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• In common parlance, we use the word 

‘Monsoon’ for the system that visits us 

every year and gives us rain. 

• We also talk of how the monsoon was in a 

specific year, calling it a poor monsoon 

when  the rainfall is well below the 

average experienced over our region (as 

in 2015) and a good monsoon when it is 

well above the average.

• The Monsoon governs the pulse of life 

on the Indian subcontinent



• In our poetry and films,  the monsoon is 

associated   with abundant  joy and love.

• The life of plants, animals as well as human beings 

on the Indian subcontinent, is tuned to the  

seasonal cycle (Rutuchakra) of the rainfall 

associated with the annual visit of the monsoon.

Rutuchakra



Butea monosperma

Flame of the forest

At the height of the long dry season, many trees 

burst forth into bloom, as their seeds must be ripe 

and ready to sprout with the arrival of the rains 

e.g. the flame of the forest



Cassia fistula

The Indian laburnum: 



Courtesy - Encounters in the Forest (Eds.T.N.A.Perumal & K.Jayakumar)

As the dry season drags on, the lakes begin to dry 

and fish become easy picking for the pelicans.  When 

the monsoon sets in, their chicks fly  away and the 

Pelicans close shop. 



Pied Crested Cuckoo and Monsoon

Prema Iyer

The legend goes that 

Chataka, the pied 

crested cuckoo, drinks 

only rain-water. 

Chataka’s intense  

yearning for the rains is 

often compared with 

pining by humans for  

their loved ones.



Burst of the monsoon



Courtesy- Encounters in the Forest (Eds.T.N.A.Perumal & K.Jayakumar)

The spectacular dance of the peacock characterizes the monsoon 

season. Peafowl breed at the height of the monsoon, feeding on the

reptiles that thrive during the rains.



Dahi handi festival on Gokul Ashtami day is a 

grand ritual celebration of the rains



Courtesy- Encounters in the Forest (Eds.T.N.A.Perumal & K.Jayakumar)

Painted storks also breed at the height of the 

monsoon, feeding  on snails that thrive during  the 

rains 



Baya Weaver birds take advantage of the abundance of insects that feast on 

the monsoon vegetation to raise their chicks



As the fury of rains abates, fisherfolk celebrate the 

resumption of fishing in the sea on the Narali Paurnima 

– full moon of the cococnut- day



Courtesy- Encounters in the Forest (Eds.T.N.A.Perumal & K.Jayakumar)

As the monsoon season draws to a close, elephants 

begin to head back to the rain forests of the 

Sahyadris, which they had left for the deciduous 

forests just before the onset of the monsoon. 



Kharif harvests following the summer  monsoon are 

celebrated by Deepavali - the festival of lamps – with 

fireworks (seen here near the Golden Temple in Amritsar)



• The monsoon visits us, without fail, year 

after year, but not always with the same 

gusto. So, every summer, the question 

uppermost in the minds of not only 

meteorologists and farmers but 

economists as well, is how will the 

monsoon behave  this year? 

• In the colonial era,  the Indian economy 

was described as a gamble on the 

monsoon rains.

• Even after more than six decades of 

development, the monsoon continues to 

have a large impact on our economy.



• This point was driven home by the opening remark 

by the finance minister Pranab Mukherjee, in his 

presentation of the budget for 2011-12 in the Lok 

Sabha : 

'I seek the blessings of Lord Indra to bestow on us 

timely and bountiful monsoons’.

• Thus  the importance of  identifying and adopting 

strategies which are appropriate for the monsoon 

variability we experience cannot be 

overemphasized.

• Consider next how the meteorologists define the 

monsoon



What is the Monsoon?

The term ‘Monsoon’ is derived from the Arabic/Hindi 

word ‘Mausam’ for season. The term was first used by 

Arab sailors for the large variation in the direction of 

the winds with season , observed over the Arabian Sea. 

July November

November



However, for the billions inhabiting the monsoonal 

regions of the world, the marked variation of the 

rainfall with the season is of far greater interest 

than the seasonal variation of the wind. 

