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HISTORY OF METEOROLOGY OF THE leDIAN OCEAN*

A. S. RAMANATHAN AND GEORGE ALHXANDER
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ABSTRACT

After a brief introduction tothe geographical features of thp Indian Ooean an account
is given of the seafaring activities of theancient Arabs, Greeks, Romans and Indians in the
Indian Ocean area and their knowledge of the seasonal windg and storms of this area.
lmmet:lng weather observations and ideas put forward by sof of these voyagers are
TeVICW . ) . . .

The subsequent steady progress' of Indian Qcean Meteorolr;gy during the 19th century
and the progress during the 20th century upto the present day reviewed.

In conclusion some of the outstanding problems of the Jpdian Ocean Meteorology-
requiring further investigation and elucidation are enumera and current trends in
meicorological research with special reference to the Indian n area are outlined.

- INFRODUCTION

THE INpDIAN OCEAN meteorologically as well as oceanogtaphically occupies a uni-
que place in the globe. Bounded in the northern hemisphere by a huge continetnal
land mass and extending to polar latitudes in the southern hemisphere, it is the only
unbalanced area of the globe. The lack of corresponding oceanic area in the
northern hemisphere is responsible for seasonal variatiohs of the oceanic currents
and the development of marked monsoons or seasonal wihds, in the region north of
10°8. The southwest monsoon of northern summer micnths and the rains they
bring to India and adjacent countris of southeast Asia, thi tropical cyclones which
originate in the sea and move towards the land areas, biinging not only abundant
rain but also causing occasionally immense loss to life and property on their track
and the impact of the vagaries of the above meteorolpgical phenomena on the
economy of the affected countries, have given a greai fillip to the study of the
meteorology of this area since a long time.

To review in detail the meteorology of the Indian Ooeah which have grown slowly
but substantially during the past 300 years, in a few ppges is no easy task. We
have, therefore, attempted only to highlight the various; stages through which the
subject developed with particular emphasis on the tummglpomts that ushered in new
approaches to the subject. .

The authors like to record their indebtedness to Environmental Data Centre
of ESSA for kindly supplying some valuable reference material on tropical cyclones.

EARLY VOYAGERS OF THE INDIAN OCEAN

Centuries before the voyagers from the west came to this part of the globe,
ficst for trade purposes, and later for successively estahlishing their kingdoms in

*Presented at the *Symposium on Indian Ocean and Adjacedt Seas—Their Origin, Science

a}gd ngour;es held by the Marine Biological Association of Thdia at Cochin from January
to 1971

(1]
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the coastal belts this ocean was criss-crossed by busy maritime trade routes. The
Arabs were the earliest sailores along these routes. Well before the birth of Christ,
the dhows of Arabs sailed across the Indian Ocean and brought to the ports of
the Red Sea and the Gulf of Oman, the spices from India and Burma, precious
stones and silk from the far east, and gold, slaves, ivory and ebony from Africa. The
existence of the southwest and the northeast monsoons was known to them but they
did not venture to sail across midocean during the southwest monscon months.
They clung practically to the coast all along the route, to reach Calicut and returned
to the Red Sea in the northeast monsoon season and sailed down to Africa taking
advantage of the favourable winds during the northern winter months, Sanskrit
literature and Arabic literature abound in descriptions of the trade activities in the
Indian Ocean in which Arabs had the controlling influence. The Sokotra Island
called Sukhatara Dwipa in Sanskrit had acquired a cosmopolitan
character since all the international trades mingled in its market. It is generally
believed that Hippalusa Greek Pilot of the first century sailed right across the
Arabian Sea for the first tine. Around 50 A.D. a Greek whose name is unknown
wrote a hand book of the western coast of the Indian Ocean called ‘Periplus of the
Erythraen Sea’ for the use of merchants and pilots. Subsequently many books
were written by Arab geographers giving details about the Indian Ocean voyagers.
‘Berzug’ written by Abbarah, a famous Arab Captain who was the first to make
regular voyages to China gives an account of a typhoon in the China Sea. The
famous Pilot Shehab al Din Ahmed Iba Majid composed a nautical directory of the
Indian Ocean based on his own experiences and on previous works. Sidi Ali’s
‘Mohit’ written round 1554 A.D. not only gives a map of the Indian Ocean area but
also mentions about the occurrence of the monsoon at 50 different places.

With the appearance of the voyagers from the West, a steady effort for syste-
matically observing the winds, weather and weather systems of the Indian Ocean
commenced. In his first voyage from Melinda (near Lat. 3°S and Long 40°E) to
Calicut in 1499, Vasco da Gama made use of the southwest monsoon winds which
had just set in, and reached the destination in three weeks. However, no observa-
tions of scientific interest are available from his voyage accounts. William Dampier,
considered as the prince among navigators, was perhaps the first to record many
weather observations in the accounts of his travels round the world. He, a sixteenth
century buccaneer, lived and worked with some of the roughest pirates in history,
but was also an astute observer of nature in general and weather in particular. In
his “Discourse on winds and breezes, storms and currents” he deals with the general
wind systems throughout the world and their seasonal changes. Of particular
interest is a chart of winds over the Indian Ocean where he depicts the calms near the
Equator, the southeast trades of the south Indian Ocean and northeast and southwest
monsoons of the north Indian Ocean. He makes special mention of the storms in
the Bay of Bengal and calls them monsoons. They occur, he says, off the Coro-
mandal Coast in April and September which according to him are the ‘shifting months’.
For in these months ‘““the winds begin to shift and turn from the point on which they
have blown several months before to the contrary points of the compass as from east
to west or the contrary.” The shift is attended with a turbulent sky which ends
in a violent storm of wind or excessive rains or both. The stormy monsoons of the
Malabar Coast differs from those on the Coromandal Coast in that they are more
common and last longer. Dampier also mentions in this connection the common
belief that when a circle 5 to 6 times the sun’s diameter appears round the sun,
storms of wind or much rain will ensue.  If there is a break in the circle, the greatest
stress of the wind will come from that quarter in which there is a break.
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HISTORY OF METEOROLOGY OF THE INDIAN OCEAN 615

During the 17th and 18th centuries the military and trade activities of the
European powers in the Indian Ocean waters increased cohsiderably. Their interest
in safe navigation led to the systematic recording of many weather phenomena they
came across during their voyages. It is these reports by miriners that enabled James
Capper to work out the first tropical cyclone chimatology of the north Indian Ocean
in 1801, The navigators had also recorded with care the §easonal changes of winds
at different places in the Indian Ocean, the commencemdnt and withdrawal of the
monsoon at various places and a number of other phenomiena, like lightning, cloud
features, red sky, water spouts, etc. Halley (1686) gave a map of predominant winds
during northern summer over the Indian Ocean, j

CONTRIBUTION OF 19TH CENTURY NAVIGATORS ANIF METEOROLOGISTS

Contributions of Capper and others during earliest part of thf century

Capper’s work on winds and monsoon (1801) is pethaps one of the earliest
systematic enquiry into the origin of the monsoon winds agd cyclones in the Indian
Qcean, Basing his concepts on the works of his predecessors like Bacon, Halley,
Franklin, De Apres and Volney, and on his own experiences Capper and ex-colonel
in the Army wrotz, ““As the sun’s altitude increases daily in the northern hemisphere,
the extensive body of land in the northeast part of Asia, must become much hotter
than the ocean and consequently a considerable degree of rargfaction will be produced
over that part of the continent, whilst at the same season ap immence body of cold
air will come, both from the Indian Ocean and the continent jof Africa in the southern
hemisphere to restore equilibrium. The principal tracks of land of different tem-
perature on the two continents bearing very nearly northeagt and southwest of each
other will, therefore, become alternately the two opposite jeatreme points of rare-
faction and condensation and necessarily according to this &heory be the immediaet
causes of the northeast and southwest monsoons.”

Following Franklin, Capper also tried to explain the difference in the performance
of southwest monsoon over the Malabar Coast and Coromandal coast. According to
himthe mountains act as a screen to the coast and being I¢ss electrified than the
clouds coming from the seas they attract them and take away their electrical fire and
cause them to precipitate the water they contain. In a similar way the clouds appro-
aching the land in the Coromandal Coast during the north¢ast monsoon discharge
their contents on the east coast. Capperbelievedthatthe amaunt of rain that falls in
a place is “constantly in proportion to the height and extent ¢f the mountains, to the
length of time that the wind continues to convey the clouds jowares the land and fo
the extent of the sea or ocean whence water which forms thesd clouds is evaporated™.
Since the Malabar Coast is much more mountainous than the Coromandal Coast,
the hills on the former are more numerous than those of latker. Also the adjacent
sea of the former is more spacious than that of the latter. Therefore, the rains on
the Malabar Coast will be more -abundant than those on the Coromandal Coast.

Explaining the formation of gales and hurricanes in the; Indlan seas late in the
monsoon season Capper says that the monsoons do not pro]:luoe them, They ori-
ginate, according to him principally from some sudden vidlent changes in the
upper regions of the atmosphere and though extremely violent are merely
local and temporary. He also discusses the northwepters of Bengal and
also the prevalent opinion at that time that the Bay;of Bengal monsoon
commences in the north and proceeds southwards. Capperi discusses a few cases
of post monsoon storms in the Bay of Bengal and Arabian Sea'and a few in the south
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Indian Ocean. Some of these are the earliest on record, He says that mariners
believe that violent hurricanes never occur at the breaking up of the monsoons, nor
at their commencement but rather after these changes. They are local and of short
duration and are niot periodic. From the limited data, he also came to the erroneous
conclusion that they occur only near large bodies of land and do not occur in mid
ocean. According to him no sudden changes in mid-ocean air is likely to take
place as it is filled with homogenous vapours. He also discussed the commencement
of the monsoons in different places in the south Indian Ocean.

