these
mountains; which is associated with more southerly
travel of extra-tropical systems.

(ii} Passage of westerly waves across the Tibetan Pateau and
adjoining Himalayas in quick succession leads to
‘breaks’,

(iii) The establishment of a well marked anticyclone with
north-south ridge axis over and near the Caspian Sea
in the lower and mid-troposphere ‘and its eastward
extension is a prominent feature in most break
conditions,

(iv] Breaks are also associated with a typhoon or its
remnant in the western Pacific moving to the nerth of
Lat. 30°N, provided there is jo depression or typhoon
in the China Seas south of 30°N nor unsettled
conditions or a depression already present in the Bay.

But not all the "Breaks" seem to develop in the same
manner,

Monscon most often revives after a "break' by the
formation of a low or depression in the north Bay. Gradual
formation of the monsoon trough in the normal position also
takes place sometimes.
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4. Principal rain-bearing systems

Of several rain-bearing systems that lead tc short
duration rainfall fluctuations, the leading ones zre :

(a) Monsoon depressions in the Bay of Bengal;

{b) Fluctuations in the intensity and location of a
monsoon trough over the plains of India and 'Fakistan;

() A mid-tropospheric low-pressure system off the: coast of
India; (MTC)
(d) Off-shore vortices;

(e} A low-level equatorial jet stream aslong the eastern
coast of Africa.

The coupling between the regional rain-bearipg:systems
of the summer monsoon and its larger planetary aspects is
still not well understood. For example, in some summers
there are more monsoon depressions than in others for ‘neasons
which are not yet known.

(a) Monsoon Depressions in the Bay of Bengal

These disturbances play a very significant rdle in the
maintenance of the monsoon circulation. Much of the rainialt
over India and Pakistan during the summer monsoon is
generated by the westward passage of depressions and low-
pressure systems in the Bay of Bengal. On an average, twe
to three systems are observed per month during the imonsoor.
season. The highest frequency is observed in the months af
July and August. The horizontal dimensions of these systems
are around 500Kkm and their usual 1ife span is about a waek,

A survey of their mean tracks reveals movement towards the
north-west for the first three or four days; theredfter they
tend to recurve towards the north OT continue to move
westwards. The strong easterlies over north India wp to
500hPa were favourable for the westward movement of monsoon
depressions towards Pakistan. The synoptic features which
lead to recurvature are not well defined. Upper winds:at

300 and 200hpa, which are reckoned to be steering levels, are
used to anticipate recurvature, but success by such means

is limited,

Rainfall generated by depresssions or low-pressure
systems in the Bay are usually concentrated in the south-
western sector. The structure of a Bay depression uswdlly
indicates a tilt in its vertical axis towards the south-west,
but this has not found general agreement,

The facters that control the formation, subsequent
growth and movement of monscon depressions are :

{a) Horizontal and vertical wind shear;

-6 -

(b) Convective and mesoscale systems leading to vertical
transport of moisture, heat and momentum;

(c) Sensible and latent heat transfer from the surface of
the sea, and latent heat realized through precipitation.

Recent research suggests instability as a possible
mechanism for cyclogenesis over the northern sectors of the
Bay of Bengal.

(b) Mcnsoon Trough

During the summer monscon, an elongated low-pressure
area is established over India, Pakistan and adjoining
countries of the Middle East. It is known as "Monsoon
Trough" (MT) and we refer to its position at sea level,
although it has been observed to extend upto about 500mb,
tilting southward with height,

Normally, MT axis is oriented in an east-west direction,
roughly paralledl to the southern periphery of the Himalayan
mountains,

MT is a quasi-permanent feature of the summer monsoon,
but its axis displays wide variations. An active phase of
the monsoon is observed when the axis lies to the south of
its normal position and its eastern end extends into the
northern part of the Bay of Bengal. On the other hand, when
the axis moves north and is located close to the Himalayan
foot-hill, a break phase is observed.

For many years it was believed that the MT was a
mechanical effect brought about by the alignment of the
Himalayan mountains and the mountains of Burma, However,
recent model experiments suggest that the mountains by them-
selves are not sufficient to generate a quasi-permanent
trough and flucturations in the radiation balance of the
atmosphere are believed to have an impertant orn the movement
of the trough axis,

(c)} Mid-Tropospheric Distrubances (MTC)

During the International India Ocean Expedition
(TIOE) of the late sixties, it was observed that heavy rain-
fall over the north-eastern parts of the Arabian Sea and the
adjoining areas of the Indian coastling was associated with
cyclonic vortices confined to the middle troposphere, _These
vortices were observed to be between 3 and 6km and their
largest amplitude was near 600 hPa. They were not visible on
surface weather charts, Unlike the Bay depressions, mid-
tropospheric disturbances have a core of warm air above 4 km
with slightly colder air below. These systems exhibit
little movement and appear to remain quasi-stationary for

several days. The horizontal scale of these disturbances
is of the order of 3000 km.