Monsoonal Regions of the world
(based on 

seasonal variation 

in the direction of 

the wind )

The large seasonal variation of the rainfall over the monsoonal

regions is clearly seen.

African 

monsoon

Asian Monsoon

Australian monsoon



Monthly average rainfall over the 

Indian region as a whole

Most of the rainfall occurs during June-September- the summer 

monsoon season; 

However, considerable rainfall occurs in other seasons over 

important regions of the country such as Bengaluru. 



• Thus the distinguishing attribute of the 

monsoonal regions of the world is the large 

variation of the rainfall and  the direction of 

the winds with the season.

• Since most of the rainfall over the country 

as a whole occurs during the summer 

monsoon season (June-September), the 

focus of scientific research as well as 

media attention is on  the summer 

monsoon. 



Spatial variation of the mean rainfall
Annual                                   Summer monsoon:June-Sept 



कौटिलीयम् अर्थशास्त्रम्:    ४५ अध्यायः।

सीताध्यक्षः (Director of Agriculture)

Chanakya was a scholar at Takshashila and the 

teacher and guardian of Emperor Chandragupta 

Maurya, founder of the Mauryan Empire. The text was 

influential until the 12th century, when it 

disappeared. It was rediscovered in 1904 by R. 

Shamasastry, who published it in 1909.

Chanakya appears to have been the first to 

document the nature of the  spatial variation of the 

average annual rainfall.

KAAPI WITH KURIOSITY
There has been ‘Kuriosity’ about the monsoon 

rainfall over the Indian region and its space-time 

variation, for centuries. 

https://en.wikipedia.org/wiki/Takshashila
https://en.wikipedia.org/wiki/Chandragupta_Maurya
https://en.wikipedia.org/wiki/Mauryan_Empire
https://en.wikipedia.org/wiki/R._Shamasastry


षोडषद्रोणम् जाांगलानाम् अध्यवषाथप्रमाणम्, अध्यर्थम्

आनूपानाम्, देशवापानाम् अर्थत्रयोदश आश्मकानाम्, 

त्रयोटवांशटतः अवन्तीनाम्, अटमतम् अपरान्तानाम्, हैमन्यानाम् च

कुल्यावापानाम् च कालतः The annual rainfall in the

drier parts of the country is 16 dronas; in the wetter 

tracts it is one-and-a half times that much (i.e. 24 

dronas). It is 13.5 dronas on the rocky Peninsula 

and 23 dronas in Avantis (present-day Madhya 

Pradesh); on the West Coast it is beyond 

measurement. The rain is immaterial in tracts fed 

with Himalayan rivers or canals or wells. 



Outline

• Monsoon variability

• Basic system responsible for the monsoon 

rainfall

• Multi-scale interactions in the basic system 

• Cumulus clouds - conditional instability of the 

tropical atmosphere

• Organination of cumulus clouds on synoptic and 

planetary scales

• Feedbacks involved in active-weak spell 

fluctuation on the subseasonal scale

• Interannual variation and teleconnections

• Impact of monsoon on GDP and Agriculture



Monsoon Variability

• Interannual variation:

• In any year, the rainfall over the Indian region or 

parts thereof , for the year as a whole or for a season 

such as the  summer monsoon season, differs from 

the average rainfall.  

• Subseasonal variation:

• In addition, within the summer monsoon season, wet 

spells with continuous rains for  a few days are 

interspersed with relatively  dry spells of varying 

duration.

• On smaller time-scales from 1 day to synoptic time-

scales of a few days also there is considerable 

variation. 

•



• Understanding and predicting the monsoon and 

its variability on scales ranging from sub-

seasonal to interannual is one of the most 

challenging problems in atmospheric science 

today.

• This problem is also of great applied 

importance  also because the monsoon  has a 

large impact on the agriculture and economy of 

the country.



• The variability of greatest concern to economists, 

finance ministers is the interannual variation of the 

Indian Summer Monsoon (June-September) Rainfall 

-ISMR.

• The long period average  ISMR is about 85.4 cms 

and the standard deviation is about 10% of the 

average. 