One of the zealous and able contributors to the meteorology of the south Indian
Ocean during the 19th century, was Meldrum of the Meteorological Society of
Mauritiuvs. To him we owe one of the carliest systematisation of all available
knowledge of the winds, monsoons and hurricanes of the south Indian Ocean. He
was also the earliest to study the extra tropical cyclones of the south Indian Ocean,
Meldrum recogmsed the following divisions of the winds systems:

i. The region of the northwest antitrades or passage winds south of 25°0r 30° 8.
ii. The region of southeast trade winds between latitudes 10° S and 25° or 36° 8.
iii. The belt of calm to the north and northwest of the southeast trades. |

iv. The area of southeast and northwest monsoons between the Equatoer and
10°S. The northwest monsoon is characterised by a belt of westerly winds occupying
the space between the Equator and 10°S in the southern summer months of November
to February or March. During the opposite season the southeast trades blow over
this region and is here called the southeast monsoon, but it is clearly an extension
of the regular trade wind,

v. The region of scuthwest monsoon which blows towards thc Asiatic con-
tinent in the months of April to October. It brings fair weather on the Afncan
coast but bad weather rmonsoon in the northern part of its course.

vi. The region of northeast monsoon which may be considered as the regular
trade wind that blows over the north Indian Ocean from November to March and
which constitutes the fair weather monsoon in the north.

' Meldrum believed that the southwest monsoon of the north Indian Ocean and
adjoining land- areas is a continuation of the southeast trade winds and similarly
the northwest monsoon of the south Indian Ocean is produced by the extension and
deﬁect:on of the northeast trades of the northern hemisphere.

Maury (1864) in his physical geography of the seas, speaks about the cause of
monsoon and says “The force exerted on the northeast trades of the sea by the dis-
turbance which the heat of the summer creates in the atmosphere over the interior
plains of Asia is more than sufficient to neutralise the forces which cause the winds
to blow as trades. It arrests them and turns them back.” Explaining his ideas
further he says “as the equinox approaches, the heat of the sun begins to play upon
the steppes and deserts of Asia, with power enough to rarefy the air and cause an
uprising sufficient to produce anmdraught thitherward from the surrounding regions.
The air that is now about to set off to the southas northeast trades is arrested, turned
back and drawn into this place of low barometer of the southwest monsoon. These
plains bécome more and morc heated as the sun becomes more and more powerful
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HISTORY OF METEOROLOGY OF THE INDIAN OCEAN 617

west monsoon backing down towards the equator, drivé the northeast moasoon
from the land, replaces ther and gradually extends itself ipto the sea. Thus accor-
ding to Maury, the southwest monsoon commences at the: north and works its way
towards the south. It sets in earlier at Calcutta than it dods at Sri Lanka and earlier
at Sri Lanka than it does at the Equator. It takes the sq‘uthwest monsoon six or

and the area of inrushing air like a circle on the water is wtened and thus the south-

eight weeks to back down from the tropic of cancer to the Equator at the rate of
about 20 miles a day. Maury also gives a Table of setting ih and ending of the mon-
soon at various latitudes. It is not till the southwest mohsoon has been extended
far out into the sea that it commences to blow strongly or thit the rainy season begins
in India. According to Maury the latent heat released dug to condensed vapour in
the hills adds fuel to the flame and assists the sun to rarefy the air and causes it to
rise up and flow off more rapidly and to depress the baronyeter still more. The air
which the southeast trades bring to the Equator instead of riking up there in the calm
belt passes over without stopping and flows onward to the calms of central Asia,
as the southwest monsoon,

Commenting on Dove’s idea (1831) that the southwest inonsoon is the southeast
trade wind rushing forwardto fill the vacant places over the jnorthern deserts, Maury
contends that the influence of the desert of Gobi and the sfinburned plains of Asia
is felt south of the Equator and as a consequence the sougheast trades are pulled
across the Equator to become southwesierlies in the northdrn hemisphere.

In view of the above reasons monsoon is not felt ove the west coast till it is
fully established over the Bay of Bengal as for as the Equatdr, that is till the end of
May. It advances northward and reaches Bombay about § month later according
to Maury, ;

Lack of space forbids us from giving in detail the ideas: of Ferrel, Horseburgh,
Dove and others,  However, there was general agrpement among them
about the mechanism of the southwest monsoon and its muinfall, The following
ideas about it were generally agreed upon by meteorologists of the 19th century:
The plains of north India get very hot during the summer;and the air over that
region ascends and becomes light. As a result air over the sea areas where the
pressure is high both in the neighbourhood of the Equator and south of it, moves
towards the region of low pressure over the land. The soutﬁ?ast trade winds while
moving northwards and crossing the Equator becomes southwest winds owing to the
rotation of the earth. Again these southwest winds do not:directly blow into the
region of low pressure but go round it in an anticiockwise (direction according to
Buys Ballot's law. The copious precipitation over the west goast is due to the high
mountains which run along the coast. The higher the mountains, the heavier will
be the precipitation. The monsoon is sustained by latent héat released during the
precipitation which adds more heat to the atmosphere and, therefore, further rare-
faction takes place. Strong winds blow into the region of Neavy rainfall since air
from the neighbouring regions rush to occupy the space created by ascending air.

One of the important contributions of Meldrum that wis given serious consi-
deration later was that the sunspots have an influence on the fainfall and the greater
the spottedness of the sun, the hotter it is and, therefore, caugdes greater evaporation
from the sea surface and hence greater rainfall. It was this idep that later prompted
the Government of India to establish the Solar Physics Observatory at Kodaikanal
in South India.
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While ideas about the monsoons were developing in this manner, the meteoro-
logists and navigators of the 19th century contributed much more to the knowledge
and science of cyclones in the Indian Ocean. The mariner has always dreaded these
phenomena and we have already sketched the ideas of Capper about them. The
first serious study of the structure of the tropical storms was made by William Red-
field whose extensive experience in ocean sailing convinced him  that these whirlwinds
revolved in one direction moved forward at variable speed and had many similar
characteristics with respect to their tracks. He collected a large amount of data
collected by ships through several years and analysed them. Inspired by the writtings
of Redfield, William Reid of the Royal Engiocers, devoted himself to verifying
Redfield’s ideas by collecting ship’s observations and plotting them on a large
chart. The two men worked in close collaboration and exchanged ideas. Reid
published several important works one of which was the famous book ‘Law of
Storms’. While Redfield expanded his interests to the typhoons of the western
north Pacific, Reid then a Brigadier General, studied the storms of the South Indian
Ocean. In this task, he needed much more detailed information of the storms of
this region and, therefore, sent Henry Piddington to India, who first became curator
of the Calcutta Museum and later President of the Marine Court of Enquiry at
Calcutta. In the history of Indian Ocean Meteorology, Piddington’s name will be
written in letters of gold for his monumental contribution to the science of storms.
His best seller, at that time ‘Sailor’s Hornbock of Sterms’ wherein he used hundreds
of ships logs for studying the storms of the Indian Ocean, is an cutstanding contri-
bution to the science of tropical storms. He also coined the term cyclone which
later gained world-wide usage. In a series of 23 memoirs presented to the Journal
of Asiatic Society of Bengal, Piddington gave detailed accounts of many Indian Ocean
cyclones which ooccurred during the period 1839-1851. His accounts reveal vast
amount of patience, industry and very high ability and judgement in the arrangement
of material. Glorious tributes have been paid to Piddington’s work by many of his
contemporaries.

In his Hornbook of storms Piddington gives an excellent review of earlier ideas
of storms and their causes. He suggests that cyclones may be the common name
for these phenomena and storm, hurricane, gale, etc. may be used to denote the
strength of wind. From the historical point of view it will be worthwhile to men-
tion the ideas which some of the meteorologists of the 19th century had on the
formation of tropical cyclones,

William Reid believed that they are produced by the conflict of prevailing
currents in different strata of the atmosphere, giving rise to circular moverments.
These movements later increase and dilate into storms. He also thought that electri-
city played the principal part at the time of formation. Epsy conceives the calm
centre or lull of a cyclone to be the base of huge moving chimney circular or any
other oval shape the draught of which is caused by extensive condensation of vapour
above. He accounts for the production of clouds, the depression of the barometer
etc. by this cause and also infers that at a certain height the rising air overflows the
rest of the atmosphere. Kaemtz believed that when the N.E. winds prevail below
and southwest above, violent whirlings are formed at their limits which descend to
the surface of the earth and are often endowed with prodigious force. Piddington’s
views are that they are purely electrical phenomena formed in the higher regions of
the atmosphere and descend in a flattened disc-like shape to the surface of the ocean
where they progress rapidly. 'We shall mentior more about these theories as we
proceed.
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Piddington enunciates the law of storms as follows: ~In every storm the wind
blows round a focus or centre in a more or less circular form and at the same time
has a straight or curved motion forward so that like a great whirlwind it is both
turning round and as it were, rolling forward at the same 'time. Also in the north-
side of the Equator the wind blows counter-clockwise abd south of the Equator
it blows clockwise. '

He examined in detail the individual tracks of a number of storms in the Bay of
Bengal and Arabian Sea and south Indian Ocean and gives several practical lessons
to the navigator for finding out the centre of the storm and the direction of their
motion andalso for avoiding them. He also explains the 'use of transparent horn
cards which are provided in his book for finding out centrbs of cyclones. He also
discusses the various aspects of a tropical cyclone like the alm centre, pressure fall
at the centre, winds in the various quadrants and rainfall, :

One of the aspects of cyclonic storms which he discesses is the incurving of
winds. Reid thought that the winds in a cyclone blow in 3 circle. In other words
they do not spiral inwards. Redfield had recognised the sgiral indraught of winds.
Piddington, however, did not stress it very much so that it led to the misapprehen-
sion by some later meteorologists that Piddington along with Dove and Reid had dis-
regarded the spiral convergence of winds in cyclones. From Piddington’s writings it
is evident that he believed that the central part of a cyclong consists of a series of
incurving spirals. However, he had another erroneous diew that when cyclones
are increasing in diameter or dilating the spiral is diverging one or that the arrows
curve outwardly and when it contracts the spiral is a converging one or incurving
one. He hastens to add in this connection that we do not lknow about this but is
probable or possible. It is of interest to state that all fhe later meteorologists
recognised the incurving of the windsin a cyclone, and theipresent rule in use for
finding out the centre was a generalisation given by Wilson] viz., ‘with the face to
wind the direction of the centre is from ten to eleven points td the right hand side’.