On many occasions, the rainfall associated wita a
mid-tropospheric system can amount to as much as 20 cm in 24
hours. Such systems are also observed over south China, but
their frequency is much smaller.

As these disturbances are located between a westerly
regime at the surface and easterly winds in the upper
atmosphere, it is believed that large vertical shears arye
responsible for their formation.

Principal component analysis of wmonsoon rainfall
shows similarity of rainfall patterns over the coastzl
regions of east India and the northwest coastal region of
India, thereby indirectly indicating the positive relatjon-
ship between the formation of a monsoon disturbance jn the
Bay of Bengal and MTC in the Arabian.

(d) off-Shore Vortex

These are sub-synoptic scale systems with horizontal
scale of 30-150 km and are generally observed off the west
coast of India during the monsoon period. These are VEery
shallow systems and are normally confined to low levels
below 850mb,

First detailed study on the formation of an off-shore
vortex along the west coast of india was done by George
(1956). These vortices have been associated with heavy
rainfall over the west coast (like that of MTC),

As already mentioned, from scale consideration, these
vartices are sub-synoptic systems and would be normally
difficult to track them from one synoptic chart to the
other, but Mukherjee § Shah (1981) claim to have tracked an
off-shore vortex during the period of Monex-79, However,
it is believed that these are sub-synoptic scale systems
and the movement of these Systems is regeneration process
at & new location like the movement of a squall line. Some-
times these vortices have been observed to remain stationary
for a period of 24 hours or so,

{e) Low-level Cross-Equatorial Jet

In the late sixties and early seventies, Findlater
(1966, 1969, 1871, 1972) observed strong winds in the form
of a narrow current of air off the coast of east Africa.
The low-level jet stream was most pronounced between 1 and

Kenya at about 3%5. Subsequently, it covers the plains of
Kenya, Eshiopia and Somalia before reaching the coast again
around 9°N. It appears to be fed by a stream of air which
moves northwards from the Mozambique Channel.

- § -

The major part of the low-level jet moves further into
eastern Africa during May and subsequently traverses the
northern parts of the Arabian Sea before reaching India in
June. The strongest cross-equatorial flow during the summer
monsoon takes place in the roximity of the low-level jer,
It is still not clear why tgis region is a preferred zone
far cross-equatorial mass transport.

The location of the low-level jet coincides with a zone
of coastal upwelling. This is respansible for creating a
cold surface temperature off Somalia by upwelling. On many
cccasions the temperature is as low as 18°C, but the
temperature over thg eastern part of the Arabian Sea is of
the order of 25°-30°C, This leads to a strong temperature
gradient over the Arabian Sea during the summer monsoon,
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Table 3: Details of excess raiafall years

Table 2: Details of deficient rainfall years

\C

Rainfall | Per.Dep. Standardized Percentage
Year valus from value rank ares of
mm normal India with
floods
1874 971 14.0 143 7 38
1878 o4 143 147 5 33
1892 990 16.2 1.68 3 4}
1893 953 11.9 1.22 12 23
1894 969 13.8 1.41 8 21
1910 935 9.8 1.00 17 18
1918 950 11.% 1.18 13 32
1917 1003 17.7- 182 2 38
1933 o973 14.2 1.48 L. 43
1942 D58 12.5 1.28 10 23
1947 942 10.8 1.08 14 17
1956 980 15.0 1.54 4 33
1959 938 10.1 1.04 18 20
1961 1017 19.4 1.98 1 43
1970 938 10.2 1.05 15 1%
1975 960 12.7 1.30 9 30
1983 955 12.1 1.24 11 42

Rainfall | Per.Dep. | Standardized Percentage
Year value from value rank | area of

mm normal India with

droughts
1473 754 -11.5 -1.18 18 11
(1877 | 604 -29.1 -2.98 1 49
1899 | 628 -26.3 -2.69 2 73
1901 719 -15.6 -1.60 9 24
(1904 749 -12.1 -1.24 17 34
1905 | 715 -16.1 -1.64 ] 36
1811 733 -14.0 -1.43 11 40
1918 648 -23.9 245 3 68
1920 n7 -15.8 -1.62 ~ 8 4"
1028 766 -10.1 -1.03 20 16
1941 729 144 -1.48 10 33
1951 | 737 138 -1.38 14 2
~.965 707 -17.0 174 5 39
(1966 | 735 -13.7 -1.40 12 37
1968 | 754 113 -1.18 19 20
1972 | 653 -23.4 -2.39 4 41
1974 T47 123 -1.26 16 36
(1979 | 708 .16.9 -1.73 6 36
1982 735 -13.7 -1.40 13 36
986 740 -13.1 -1.34 15 24
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