• Anomaly is defined as the difference from the 

average; 

• ISMR anomaly (year)= ISMR (year)-the average ISMR



Interannual Variation of the normalized anomaly of ISMR

(i.e. ISMR anomaly/ the standard deviation)

Droughts: normalized ISMR anomaly <-1.0

Excess rainfall seasons: 

normalized ISMR anomaly >1.0



Subseasonal variation: Fluctuation between active and weak spells



• I shall show later on that while feedbacks in the 

basic system are important in determining the 

sub-seasonal variation between active and weak 

spells, teleconnections between the monsoon 

system and the clouding over the equatorial 

Pacific on the one hand and equatorial Indian 

Ocean on the other, play an important role in 

determining the interannual variation of the 

monsoon.



Basic System responsible for the monsoon

In addressing the problem of understanding and 

predicting the monsoon and its variability, we first need 

to identify the basic system responsible for the 

monsoon i.e. the large-scale monsoon rainfall.

Large-scale 

monsoon 

rainfall



• In fact, this problem was first addressed over 

three hundred years ago, in 1686, by Edmund 

Halley (better known for the comet named after 

him) in a paper:

“An historical account of the trade-winds and 
monsoons observable in the seas between and 
near the tropics with an attempt to assign the 
physical cause of the said winds”

E. Halley 1686 Phil. Trans. Roy. Soc., London, 16, 
153 – 68;

• Before we can discuss Halley’s theory of 
monsoon circulation , let us talk briefly of how 
atmospheric circulation arises.



• Background

• The basic source of energy for atmospheric circulation 

is the radiation from the sun. The incoming solar 

radiation is short wave radiation because the Sun is 

very hot. 

• Our  atmosphere is almost transparent to the incoming 

short wave radiation, which, therefore, passes almost 

unhampered through the atmosphere and gets 

absorbed at the surface of the earth-be it land or ocean.

• The surface of the earth emits long wave radiation 

because it is much cooler than the Sun.

• This radiation is absorbed by the atmosphere. 

• Thus although the basic source is the solar radiation, 

the atmosphere is heated from below. Furthermore, 

some parts of the earth’s surface are hotter than others.



• Halley suggested that the primary cause of the 

monsoon was the differential heating between 

ocean and land. In other words, in Halley’s view 

the monsoon is a gigantic land-sea breeze, 

arising from the land-ocean contrast in surface 

temperatures. 

• In 1735 Hadley modified the theory to incorporate 

the impact of the Coriolis force arising from the 

rotation of the earth, which is important for the 

spatial scales of thousands of kilometers 

characterizing the monsoon circulation. The 

monsoon is thus considered to be the response 

of an atmosphere on a rotating earth to land –

ocean contrast in surface temperature/heating.



• Many scientists after Halley and Hadley also 

consider the monsoon to be a gigantic land-sea 

breeze in which the ascent of air over the heated 

land is generated by the land-ocean  temperature 

contrast.

• This what we are taught in school and colleges.

• Consider first how land-sea breeze arises.

• With the intense incoming radiation in the 

daytime, the land gets hotter than the sea in the 

vicinity. This is because while the radiation heats 

only a thin layer of soil on land, the radiation 

incident on the ocean heats a much deeper layer 

of water. 



Impact of continuous differential heating over land 
and ocean

Land is maintained hotter than the ocean

Such a differential  heating would lead to lower pressure 
over the land, relative to the sea. The associated 
circulation at the surface would be a breeze from the sea 
to the land (called the land-sea breeze), which would lead 
to ascent of the air over the hot land, wind from the land to 
the sea at higher levels and sinking over the cooler sea. 



It is clearly seen that maximum heating/temperature at the surface 

is the summer hemisphere. Also, within the same latitudinal belt , 

air over land is hotter than that over the surrounding ocean. 



The minimum surface pressure occurs where the temperature is 

maximum.

300C

350C

400C

Mean daily temperature

in 0C



The average circulation over the Indian longitudes i.e. 