Piddington gives detailed accounts of some of the most disastrous cyclones on
record. Speaking of storm-surges he says that “the incurving of the wind already
in a storm must also have a tendency to keep up and support § mass of water towards
this part and this mass of water is borne by the direction of the path of the storm.”
In this connection he quotes a vivid description of the dejtruction of Corinja in
1789 by a succession of three great waves which rolled in updn it during the passage
of a cyclone,

“The unfortunate inhabitants of Corinja saw with terror:three monstrous waves
coming from the sea and following each other at a short distante.  The first sweeping
everything on its passage brought several feet of water in the:town, the second aug-
mented these ravages by inundating all the low country and the third overwhelming
everything. The sea retiring left heaps of sand and mud which rendered all search
for property impossible (twenty thousand people died).”

Piddington also narrates a few cases of cyclones in the; Indian Ocean when
cyclones and earthqnakes occurred together.

While Piddington was pursuing the study of cyclones at Calcutta, fwo other
Englishmen Meldrum (who has already been reterred to ;by the authors) and
Alexander Thom were working on the storms of the south Ind{an Ocean. Meldrum
systematically collected meteorological data of the South [ndian Ocean for the
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understanding of the storms and monsoons of this region. He was perhaps one of
earliest to realise the incurving of winds in a cyclone. From a study of the storms
and their tracks, he came to the following conclusions:

i. The hurricanes in the Indian Ocean occur in the space between the northwest
monsoon and southeast trades, the localities of these burricanes varying with the
season.

ii. Their tracks are from eastnortheast to westsouthwest simply because the
eguatorial calms extends from the vicinity of the equator near 85°E towards Mauri-
tius. In other words, whatever causes the northwest monsoon to extend to Mauritius
also determines the hurricane tracks. Further the temperature is more elevated
on the African side of the ocean, The northwest monsocn which is on the whole
stronger than the southeast trade impinges upon tne northeast quadrant of the
storm with a force greater than that with which the trade impinges upon the south-
west quadrant.

ifi. The localities of the hurricanes of the south Indian Ocean and their laws
of rotation and progression depend upon the observed relative strength and position
and veering of the trade and monsoon and upon the known effects of heat.

Thom's work (1845) was more or less on similar lines as that of Meldrum.
Prompted by the hurricane-damaged ships he saw at Port Louis, he analysed the
Rodrigues hurricane of April 1843 especially because 14 or 15 ships were caught in
it for a number of days. Thom obtained copies of their logs and interviewed Captains
of these vessels and with the data obtained worked out its entire track and analysed
its characteristics. Most of the work for his classical paper ‘On the nature and
course of storms in the Indian Qcean south of the Equator” was done fittingly during
a long ocean voyage back to England. He was of the opinion that the principal
cause of the rotary motion of cyclones is opposing currents of air on the borders of
monsocns and trade winds which differ widely as to temperature, humidity, specific
gravity and electricity. These he thinks give rise to a revolving action which originates
the storm which subsequently acquires ‘““an intense and specific action involving
the neighbouring currents of the atmosphere and enabling the storms to advance
through the trade wind to its opposite limits.” He also gives a diagram to show how
this may occur. He further believes that ‘as the external motion is imparted to the
interior motion of the mass and centrifugal action begins to withdraw the air from
the centre and from an wpcurrent the whole will be soon involved in the same ver-
tical action.” The upcurrent he explains as being formed by the pressures being
removed from the centre when the air there increases in bulk, diminishes in specific
gravity and its upward fendency follows as a matter of course,

In a communication to the Bombay Geographical Society (Vol, 8, 1847-1848)
Thom presented an excellent study of the Malabar Cyclone of April 1847, The
preface to this study which was written in Poona is very interesting. For improving
our knowledge of tropical cyclones he pleads for increased network of observatories
at the coastal stations from Calcutta to Karachi round Sri Lanka. He works out the
cost of such proposal and says it will be negligible when compared to the loss incurred
in ship wrecks. Speaking about the inherent difficulties in the pursuit of subjects
like Meteorclogy he says “In the study of storms, unlike other fields of science, it
becomes necessary to accumulate the contemporary information of many observers
who have accidentally been scattered over a vast expanse of land or sea and were
often careless, ignorant or unacquainted with what they onght to notice. Hence
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trivial points are often carefully recorded while the more important and even more
common phepomena are unheeded. The consequence is:that although the theory
of hurricanes is now pretty well established, it is far from; possessing the exactitudy
which belongs to many other branches of knowledge and can only be attained be
an extensive system of observatious carried out by competent persons and good
instruments. This can only be achieved by the interferende of one or more govern-
ments.” : '

One of the very active contributors to the informationiand knowledge of storms
in the Indian Ocean in the 19th century was Dr. Buist wkio was for some time the
Director of the Colaba Observatory and later Editor ofithe Bombay Times and
Secretary of Bombay branch of the Geographical Society., In one of his writings
be says, “from 1846, T have devoted 300-400 pages of myinotes on Meteorological
subjects alone annually.” It is to Dr. Buist we owe the earliest catalogue of cyclones
for the period 1648-1854 which he extended later to sorhe more years. He was
also one of the earliest to investigate the seasonal variations of the sea surface tem-
perature over the Arabian Sea, He collected data from the logs of vessels plying
between Bombay and Aden. The water temperature was:taken from 10 ft below
the surface. Buist took great pains to collect meteorologi¢al information scattered
in news papers. One of the subjects to which he contributdd was on the occurrence
of Elephanta over Bombay in autumn which marks the brgaking of the monsoon.
The prevalent opinion at that time was that it occurs whep the sun is in the cons-
tellation Hast (elephant). In many of his writings he pgys glorious tributes to
Piddington. As an Editor of news paper he sometimes magle frank criticiam of the
Meteorological organisation of the Government. Buist Was so optimistic about
the potentialities of the meteorological science that he thought that during the next
twenty years it would be possible to predict the approach pf a storm and the rate
and direction of its movement with as much accuracy as wg can predict the arrival
of an eclipse. ' o :

Establishment of the Indian Meteorological Department tmd the contributions of
Blanford and Elliot ;

The India Meteorological Department was established after a good deal of
preliminary planning in 1875. A series of devastating cyclpnes which hit the east
coast of India during the post monsoon season of 1864, causing immense loss of
life and property, was to a great extent responsible for this a%oh of the Government,
Blanfoid who was then the Professor of Physics at the Presiflency College, Calcutta
and the Meteorological Reporter to the Government of Benghl was appointed as the
first Imperial Meteorological Reporter to the Governmentiof India. In addition
to organising systematic meteorological observations in Indig, he also organised the
storm warning service to ships in the principal ports of India. Dallas was specially
assigned to collect and analyse the ships observations and prepare storm tracks
charts for the benefit of shipping. In the wake of the draughts and famines of 1876
and 1877, Government was anxious about the prospects of monsoon in 1878 and
this prompted the Department to organise research on monsgon forecasting. Blan-
ford was the first to find a connection between the snowfall, ot the Himalayas and
the incidence of the monsoon and he reported his results in g paper to the Procee-
dings of Royal Society of Londen., His Indian Meteorologfst’s Vade Mecum was
for many years the best work on Modern Meteorology. Basgd on Blanford's ideas,
tentative monsoon forecasts began to be issued by the Department. Some of these
fgrecastg \grere fully verified by later observations and this ibcreased confidence in
the method. : :
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In his Vade Mecum Blanford gave all available information on the cycloni¢
storms in the Indian Seas like winds, rainfall distribution, electrical phenomena, etc.
Regarding movement of cyclones, Blanford said ‘In the South Indian Ocean cyclones
pursue a parabolic course diverging from the Equator and moving at first westward
and afterwards recurving in the neighbourhood of the tropics and passing off in an
easterly direction. In the Bay of Bengal the limits of the sea do not reach the tropic
of cancer and the course of the cyciones is invariably between west and north, ~ But
those which attain the coast of Sunderbans generaily become more or less easterly
in their further course across Bengal. There are a few exceptions on record in
which the course of the storm over the northern part of the Bay has been somewhat
to the east, but they are rare and hence according to Blanford when the Indian Coast
is greatly exposed to their ravages the coast of Arakan is but very rarely visited by
them. Speaking about the origin of cyclones Blanford discusses the circular theory
of Reid and the theory of parallel winds of Meldrum and Thom and points out the
defects in them. Giving his own ideas which agreed well with those of Eliot,
Blanford says “the Bay of Bengal cyclones originate when there is no current of wind
blowing in any direction across it, when the atmosphere is caim or moved only by
light and variable winds and as Eliot showed when the pressures are equal or very
nearly so, all round the coasts. He agrees with Eliot’s view that the primary cause
of cyclone formation is the “production and ascent of a large quantity of vapour
which is condensed with the liberation of latent heat over the place of its production,
instzad of being carried away to some distant region.” The consequent lowering
of the atmospheric pressure causes an indraught of air towards the place of minimum
pressure.  An indraught of air once set up, a cyclonic circulation will follow because
of earth's rotation. As the velocity of rotation of the system increases the centri-
fugal force of the circulating currents will partly balance the difference of pressure
hetween the centre and the peripbery of the cyclone. The ascent of the convection
currents over the vortex are kept up by the constant libération of latent heat. Accor-
ding to this view the centrifugal force of the circulating currents partly neutralises
the barometric gradients and retards the inflow of air to restore equilibrium, The
earth’s rotation also neutralises part of the gradient. Discussing the energy source
in a cycione Blanford is of the view that the vortex is maintained by the energy
supplied to it by the latent heat of the condensed vapour, which overcompen-
sates the loss due to frictional dissipation, and due to dispersal of air in an anticyclone
in the upper atmosphere.