700-900E in the north-south and vertical plane



• Thus  the circulation with air rising over the heated 

subcontinent and sinking over other regions is not 

inconsistent with the land-sea breeze theory.

• What about the rainfall? We expect strong ascent of 

the moist surface air to be associated with rainfall.  

( I shall talk about how we get clouds and rain a 

little later)

• Hence the ascent of air driven by differential 

heating between land and sea can give rainfall over 

the heated subcontinent. 

• We note that Halley’s view of the monsoon 

circulation is that it is a response of a fluid 

differentially heated from below i.e. classical 

problem of Benard convection, - or the so-called 

porridge problem.



• The nature of the response of the fluid 

depends upon the value of the non-

dimensional Raleigh number (Ra), which is a 

measure of the forcing by the imposed 

temperature gradient (associated with 

differential heating) vis-á-vis the viscosity and 

conductivity of the fluid. 

• When the viscous effects dominate (as for a 

thick ‘sambar’ or porridge), the Ra number is 

small and there is no convection; the sambar 

gets burnt over the hot part of the bottom 

plate. As the Ra number increases the fluid 

begins to convect. 



The part of the lower boundary that is heated is marked red.



• The convection is characterized by the fluid rising 

above the heated  region and sinking elsewhere. 

The circulation is completed by the fluid 

converging to the low pressure over the heated 

region at lower  levels and diverging at the higher 

levels. 

• Note that for very large Ra the rising zone is 
much narrower than the region over which the 
fluid sinks hence ascent is much stronger than 
the descent.

• Such a  strong ascent of moist air, forced by 
differential heating, can lead to clouds and 
rainfall.



• The strength of the circulation increases 

with the magnitude of the differential 

heating. Thus  the stronger the land-

ocean contrast, stronger the ascent and 

more the rain.  

• Hence, if the monsoon is indeed a 

gigantic land –sea breeze, we expect 

sharper land-ocean contrast to be 

associated with good rainfall (i.e. a good 

monsoon) and weaker land-ocean 

contrast to be associated with poor 

monsoon or droughts.



• However, observations of the space-time 

variations of the monsoon over the Indian region 

are not consistent with this expectation. As 

pointed out by  G. Simpson (‘The South-West 

Monsoon’, QJRMS, Vol.17, pp.150–73, 1921) 

• “I believe very few educated people would have 

any difficulties in giving an answer to the question 

what is the cause of the monsoon? They would 
refer to the high temperature over the land 
compared with that over the surrounding seas; 
would speak of ascending currents of air 
causing an indraft of sea-air towards the 
interior of the country. It is only when one points 

out that India is much hotter in May before the



monsoon sets in than in July , when it is at its

height – or draws  attention to the fact that the 

hottest part of India – the northwest gets no rain 

at all during the monsoon – or shows by statistics   

that the average temperature is much greater in 

years of bad  rains than in years of good rains, 

that they begin to doubt whether  they know the 

real cause of the monsoon.”  



300C

350C

400C

Mean daily temperature
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Kothawale & Rupakumar (Mausum,

53, p289-308, 2002) have shown that when 

composites of all droughts and all excess 

monsoon seasons are considered, the 

surface temperature anomaly for the Indian 

region is positive (i.e. the land surface hotter 

than average) for droughts, it is negative for 

excess monsoon years (next slide).



Temperature 

anomalies for 

seasons with 

deficit rainfall 

(solid) & excess

rainfall (hatched)
200 hpa

700 hpa

Surface

Note that 

deficit (excess) 

rainfall is 

associated 

with warmer  

(cooler) 

surface temp. 

and  cooler 

(warmer) temp 

at 700 and 

200hpa levels. Jan               Jul                        JJAS 



• This is consistent with our experience in the rainy 

season, that days without rain are hotter than 

rainy days. Clearly, rather than the land surface 

temperature determining the amount of rainfall 

via the impact on the difference between land and 

ocean temperature, the land temperature is 

determined by the rainfall (or lack thereof).

• Thus, the observations suggest that the land 

surface temperature varies in response to the 

variation in rainfall and it is not appropriate to 

consider land-ocean temperature contrast as a 

cause of the monsoon rains.