Regarding Blanford’s idea on the monsoon in the Indian Ocean it may be said
that he fully agreed with the ideas of his contemporaries and predecessors on its
mechanisin. He was in full agreement with Maury’s (1866) description of the
monsoon in the Bay of Bengal. As regards the monsoon in the Arabian Sea,
Blanford draws particular attention to the soft place in the monsoon between the
Equator around 9°N and extending from Sri Lanka to Socotra, where at the height
of the south west monsoon the winds, are light and the sea smooth and says that
the physical explanation of this is not known and required investigation,

It is worth mentioning at this stage that Dallas who was mainly responsible
for the first compilation of monthly weather charts of cyclonic storm in the Arabian
Sea and Bay of Bengal had his own views on the origin of cyclones. While present-
ing a paper on the upper air currents over the Arabian Sea to the Royal Meteoro-
logical Society, London in 1898 he said that he held the rather hetrodox view accord-
ing to which cyclones are formed in the upper atmosphere and work down to the
surface level, This according to him explains many of the observed peculiarities
like (i} the advance of rainfall over regions in the probable path of progressive
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cyclones (ii) the semicyclonic form of a cyclone on touching coast (iii) absence of
all antecident irregularities of temperature over the rcg:on here the cyclone appears
etc.

are well known. In one of his edrliest papers, he gave a réport on the Vizagapatam
and Backergang cyclones of October 1876 in the latter of which about 200,000 people
were drownedin a single half hour by a huge storm wave sweeping over the istand of
Sandip. In this paper Eliot developed a theory of formhation of cyclones. The
publication excited unusual interest both in India and Engldnd, so much so a request
was made in the house of Commons for the rTeport to be roduced and laid on the
table. Blanford gives glowing.tributes to Eliot in his Va{le Mecum for this paper
and says that it is perhaps the best monograph of a cyclofe that has ever been put
on record. Eliot’s theory of cyclone formation has alregdy been discussed by us
while discussing Blanford’s ideas about it. Eliot was the figst to organise systematic
collection in India of weathér observations made by shipsjin the Indian Seas. He
was also instrumental in starting the Solar Physics Obsgrvatory at Kodaikanal.
His articleon Meteorology in Vol. I (Chapter I} of the Ymiperial Gazetteer of India
where he has given an excellent exposition of the mechanisi of the southwest mon-
soon is one of the most valuable contributions to the sciefjce of meteorology. His
handbook of cyclonic storms in the Bay of Bengal proved Yo be a very valuable
guide to the mariners and was widely used by them,

Eliot succeeded Blanford as Imperial Reporter and. ]:uLwork on cyc]omc storms

The achievements of the 19th century were thus quite donsiderable judged from
what meteorology was during the previous century. A godd climatology of storms
and their tracks was made available mainly due to the wotk of Piddington, Dallas
and Eliot in the northern seas and Meldrum and Thom in the South Indian Ocean.
The trades and the monsoons as observed on the surface wdre well recognised and a
theory of origin of the southwest monsoon had been put forward. Interpretation
of the observed rainfall distribution on the basis of orogrdphy was also available.
The presence at the upper level of an anti-trade, as a return purrent to the southwest
monsoon was already inferred.. A theroy of formation bf cyclonic storms was
available thanks to the efforts of Eliot and Blanford and the importance of latent
heat as the input energy for the maintenance of the storml was recognised. In a
way Eliot had already inferred that storms can form in a region of weak vertical
shear since he has said that they develop only in a cahn atmosphere. The eye of
the storm was known as well as the incurving of wind in a cyclone.  Further develop-
menlt g\;as possible only with upper air observatlons whxc}i had not yet become
avaiuabic

PROGRESS OF THE METEOROLOGY OF THE INDIAN OCEAN
DUR]NG THE TWENTIETH. CENTURY :

Contributions of Walker, Harwood, Simpson and Jeffreys '

Walker succeeded Eliot in the beginning of the preseut &:entury and during his
period the scientific activities of the India Meteorological Department further
expanded. The first upper air observations were available over Karachi by August-
September 1905 and later at other places. The Dines Meteorograph became available
to Indian Meteorologists in 1908 and with its observations &f upper air, presswe,
temperature and humidity upto several thousand feet above $ea level were available
for the first time. Slowly in the course of next 10 or 15 yearsiupper air observations
from several places in India became available and these for d the basis of several
investigations which were published latter. : ' :
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In his famous paper on the Free Atmosphere in India, Harwood (1921) said
that the northeast monsoon is in all respects the exact counter-part of northeast
trades. Each begins at about 30°N where it is | to 2 Kin deep. With southward
movement it progressively increases in depth to 7 to 9 Kms at latitude 10-12°N.
There is a return current at the higher levels from the south or southeast at latitudes
10-12°N which progressively lowers and veers until it merges with the prevailing
westerlies on the surface,

As regards southwest monsoon because Harwood could not observe any
southward components in the upper easterlies, he disagreed with the view of Blan-
ford and Eliot that they are the exact anti-monsoonal return currents. On the
other hand, according to him the principal cause of the upper easterlies is the ridge
of high pressure at the upper levels across north India and southern part of China
and the consequent reversal of pressure gradient. He does not, however, exclude
the possibility that some of the air in the upper easterlies turns scuthward over
Arabian Sea and finds its way to the starting point of the monsoon, the south Indian
Ocean. Regarding the tracks of cyclonic storms Harwood found a very noticeable
coincidence between the tracks of storms and depressions as shown on climatological
charts and the monthly mean directions of upper winds at cirrus level, Thus,
{-Iarlwood was the first toindicate the existence of a steering mechanism in the upper
evels.

Walker's contribution to the forecasting of monsoon rainfall are well known.
The statistical method of forecasting monsoon rainfall was first introduced by him
and replaced earlier subjective forecasts, Several correlation factors outside the
Indian continent were sought for and were subjected to statistical examination by
Walker. One of them was the snow fall over Himalayas and its effect on the rainfall of
the next monsocon season. Walker found that it is the snowfall accumulation at the
end of May and not the actual fall in May which is important for monscon rainfall.
Other factors examined by him were raintall amounts in April and May at Zanzibar
and Seychelles, pressure at Cape during the previous spring monthsg, rainfall in
Rhodesia and Java in the precedingrainy seasons, winter temperatures in the Aleutian
Islands, etc, The significant parameters were picked up and regression equations
derived to forecast the monsoon rainfall.

Walker's extensive investigations incidentally led to the accumulation of a great
deal of information concerning world wide variations of weather. An analysis of
these data led him to arrive at two important results. They are:

. 1. Seasonal weather variations are not controlled by variations in solar radia-
tions (f.e. variations of sunspot activity). The key to variations of weather must be
sought within 1he atmosphere itself in the previous distribution of weather anomalies.

ii. There is a swaying ol pressure on a big scale backwards and forwards
between the Indian Ocean and the Pacific Ocean and there are swayings on a much
smaller scale between the Azores and Iceland and between the areas of high and
low pressure in the North Pacific; further there is marked tendency for the highs of
the last two swayings to be accentuated when the pressure in the Pacific is raised
and that in the Indian Ocean lowered.

Walker’s researches were published in a series ol departmental memoirs and
they have won high appreciation of world meteorologists.
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As regards the south Indian ocean, the Royal AlfrediObservatory at Mauritius
continued Meldrum’s work on the climatology of cycloni¢ storms in that area. The
Observatory at Reunion Islands continued the work of Lieutenant Bridet, who was
the author of an excellent memoir on the hurricanes of the Indian Ocean. Statis-
tical data on south Indian Ocean storms were publishdd by Suck in 1906, and
Newnham and Visher independently in 1922. : :

Reverting to the monsoons again mention should be made of an important
contribution to the understanding of the southwest mopsoan by Simpson, an eminent
British Mcteorologist. In a classical paper on the southwest monsoon which he
presented in 1921 to the Royal Meteorological Society, Simpson gave a detailed des-
cription of the mechanism of the southwest monsoon amd its associated rainfall,
Seeking the origin of the monsoon in the differential heaking of the land and sea,
Simpson said that it is brought about by a combination of circumstances involving
temperature, pressure, humidity, land and sea distributioh and the distribution of
the mountain ranges, the last of which according to him is;the most important. He
stressed the important part played by the high pressure cell of southern hemisphere
in driving the southeast trades upto the Equator beyond which they are caught
up in the circulation around the low pressure in the northarn hemisphere and move
towards northeast as southwesterlies. According to Simpson the southwesterlies
which reach the Indian Coast have travelled for 4000 miles over the Indian Ocean and,
therefore, are highly charged with water vapour. The rainfall over the Indian
region is influenced by the arrangement of mountains of India and neighbourhood
which form a barrier to the north and east. The air is caught ina kind of trap out
of which there is no escape except by rising. The windwdrd side of the mountain
ranges receive heavy rainfall and the leeward side is refafjvely dry, Commenting
on the dry region over northwest India is stated that the afrangement of the moun-
tains in the country is such as to prevent a large inflow of 2ir into this region and
also a dry upper wind and high temperature help in preveating rainfall,

The mathematical treatment of the southwest monsoot was first attempted by
Jefiteys (1926). He started with an updisturbed atmosphere in which only the
pressure decreased uniformly with height. He then, supetimposed a strong tem-
perature contrast on the undisturbed atmosphere and triegd to find out the wind
circulation that would be set up by a disturbance of this natire. Though he made a
number of restrictive assumptions, he was able to demonstratg on theoretical grounds
certain broad features like the reversal of the wind at the higher level.