• In other words,  the observations are not 

consistent with the land-sea breeze hypothesis.



Alternative hypothesis

• According to the alternative hypothesis the system 

that is responsible for the monsoon rainfall is the 

same as the system which gives rainfall over the 

tropical Atlantic/ Pacific etc. which is called the  

equatorial trough or the Tropical Convergence Zone 

(TCZ).

• The critical factor driving the tropical circulation is 

the latitudinal variation of the heating at the 

surface, induced by that of the radiation from the 

sun. 

• Consider first what would happen  if there was no 

seasonal variation in the incoming solar radiation,  

a situation where the Sun is overhead over the 

equator throughout the year. 



Schematic of the tropical circulation and clouds

averaged over all the longitudes when seasonal      

variation of the incoming radiation is ignored



• According to the alternative hypothesis 

the  monsoon is a manifestation of the 

seasonal variation of the tropical 

circulation and rainfall in response to the 

seasonal variation of the incoming 

radiation. 



Seasonal Variation

sun is 

overhead 

over the 

equator at 

EQUINOX 

sun is 

overhead over 

the tropic of 

Cancer on 

June21-22 i.e. 

summer 

solstice;

and tropic of 

Capricorn on 

Dec.21-22 i.e. 

winter solstice



The net solar radiation at the top of the atmosphere, zonally averaged, 

as a function of latitude and month. W/m2, contour interval 50W/m2.

Seasonal variation of net solar radiation

Latitude 

at which

Net sol. 

Rad. Is 

maximum 



Annual march of the sun’s zenithal position 

and of the equatorial trough 

Thus the equatorial trough follows the sun with a two month lag.

Note that the amplitude of variation of the equatorial trough is 

smaller than that of the Sun, particularly in the southern summer.



Seasonal variation of the surface trough



Seasonal variation of rainfall over the tropical regions



• The seasonal variation of the winds and rainfall 

occurs in association with that of the surface 

trough which is a response to the seasonal 

variation of the incident radiation from the Sun.

• The seasonal variation of the winds and rainfall 

associated with the monsoon can thus be 

considered as a manifestation of this response to 

the seasonal variation of the solar radiation.



• According to this hypothesis, the basic system 

responsible for the monsoon rainfall is the  same as 

that  associated with the rainfall over the rest of the 

tropics i.e. Tropical Convergence Zone (TCZ) or the 

equatorial trough. 

• Only the amplitude of the seasonal variation in the 

location of this system is exceptionally large over 

the monsoonal regions.

• The implications for the variability of the monsoon 

are totally different for this hypothesis from that 

which considers the basic system to be special to 

the monsoonal region such as the gigantic land-sea 

breeze.



• To test this hypothesis, it is necessary to  

determine  whether the nature of the dynamical 

system responsible for the large-scale summer 

monsoon rainfall over the Asian region is the same 

as the TCZ with which organized rainfall over the 

non-monsoonal regions of the tropics is 

associated.

• In fact, if we consider how the systems giving rain 

over the monsoonal regions and tropical oceans 

look to the eye in the sky, we find that they are 

indeed very similar.







ITCZ over the Pacific



6 February



15 Aug 2016

Note the embedded

Synoptic scale systems



• We have seen that the monsoon cloud band does 

look rather similar to that associated with the TCZ 

over the Pacific/Atlantic/Indian Ocean. Now 

consider the important dynamical attributes.

• Obviously an important attribute of a TCZ  is the 

large convergence in the boundary layer.

• We also need to  remember that the spatial scale 

of the TCZ is the planetary scale (1000s of km), 

that of lows, depressions, cyclones is the 

synoptic scale (100s of km). These spatial scales  

are so  large, that rotation of the earth is 

important in their dynamics. 



• Thus a synoptic scale low pressure system, in the 

northern hemisphere, has counterclockwise 

cirulation around it (because of geostrophy) i.e. 

cyclonic vorticity (i.e. rotation of same sign as the 

earth) above the boundary layer also at higher 

levels up to the mid-troposphere. 

L



• Similarly  the trough associated with a TCZ is 

characterized by cyclonic vorticity (shear 

vorticity) above the boundary layer  and also at 

higher levels up to the mid-troposphere.

• In fact, not only does the cloud-band over the 

Indian region on an active monsoon day resemble 

that associated with  the TCZ over tropical 

oceans, but the blobs within the band also are 

characterized by cyclonic vortices and the band 

as a zone of cyclonic shear vorticity. 



The cloud-band over the  Indian region

 

7 August     

2007  



Analysis of winds for 7 August 2007

at 850hpa                                       at 700 hpa
 

Thus the system over the Indian region on an active monsoon day

Is also associated with cyclonic vorticity above the boundary layer just

like the TCZ.  



• Cyclonic vorticity above the boundary layer in a 

rotating system (Ekman layer) results in 

convergence in  the boundary layer and ascent of 

the air from the boundary layer, often up to high 

levels. 

• Thus the convergence in the TCZ is associated 

with cyclonic vorticity above the boundary layer.



• The most important features of the TCZ are: large 

convergence in the boundary layer associated 

with cyclonic vorticity above the boundary layer 

and intense moist convection (deep clouds and 

rainfall).  

• We have already seen that the system 

responsible for large-scale monsoon rainfall has 

all these attributes and hence could be 

considered  as a TCZ.

• Monsoon is thus a manifestation of the seasonal 

migration of the TCZ  in response to the seasonal 

variation in the incoming solar radiation and we 

owe our monsoon to the annual visit of the TCZ 

to the Indian region.



• This identification of the basic system of the 

monsoon has important implications for 

understanding monsoon variability.

• We expect the feedbacks such as cloud-radiation 

feedback which operate for the oceanic TCZ to 

also play a role in monsoon variability.

• Understanding of the TCZ achieved by a lot 

observations and modelling of the TCZ occurring 

over tropical oceans, can thus give insights into 

monsoon as well. 

• In addition, land-surface processes and 

feedbacks with the land surface will also play a 

role in monsoon variability. 



Multi-scale interaction and the TCZ

• Spatial scale of the associated cloud band: 

few hundred kilometers in the north-south 

direction and well over a thousand kilometers in 

the east-west direction

• In the band, synoptic scale systems i.e. lows, 

depressions etc. which are of scales of few 

hundred kilometers are embedded.

• These systems comprise the ultimate rain-giving 

agent viz. cumulus clouds, which are each a few 

kilometers in spatial extent.



 

Interactions between the different scales over which 

convection/rainfall is organized, play an important role 

in the variability of the convection on different time-

scales.

Synoptic scale

:100s of km

Planetary scale:

1000s of km



Cumulus

Congestus

Cumulonimbus

Distribution of ice 

and water in a 

cumulonimbus 

cloud



Consider a  parcel of air which is made to rise 

adiabatically from a level A to a higher level, B. It will 

expand, because the pressure is lower at the level B 

A

B

Cumulus Clouds & conditional Instability



The parcel will  cool because this expansion is at the 

expense of its own internal energy since i.e it is 

adiabatic. If the parcel is dry, cooling associated 

with adiabatic ascent is at the rate of about 10o C 

per km. However, the lapse rate of the temperature 

of the air surrounding the parcel is about 6o C per 

km as seen in the observed temperature profiles 

over the Bay and Arabian Sea.

Lapse rate:

Temp diff/height diff=

about 300C/5km =60C/km



• Hence, a dry parcel  will be cooler and denser 

than its environment when it ascends 

adiabatically. Consequently, it will return to 

the lower level as it is acted on by a restoring 

buoyancy force. 

• Thus the tropical atmosphere is stable respect 

to vertical displacement of dry air.

• However, if we consider a moist parcel which 

is lifted adiabatically, as it cools, the 

saturation vapour pressure decreases i.e. 

relative humidity increases. 

• If such a parcel is lifted to a certain level 

(depending on the humidity of the parcel at the 

start), it becomes saturated, i.e., relative 

humidity becomes 100%. 