The concept of airmasses in the tropics

During the twenties of this century, the technique of airlfpass analysis of weather
charts was developed by Bjerknes and his school of Norway and they later extended
this method to region outside Europe. The climatological concepts of the trades
and monscouns fitted their prescription perfectly. Soon the temperature, humidity,
typical cloud and precipitation of the trades and monsoony were examined in the
light of airmasses and fronts, and were described. The {Indian Meteorologists
became interested in these new methods of analysis. Band on these ideas detailed
studies of depressions and tropical storms were made by Roy and Roy (1930).
Ramanathan and Bamnerjee (1931), Ramanathan and Ramjakrishnan (1933), Sur
{1933) and Desai (1948). :

In a review article published in 1931 Normand wrote Yto think or speak of
Indian climate or weather in terms of air masses is no new' fashion in India. Tts
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climate has often been described in terms of two main currents of air that traverse
it in summer and winter respectively, viz. the southwest and northeast monsoons”.
The earlier view that all tropical cyclones develop within the body of a single air
mass which in its lower layers has a copious supply of moisture did not according to
Normand, seem to fit the facts in any tropical seas. He summarised the view of the
Tndian Meteorologists as follows:

a) One of the essential precursors of depressions or storms over the tropical
Indian seas is the juxtaposition over the sea of two deep air masses with different
properties from widely different sources.

b) One of the air masses is essentially of oceanic and the other generally of
continental origin and the storms form on 2 diffuse boundary between the two masses.

¢) The cyclonic circulation around a tropical cyclone in the Indian Seas does
not possess a symmetrical structure; it has sectors possessing distinctive weather
characteristics and sometimes develops sharp fronts like an extra-tropical depression.

d) The direction of movement of these storms seems to be the same as that of
the warm body of air at a height between 4 and 3 km. In the final stages there is a
tendency for a quasi-stationary front to develop towards the northwest and for the
residual barometric depression to advance along it.

Roy (1946) in a paper on Ajr masses in India described the conditions associated
with the onset of the monsoon as the advance of the equatorial maritime air from
the south to the north. Malurkar (1950) put forward his views about the setting
in of the southwest monsoon, its temporary weakening and strengthening and also
the ‘break’ in the monsoon. He believed that the air originating in the southern
hemisphere high pressure cell travels northward and gets modified by the time it
reaches the Equator. At this stage it becomes equatorial maritime air and crosses
the Equator in pulses in the absence of extraneous influences preventing them from
crossing. [If these pulses cross the Equator between 90°E and 80°E they strengthen
the Bay of Bengal monsoon and if they cross into the southeast Arabian Sea the
monsoon on the east Arabian sea will be strengthened. According to Malurkar if
the pulses or low pressure area could not be detacted as crossing the Equator or
when they are seen further south the monsoon will weaken. Only when they move
westward or west northwestwards and cross the Equator the monsoon will strengthen
over the Indian Seas. Successive pulses crossing the Equator maintain the monsoon.
During ‘breaks’ in the¢ monsoon when the axis of the monsoon trough shifts north-
wards one of the stationary low pressure areas in West China as Chinese Turkisthan
is more accentuated than usual presumably due to more southerly travel of extra
tropical disturbances than usual,

For a period of about 20 years the concept of airmasses and fronts was used
extensively by Indian Meteorologists for the study of tropical storms and depressions.
The first doubts about the existence of fronts in depressions and storms were expressed
by Pramanik and Rao (1948) who showed that there was no evidence of any front
with temperature contrast either during the formation stage of a depression or later
when it developed into a storm in the north Bay of Bengal during July 1945. They
also showed that the zone of heavy rain in the southwest quadrant cannot be due to
the upgliding of air in the region of separation of two airmasses. Also the flying
activity over the tropical Pacific and Carribean areas during World War II had
furnished a mass of information about the tropics which did not support the frontal
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theory. A change of outlook was necessary and the perturbation approach of
Riehl seemed to offer the solution. .

Intertropical front

Before we proceed further mention should be made’ of the intertropical front
in the Indian Ocean, which was perhaps the first tropical phenomenon that attracted
the attention of the meteorologists of the air mass school.” The position and move-
ment of L.T.F. in the Indian Ocean area during different sepsons have been discussed
in Weather in the Indian Ocean (1943) published by the Meteorological Office, U.K.
It is the belt of separation between the air currents whost origins are rvespectively
in the northern and southern hemispheres and reaphes central Madagascar
(20° 8) and south of Java (15°8) in February. The outflpw of the northern hemi-
sphere air after crossing the Equator gefs deflected and becomes the north-
westerly monsoon flow. The easterly winds on the Equator side of the southern
hemisphere anticyclone provides the opposite air flow on ithe southern side of the
front and the necessary cyclonic shear for the formation &f frontal waves some of
which intensify into depressions or cyclones. Towards April the flow from the
northern hemisphere aunticyclone weakens and the front moves northwards and
crogses the Equator and enters the northern hemisphere,

Then it tends to align itself with the east coast of the Iadian peninsula, Wide-
spread thunderstorms result in the region of the front.  Surges of southerly air
reaching the LT.F. occasionally lead to the formation ofl premonsoon storms or
depressions. During the southwest monsoon season (June4September) the seasonal
monsoonal low over northwest India and adjoining Pakiptan is well established.
The western part of the front moves northwards and by thd middle of July a quasi-
stationary convergence front and associated trough extends:roughly southeastwards
from the monsoonal low. Most of the rain falls on the frésh monsoon air side of
this front which slopes towards the south reaching to a height of 4 km or more. If
this trough moves northwards tothe foot of the Himalayas or even beyond, a break
of the monsoon occurs over most of the Indian region and the L'T.F. now lies to the
north of India and over southern Arabia. When continental air penetrates south-
wards, into northern India which is usually associated with fiormation of 2 monsoon
depression near the head of the Bay of Bengal the LT.F. ig deflected southwards
and passes through the depression. From September the I'T.F. moves southwards
and post monscon storms or depressions form on the L.T.F. in the north Indian
ocean as a result of interaction between the moist S.W. mopsoon air and the rela-
tively cold dry continental air from the north. The northerly movement of the
cyclonic disturbance is accompanied by 2 temporary northwards incursion of the
southwest monsoon and associated movement of the LT.F,

When the frontal concepts in the tropics were questioned and were gradually
Josing ground the name intertropical convergence zone was given to this front as it
is really the zone of convergence of two air masses of different characteristics origina-
ting from the two hemispheres. We shall see more about this later.

Perturbation methods in the Indian Ocean Meteorology
One of the most serious objections to the frontal explanations of the origin of
tropical storms was that some of the hurricanes that affected the west Indian and

southern United States originated within a deep easterly cuprent. As early as in
1940 Dunn drew the atiention of Tropical Meteorologists to this phenomenon and
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showed that the easterly current in this region is subject to pressure waves which
move from east to west and when they intensify and grow in amplitude they give
rise to small but violent hurricanes. Subsequent workers elaborated this picture
the most active of whom was Riehl. He formulated models of waves in the easter-
lies which under favourable circumstances intensified into typhoons or hurricanes.
He also worked out the complete dynamics of his model and gave an integrated
picture of the perturbation in which he correlated the field of motion, pressure and
temperature. Riehl also showed that the perturbations of the wind field were of
greater amplitude than those in the pressure field and that the amplitude of the
former also seemed greater in the middle troposphere than at low levels. The trough
axis slopes towards the east with height and the lower wind fields are positively diver-
gent ahead of the trough and negatively divergent behind it. The distribution of
cloud and precipitation counid thus be readily explained. Rieh! pointed out the
important difference between tropical and extra tropical disturbances namely that
while in the latter only tropical air rises and polar air sinks, in the former, all the
air entering into the circulation rises. Thus, the fact that cyclones can originate in
homogenous easterly trade winds was recognised for the firs ttime.

According to Riehl (1948, 1930) the deepening of surface tropical disturbance
such as a wave in the easterlies resuits from the superposition of the divergence in the
forward portion of a trough in the westerlies on it. Riehl gave also a second
mechanism for the deepening of an incipient low, that when it comes vnder diver-
gence in the upper tropospheric northerlies as the upper high level current bypasses
the low level trough. This becomes all the more favourable if the northerlies are
reinforcad as a result of inphase superposition of a system in the westerlies and
system in low latitudes in the upper troposphere. In effect Riehl brings in certain
external forces, to produce the imitial upper divergence, which triggersthe develop-
ment of the surface low,

Desai and Rao (1954) discussed the formation of nine depressions of cyclones
in the Indian Seas and examined the validity or Riehl’s hypothesis for their
formation. While giving general support to Riehl's ideas, they contended
that there may be other factors also operating in the various stages of intensification
of the systems. Desai and Rao while discussing recurvature of cyclones said that
in addition to the weakening of the subtropical ridge which gives the first indication
for recurvature, the divergence inthe forward portion of the westerlytrough influences
recurvature if the trough is sufficiently near.

The dynamical concepts outlined above slowly gained ground in the field of
synoptic meteorology in India,since 1950. Jordan(1953)showed that the conditions
of formation of the Masulipatam cyclone in October 1949, were consistent with
Riehl's models. Koteswaram and Gasper {1956) in their detailed stody of the
surface characteristics of tropical cyclones worked out vorticity and divergence
patterns in the various guartzrs of the storms in the Indian Seas and explained the
rainfall pattern in terms of convergence. Koteswaram and George (1958} made a
detailed analysis of upper andlower tropospheric peturbations leading to the forma-
tion of depressions in the southwest monsoon. They came to the conclusion that
with the approach of an easterly wind maximum in the upper troposphere a pre-
existing low at sea level over the north Bay of Bengal would invariably intensify
into a depression. They also showed that when an area of positive vorticity advec-
tion and associated divergence in the upper t{roposphere is superimposed on a pre-
existing trough at sea level, development takes place and this is the mechanism
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operating in the case of monsoon depressions in the Bay f Bengal. This is similar
to what Petterson found for the development of extra trdpical cyclones. In a con-
tribution to the 75th anniversary volume of the Journal of Meteorological Society of
Japan, Koteswaram and George examined the upper tropgspheric conditions leading
to the formation of severe tropical cyclones in the Bay of Bengal and showed that
the westward movement of anticyclonic vortices over pré-existing sea level troughs
is favourable for the formation of these storms. They jlso found that the rapid
‘winding up’ of the cyclones occurred with an inphase siperposition of trough in
the easterlies and westerlies as suggested by Riehl. The dissipation of the storms
according to them occurs with the inflow of cold air from neighbouring jet streams
or wayve troughs in the high troposphere. They also pointed out to the close simi-
larity in the mode of formation of cyclones in the Indran region to that of the
Pacific and humcanes of the Atlantic oceans.

During the sixties several case studies of cyclonic s s in the Indian seas
were made with a view to elucidate the factors responsible for their formation, their
structure and the rainfall distribution and also movemepnts. Particular mention
should be made of the work of Anjanéyulu and his co-wcq]‘(ers (1965), Mathur and
Sikka (1965), Mazumdar (1965), and Bhaskara Rao, Maz¥mdar and De¢sai (1967),
Colon et al (1970).

Anjaneyulu et . (1965) studied the cyclomc storm § of October 1963 wl:uch
formed in the Bay of Bengal and examined the structure of its circulation through
the entire troposphere around the storm. They also comnputed latent heat and
sensible heat around the lateral boundaty of the storm circulation and heat and
moisture fluxes. They found that large tangential components of wind were
noticed between 900 and 700 mb and also the energy codtent around the lateral
boundary was found to be minimum between 600 and 500 mb.  The heavy rainfail
occurrence was found to Kave taken place under the umbiella of active upper tro-
pospheric anticyclone. This agreed with Riehl’s earlier fikdings in a case study.
According to Riehi this upper anticyclone intensifies and is maintained by the release
of latent heat of condensation. :Regarding the movement of the storm, they again
confirmed Riehi’s ideas (1954) that it takes place as a result df interaction of vortices
i. e. between a cyclone and an anticyclone.  In this case they found that storm
moved round the 300 mb anticyclones. : C

Mathur and Sikka examined a number of tropical stoiﬁls or depressions that
formed over north Indian Ocean during non-monsoon months and investigated the
role of upper tropospheric flow patterns in intensification, molvement and dissipation
of tropical disturbances over Indian Ocean and confirmed Riehl’s ideas regarding
the same. Mazumdar made a detailed study of the May 1968 cyclonic storm ip the
Arabian Sea with aircraft winds and Tiros saﬁellite plctutes and descnbed the
structure and movement of the storm.

One of the important aspects of formation of cyclonic stqrms is the part played
by sea surface temperature which is considered as a heat sburce from which the
stornr’s energy is derived. Based on Palmer’s view that cyglonic storms develops
over ocean areas where sea surface temperatures are greater than 23°C several
workers examined this aspect and the conclusions of thes¢ workers are varied.
However, the warmer sea areas are extremely conducive to : cyclone development
is faiily well established now. It is also believed by some njeteorologists that the
cyclones move towards warmer regions in the sea. However, P;t has not been so far
possible to establish this beyond doubts. :
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In a synoptic study of the Rameswaram cyclone of December 1964, Bhaskara
Rao and Mazumdar (1968) examined the structure and upper air conditions asso-
ciated with the intensification and the rainfall distribution. They found that the
intensification took place under the influence of an npper divergent field at 300 mb
and aloft in the form of a westward moving trough in the eastetlies.

Climatological studies of storms and depressions in the Bay of Bengal were
made by Rai Sircar (1956) and Rai Sircar and Jayaraman (1966). Statistical
studies of the frequency of storms and depressions in the Bay of Bengal were also
made by Rao and Jayaraman (1958).

The storm surges have also received the attention of a few Indian Meteorolo-
gists though these studies have been quite few. The contribution of Bhaskara Rao
and Mazumdar (1965} has been very valuable in this respect. They developed a
technique for forecasting storm waves and their height. -Following Arakawa they
assumed that the resultant storm wave height is made up of contributions from
four individual parameters namely astronomical tide, static rise in the level of the
sea surface due to reduced pressure at a point caused by the presence of the cyclonic
storms or the so called Inverted Barometer Effect, the piling up effect of the wind,
and the height of the individual waves. They evaluated each of these contribu-
tions and discussed the valnerability of the coast to devastation by storm surges
based on the boftom topography of the sea near the coast. The variable features
viz. the altitudes and directions of approach of cyclonic storms were discussed by
them and their implications especially with reference to favourable and unfavourable
pre-conditions of the sea were explained. This was the first attempt in India to
give a quantitative orientation to storm wave forecasts. Storm surge study in the
case of Tanjore cyclone of November 1955 was made by Nayar (1968).

Gray (1968) made a global study of the origin of tropical disturbances and
storms and came to certain interesting conclusions.

He showed that most tropical storms form within a belt extending upto 20° lat,
on the poleward side of the equatorial troughs where the tropospheric vertical shear
of horizontal wind {(i.e. baroclinicity) is a minimum. Over the regions of sterm
formation there is a frictional veering of wind in the subcloud layer (600 m) of
about 10°. This enhances synoptic scale low level convergence and cumulus con-
vection in regions of large positive relative vorticity which exist in the cyclonic wind

shear areas surrounding doldrum equatorial troughs.

According to Gray large vertical wind shears do not allow for area concentra-
tion of the tropospheric distributed comulonimbus condensation. Also large shears
produce a large ventilation of heat away from the developing disturbance. The
latent heat released by the cumulus to the upper troposphere is advected in a different
direction relative to the released heat at lower levels. Concentration of heat through
the entire troposphere becomes more difficult.

Gray contends that the regions and seasons of formation of tropical storms in
the north Indian Ocean can be related to the vertical wind shear. For example
during the monsoon, according to Gray, development takes place only in the northern
areas of the Bay of Bengal from favourable daily combinations of vertical shear
values and the equatorial trough fluctuations from their mean monthiy position. No
developments occurover the Arabian Sea or south Bay of Bengal in the summer when
a very strong easterly jet is located over south India even though large convergence
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and copious convective rainfall is intermittently present during this monsoon period.
According to Gray the slightly reduced sea surface temperature over the north
Indian Ocean during July and August is not a major factor in explaining features of
intensification during these months.

Gray drew attention to the very high concentration of storm formation northeast
of Madagascar and attributed it to the weak vertical shear present in that area
during the storm season,

Commenting on storm development, Gray rejects the view of primacy of initial
upper tropospheric outflow as an important genesis feature, He views development
and the resulting upper tropospheric outflow as but a consequence of a lower tropo-
spheric convergence which is frictionally forced.

In an exhaustive study of the May 1963 cyclone in the Arabian Sea, Colon et al,
(1970) made use of aircraft satellite and synoptic data to investigate the development
and structure of this tropical cyclone. They found that the warm core of the cyclone
was surrounded by a ring of colder air. They also discussed the radar echoes given
by the storm which showed two main precipitation bands in a spiral configuration
around the north, west and south sectors of the storm. They also found that the
central pressure was as low as 945 mb. Their conclusion was that all the observed
features in the Indian Ocean cyclones are similar to cyclones in other areas in
the Tropics, with reference to their genesis evolution and structure.

In recent years, our knowledge of tropical cyclones has considerably improved -
thanks to extensive probe flights conducted mainly by U.S. At the same time,
theoretical and synoptic studies of tropical cyclones elsewhere had shed much light
onh this subject. The maintenance of the cyclone, the source of energy, the part
played by the sea surface characteristics, the important role played by initial cumulus
convection and the consequent release of latent heat in the initial warming of the
troposphere, which is maintained subsequently and the consequent fali of pressure
have all been subjected to extensive investigation but still many of these are far from
well understood,

Contribution of weather sarellites

The pictures taken by the orbiting weather satellites have opened up a new vast
field of research on tropical cyclones. The characteristic cloud structure of tropical
cyclones as revealed in satellite pictures at various stages of formation have been
extensively studied by Fritz and his co-workers. In the earliest stages an irregular
cloud mass appears. Then as the low develops further spiralling cumulus clouds
appear, and the solid mass organise itself into a comma shaped system the centre of
circulation being just outside the cloud mass. This is the depression stage. When
it intensifies into a cyclone pronounced cirrus outflow takes place and the circulation
centre gets into the central overcast area which has now got a citrus canopy over it.
An eye appears in mature storms and is sometimes vitiated by the overlying cirrus
shield. Making use of the fact that the diameter of the canopy is highly correlated
with the maxtmum wind speed in the hurricane Fritz ez al. {1966) suggested a method
of inferring the intensity of the system from the cloud features in the satellite pictures.
This was a remarkable achievement because over the sea areas where data are sparse
we conld get an idea of the intensity of the system. This classification which was
first suggested by Fritz er al. {1966) and later adopted by ESSA for the
classification of tropical disturbances all round the globe, have been of immense

[19)
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help to the meteorologists of the tropics all over the globe, in their operational
work as well as in the research field. Today the India Meteorological Department
roceives satellite pictures transmitted by ESSA VIII and ITOS 1 daily at ali the five
principal meteorological centres and use them both for operational and research
purposes. Satellite meteorology is now an exciting field of research where the poten-
tialities of the pictures received by weather satellites are being gradually recognised.

Climatological Atlases

During the 20th century a number of climatological atlases of the Indian Ocean
area were published by various Meteorofogical Services. The first Climatological
Atlas of India by J. Eliot was published by the India Meteorological Department in
1906. In this Atlas the monthiy storm tracks for the period 1877 to 190] were
given, The first Climatological Atias of the Indian seas and the north Indian Gcean
was prepared by W. L. Dallas and published by the India Meteorological Depart-
ment in 1908. It covered the area from lat 12°5 to 30°N and long. 40°E to 100°E.
This Atlas contained mean monthly values of pressure, wind, sea current and tracks
of cyclonic storms. In 1925-1926 “'Storm tracks in the Bay of Bengal™ and **Storm
tracks in the Arabian Sea™ compiled by Normand were published by the India
Meteorological Department. The Bay of Bengal Atlas included all storms that
occurred in the Bay from 1891 to 1923 and the Atlas for the Arabian Sea included
§<th racks of all storms upto the year 1924 whose histories were fairly definitely

nown.

In 1938, the U.S. Weather Bureau published an Atlas of Climatic Charts of the
Oceans. Later the India Metecrological Department published the “*Climatic Charts
of India and Neighbourhood for Meteorologists and Airmen in 1942 and “Upper
wind Roses” in 1944, The Climatological Charts of India and Neighbourhood gave
the mean tracks of storms and depressions in the Bay of Bengal and Arabian Sea
during the various months. A series of charts entitled “Weather in the Indian
Ocean™ was published by the Meteorological Office, London in 1943. Then in
1948 “Climatological Charts of the Indian monsoon area” was published by the
India Meteorological Department. These charts covered the area 35°S to
40°N and 25°E to 130°E and included surface wind and isobars, upper wind roses,
streamlines at 0.5, 1.2 and 3 kms above sea level, percentage number of rain hours
over sea areas and cyclone tracks.

Monthly metcorological charts of the Indian Ocean were published by the
Meteorological Office, London in 1949. These charts covered the area from lat.
50°S to 30°N and long. 20°E to 120°E and included information about surface
winds, pressure, swell, air and sea temperatures, precipitation and cloudiness. In
1962 the Netherlands Meteorological Institute published climatological charts
entitled “Indian Ocean Qceanographic and Meteorological Data.” These charts
covered the sea area from lat. 50°S to 30°N and long, 18°E to [16°E  and contained
wind roses, the general air circulation, isobars for sea level, the percentage of gales
per five degree square, tracks of tropical cyclones, isotherms of air and sea tem-
peratures, mean amount of cloud, percentage of fog duration and perocntage of
precipitation per five degree square.

In recent years the India Meteorological Department published in 1964 an
Atlas of the track of storms and depressions in the Bay of Bengal and Arabian Sea.
This Atlas contains the tracks of all depressions and storms that occurred over the
area from lat, 5°N to 35°N and long. 50°E to 100°E during the period of 84 years
from 1877 to 1960,

{20]
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Ramage et al. {1968) are bringing out an Atlas which describes surface climate
of the Indian Ocean as determined from 194,000 ships observations made during
1963 and 1964. From the observations, averages by individual month and by 5
degree latitude and longitude square of wind, pressure, air and sea temperature,
vapour pressure, clouds, precipitation and heat exchange together with Analysis
are depicted on 144 charts. Also Ramage and Raman (1968) are bringing out an
Atlas of the upper air climate of the Indian Ocean incorporating information from
before, during and after the ITOE period. Monthly long term averages of the
resultant winds, wind steadiness, pressure height, temperature and dew point are
presented on two sets of charts for several standard levels upto 100 mb,

Dynamical concept of the southwest monsoon

The dynamical concepts of the perturbation school and the availability of upper
air temperature and wind observations gave impetus to the research workers whose
findings have thrown considerable light on the subject. Mention should be made
of the important contribution by Yin (1949), Koteswaram (1960), Rao (1960) and
by Flohn (1960). Yin (1949) made a study of the onset of the monsoon in 1946 and
arrived at the following conclusions:

i, The burst of the monsoon occurs as a mean low latitude upper air trough
is displaced rapidly from one steady position near 90°E to another rela-
tively steady position near §80°E.

ii. One factor that sets the low latitude trough in motion is the northward
displacement of the subtropical westerly jet. As this jet begins to circle
the Himalayas to its north rather than to its south an orographically imposed
phase shift of low latitude mean trough and ridge position necessarily
follows.

iti. The northward displacement of the sub-tropical jet correlates in time
with a general rearrangement of the northern hemisphere long wave pattern
that results in a replacement of a mean ridge by a mean trough over central
Siberia. A polar trough then extends from Siberia to the tropics.

According to Yin contribution of the two factors viz. the collapse of the westerly
jet to the south of the Himalayas and a rapid westward displacement of the low lati-
tude mean trough when superimposed on the pressure gradient resulting from the
large scale differential heating results in the observed violent northward advance
of the equatorial convergence zone which is seen as the burst of the monsoon,

In a paper present=d at the Symposium on Monsoons of the world held in India
in 1958, Koteswaram {1960)examined the high tropospheric wind circulation over the
tropics in northern summer and drew attention to the presence of a broad easterly
flow over the Asian and African summer monsoon areas with an easterly jet stream
over low latitudes between 150 and 100 mb. He associated the burst of the mon-
soon with the advance of the easterly jet over south India. According to him the
easterly jet has an indirect vertical circulation associated with it in the left exit sector
and this under favourable fow level conditions causes the burst of the monsoon
along Kerala Coast. Koteswaram was also of the view that the fluctuations in the
rainfall activity during the monsoon could be associated with wavelike perturba-
tions in the upper easterlies, During the break period when the rainfall is confined
to the foot of the Himalayas, the easterly jet occupies a more northerly position than

[21]
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usual, The withdrawal of the socuthwest monscon from the Indian area is preceded
by a weakening of the easterly jet and a southward shift of the upper easterlics.
Koteswaram also drew attention to the fact that tropical storms are conspicuously
absent over Bay of Bengal and Arabian Sea during the monsoon season when they
are overlaid by the easterly jet stream. To Koteswaram we owe the first systematic
study of the easterly jet in the Asian region.
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Fig. 1. Distribution of mean surface wind speed (knots) in severe cyclonic storms (after
Koteswaram and Gasper, 1956).

Koteswaram (1960) also has stressed the importance of the Tibetan plateau, the
thermal effects of which are responsible for the easterly jet during the Asian summer
monsoon period. The equatorward branch of the outflow from the upper anticy-
clone over Tibet which is of thermal origin gains easterly angular momentum and
for mass compensation a reverse circulation is set up in the lower troposphere and
the tow level poleward flow gains westerly momentum. Thus, according to Kotes-
waram the southwest monsoon is a return current in the lower levels of the meti-
dional circulation system. This return current is convergent and picks up copious
moisture from warm seas over which it passes. During its ascent in the monsoon
trough at the rim of the Tibetan plateau latent heat is liberated and goes to augment
the heat source over the plateau. The atmospheric circulation is thus completed,
the engine being maintained as long as the heat source and sink are available. When
during autumn the inflow of cold polar air into the subtropics guenches the heat
source over the Tibetan plateau the circulation ceases and the southwest monsoon
withdraws from the region. Thus a complete three dimensional picture of the
southwest monsoon based purely on dynamical concepts was given by Koteswaram
for the first time.

[22]
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Rao (1960) discussed meridional transport of mass, heat energy and angular
momentum associated with southwest monsecon circulation during July and August
1955, Advective flux of heat and angular momentum from the north into the
monsoon area and northward fiow of heat and angnlar momentum across the
Equator at Singapore were noticed. Later (1962) discussing meridional com-
ponents of upper air data of January and July of 195759 of the 12 Rawin stations
of India, Nairobi, Aden, Bahrain and Tashkent, he found that the centres of direct
and indirect meridional circufation cells were located at higher elevations probably
to overcome the obstruction to meridional exchange, from high mountain ranges
running east to west. In July the direct cell retreats northwards to near Lat, 30°N
and a monsoon cell with lower southerlies and upper northerlies occupies the Indian
area from 26 to 13°N, Northerlies in the lower troposphere at Colombe and
Trivandrum in July suggest that the feed across the Equator into the Arabian Sea
may be extremely limited,

In a series of papers, Fiohn (1950-1960) showed that the warming of the Tibetan
plateau during summer season causes the formation of a warm anticyclone at 225 mb
giving rise to the reversal of temperature and pressure gradient in the layers between
300 and 660 mb. This reversal in turn acts like a switch for atmospheric circulation
over the southern half of Asia causing almost simultaneously the following:

i. The sudden swing of the westerly jet from south of the Himalayas to the
north of the Tibetan plateau.

ii. Extension of tropical easterlies towards northern India and formation of
an easterly jet in latitude 15-20°N near the tropopause.

iii. Advance of LT.C. to northera India together with a rapid extension of the
equatorial westerlies (burst of the monsoon).

iv. Formation of a climatic trough near long 68°E.
v. Sharpening of the climatic trough near tong, 110°E.

Flohn (1955) also pointed out that over the sea we observe only small annual
temperature variations and, therefore small seasonal shift of the thermal and pres-
sure belts, Whereas the L.T.C. travel only 5 - 10° from the Equator over the
sea, over the land large temperature variations are observed causing large seasonal
movements of the temperatures and pressure belts and the I T.C, travels upto lat.
30°N over India. The pressure gradient between the Equator and the region of
Iowest pressure then produces a quasigeostrophic westerly current. Thus, the exis-
tence of the tropical monsoons according to Flohn is apparently not due to thermal
difference between land and sea but primarily due to the seasonal movement of
thermally produced planetary belts of pressure and winds under continental influ-
ences. In other words, according to Flohn the occurrence of the southwest monsoon
is due to thermal response of the continental atmosphere to the annual variation of
solar radiation.

While the improved network of observing stations and availability of wind and
temperature observations of the upper air, have yielded better knowledge of the
processes taking place overland, conditions overthe vast Indian Ocean area with which
we are immediately concerned here, remained unexplored due to lack of observations,
Even during the International Geophysical Year, this was not given due attention.
The importance of ocean atmosphere interaction processes for the understanding
of the metzorological phenomena both over the ocean and over the adjoining Jand
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hardly needs any emphasis. Therefore, when oceanographers took the first initiative
to organise an Indian Ocean Expedition in the late fifties the meteorologists of the
tropics decided to make full use of this opportunity to get the maximum amount of
information they required in the ocean area, particularly for understanding the
important part played by the Indian Ocean in the operation of the monsoon engine.

The International Indian Ocean Expedition and uafter

A scientific committee on ocean research appointed in 1957 by the International
Council of Scientific Unions decided as almost its first item of business to plan a
massive multi-disciplinary investigation of the Indian Ocean. The Indian Ocean
Expedition which was the result of the above decision was organised in 1959 to observe
and describe and possibly explain the circulation of ocean and atmosphere and
exchanges across the interface, the chemical composition and distribution of living
things in the ocean and the bottom topography and coastal structure of Indian ocean
which is more extensive than Asia and Africa combined.

SUBTROPICAL TROPICAL
WESTERLY JET

EASTERLY JET

"LATITUDE 20 0

Fig. 2. Schematic model of the vertical circulation in the Asian Summer Monscon (after
Koteswaram, 1960).

A meteorology Working Group appointed in 1961 by the U.S, National Academy
of Sciences Committee on Oceanography was the first to develop a plan of action for
chalking out the meteorological programme to be gone through during the expe-
dition. The committee formulated two interrelated problems for intensive study
and the necessary acquisition of massive data towards the solution of the problems.
The first was to study the general atmospheric circulation over the Indian Ocean
region and the role of the monsoons in the circulation. The second relates to small
scale measurement of the exchange of energy between ocean and atmosphere, a
problem of direct interest to physical oceanographers as well. The study of the
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first problem demanded considerable increase in the density and number of obser-
vations made over the Indian Ocean. Many countries rose to this occasion and co-
operated by providing research vessels and research aircraft to probe the ocean in
all its aspects and provide meteorological observations, To collect and process the
enormous amount of data that were pouring in during the observation period 196366,
the International Meteorological Centre was set up at Colaba where not only the
collection but also regular analysis of the data and also several investigations were
undertaken mainly to understand the mechanism of the southwest monsoon and the
role played by the ocean in it. With the above problems in view, the Internationat
Meteorological Centre collected a large amount of data of both surface and upper
air over the Indian Ocean area,

The results of IIOE provided valuable data on monsoon circulation. Many
investigations carried out not only by the scientists who actively participated in the
meteorological programme of the ITOE but also by others working in the various
offices of the meteorological department were presented in a symposium organised
in Bombay in July 1965, These can be classified under the following heads.

i. Air sea exchange over the Arabian Sea during the southwest monsoon,

ii. The formation of mid tropospheric vortices off the west coast during the
MOnsoon.

tii. Near equatorial troughs and cloudiness associated with them over Equator
and neighbourhood.

fv. Synoptic studies of the southwest mensoon,
v. Meteorological Atlases.

Lack of space forbids our going into details of all these investigations. We
shall very briefly touch upon them. The time and space variations in the exchange
of heat and moisture between the ocean and the atmosphere is very essential for
understanding the weather. The determination of this exchange was attempted by
several authors daring the HOE pericd. Mention should be made of the measure-
ments of momentum, moisture and temperature fluxes made by the Japanese
and UJ. S, research vessels. Mani et al (1965) computed mean monthly
averages of the heat budget of the ocean surface using the empirical equations of
Budyko. Bumralker (1967) used these equations in a detailed study which confirmed
earlier ideas that moistore evaporated from the Arabian Sea is insufficient to supply
all the summer monsoon rainfall. Pisharoty (1965) found by computation that the
amount of water vapour transported into the Indian peninsula across the west coast
on a day in July is two to three times the quantity transported across the equator
over the longitudes of the Arabian Sea from the south Indian Ocean. According to
him the mean flow pattern over the Indian Ocean cn either sides of the Equator
exhibits cyclonic flow on both sides of the Equator with a considerable westerly
component in the flow near the Equator so that most of the air flowing eastwards
across the peninsula upto about 6 km appears to be of northern hemisphere origin,
All available aerological observations from equatorial acreas of Indian Ocean indi-
cate that the atmosphere over the Equator is relatively very dry, the average relative
homidity in the 800 mb level being about 40°%, while the corresponding value at
Minicoy or Bombay is 90%. This shows that there is a dynamic process which
dries up the oceanic air as it approaches the equator. So it appears that the
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monsoon moist air mass is produced by evaporation over the Arabian Sea and con-
vection processes leading to the upward transport of moisture occurs over the
eastern portions of the Arabian Sea, although there is some air of southern
hemisphere origin in the monsoon airmass. Pisharoty came to the conclusion that
“the Arabian Sea branch of the Indian southwest monsoon thus appears to be pri-
marily a northern hemisphere trade wind system blowing from the Equator
northeastwards into the peninsular India, (thus differing from the NE trades of the
Pacific) rather than the deflected southeast trades of the southern hemisphere.”
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Fig. 3. Diagram showing the degree of vulnerability of different strips of coasts

of India

and of neighbouring countries to storm wave devastation. “a-Type” coastal areas are
generally ‘safe’ areas where even winds with sustained on-shore component of 80 knots
would not produce storm waves of height more than 2.0 metres. “b-Type™ coasts are
more vulnerable areas, where similar winds can produce storm waves of heights between
2.0 to 5.0 metres.  “‘c-Type” areas are highly vulnerable areas where storm waves can
reach devastating heights of 5.0 to 12.0 meires. ‘X’s near the coasts indicate places
which experienced major storm waves in the past and *O’s where moderate surges have
occurred. The figure shows a general agreement between the calculated classification
and the past experiences (after Bhaskara Rao and Mazumdar, 1968),

Colon (1964) in his interesting paper showed that over large portions of the
Arabian Sea there is a rapid warming of the surface water during late winter and
early spring. The maximum temperature is observed in May and during the mon-
soon period there is cooling and temperature reaches a minimum, in August-Septem-
ber. This is followed by secondary maximum in October-November. This trend
differs from what happens in other tropical oceans where only a single maximum
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Saba, Shukla, Sikka and Ramanathan. Today 24 hr forecasts of the 500 mb
level for India and neighbourhood based on height field and on the wind fieled are
betng tried out independently at Delhi and Poona. Other experiments for pre-
dicting the vertical velocity field and surface isobars are alse in progress in the
department, It is hoped that very soon the India Meteorological Department
will be able to put on air 24 hour forecast charts of surface, 500 mb and quantitative
precipitation over India and neighbourkood.

CONCLUSION

We have come to end of our long history. When we look back, we feel we have
certainly made substantial progress but it should be said some of the basic problems
still remain unsolved. To list only a few, we have not still a clear picture of the
part played by southern hemisphere in the monsoon performance. We have not
investigated the behaviour of the easterly waves in the Indian seas, and their similarity
to those occurring in the Pacific and the Atlantic. We do not yet have reliable
method for forecasting the movement of storms. Nor do we have a clear picture
of the mechanism of intenstfication of a storm or a monsoon depression. The
organising committee of the Global Atmospheric Research Programme are attemp-
ting to resolve these problems and they have already formulated some of the out-
standing problems in tropics to be investigated during the next few years. Those
that immediately concern us are:

i. The parametrisation of the monsoon convection in terms of large scale
wind field.

ii. Interaction among various scales of moetion and in particular the way in
which comulus convection interacts with large scale environments,

ifii. The study of large scale wave disturbances in the tropics and their role in
energy exchanges between the tropics and higher latitudes as well as the
interaction processes between both hemispheres.

Massive efforts for the acquisition of required data are planned and we hope
we wili have a much clearer picture of monsoon and the tropical storm in the next
decade.
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