• If the moist parcel is pushed up adiabatically 

beyond this level (which is called the level of 

lifting condensation), water vapour is converted to 

liquid water, and latent heat of condensation is 

released.

• This prevents it from cooling as rapidly as a dry 

parcel would and in fact it cools at the rate of 

about 4.5o C per km which is lower than the 

environmental lapse rate of about 6o C per km. 

Hence it finds itself warmer than the environment 

and is accelerated upward because of the 

buoyancy force. 

• Thus the tropical atmosphere is unstable with 

respect to vertical displacement of moist air 

beyond the lifting condensation level.



• Stability with respect to vertical displacements of 

dry parcels but instability with respect to vertical 

displacements of moist parcels  is called 

conditional instability. Thus the tropical 

atmosphere is conditionally unstable. 

• Cumulus clouds arise in this atmosphere, in 

regions of ascending air whenever the ascent is 

sustained beyond the level at which 

condensation begins. 

• Cumulus clouds are thus a manifestation of the 

gravitational  instability and convective 

overturning in an atmosphere whose lower-most 

layer is moist.



• If we consider the conditional instability of the 

tropical atmosphere, then the scale that grows 

the fastest is of  a few kms which is the scale of 

the single cumulus cloud. 

How then can the synoptic/planetary scale cloud 

systems grow and intensify?

• In other words, how could convection over the 

larger scales (such as synoptic and planetary 

scales) be selected for since in a moist tropical 

atmosphere the cumulus scale must always win in 

the competition? 

•The short answer is that the ‘mantra’ in the 

interaction between the cumulus scale and the 

larger scales is Cooperation rather than Competition

Scale selection in a cond. unstable atmosphere



We have seen that 

(i) ascent of the moist surface air up to the 

level at which condensation begins, is 

required for clouds to form and 

(ii) such an ascent occurs over the region of 

cyclonic vorticity because of convergence 

in the boundary (Ekman) layer. 

So once a low pressure region ( a closed low or 

a trough) forms, there will be ascent of surface 

air over the entire region and clouds can form. 



Such an ascent of moist surface air, on the scale of the 

synoptic vortex or a trough,  leads to deep convection 

(clouding) and heating.



Conditional Instability of the second kind 

(CISK): Positive feedbacks between 

synoptic scale and cumulus scale

Once the clouds form, they heat the atmosphere 

due to the release of latent heat of 

condensation (which more than compensates 

for the adiabatic cooling). This heating lowers 

the pressure of the synoptic system, intensifies 

the circulation and leads to increased 

convergence in the boundary layer, increased 

ascent. This in turn leads to more clouds and 

more heating. 



•Thus organization of clouds over synoptic and 

larger scales is possible because of the positive 

feedback between the low level convergence 

associated with the cyclonic vorticity above the 

boundary layer , the heating of the atmosphere 

by the clouds and the intensity of the low or 

depression. 

•This is called the conditional instability of the 

second kind (CISK) to distinguish it from that of 

the first kind which gives rise to cumulus 

clouds.



• It should be noted that such positive feedbacks  

cannot go on forever. Once deep clouds form 

they heat up the mid-troposhere, change the 

lapse rate   and lead to a decrease of the 

instability until no more clouds form. A break 

occurs in the convection.

• In cloud-free conditions, the atmosphere again 

becomes unstable and  when a low or trough 

occurs, the positive feedback leads to 

intensification i.e. active spells.

• If variability of the monsoon within a season 

between active spells and weak spells or breaks 

has to be predicted, all such feedbacks have to 

be understood and modelled.



Links of the monsoon variability with the 

convection or the TCZ over other regions

• We have seen that the TCZ often extends from the 

Indian region eastward across West Pacific and 

beyond.

• Also, almost all the cloud systems that give rain 

over the Indian region during the summer 

monsoon are born over the surrounding warm 

oceans and move onto the Indian region.

• Atmospheric convection (i.e. cloud systems) over 

these oceans is the lifeline of the monsoon.

• Hence the variability of the TCZ over the Indian 

region i.e. monsoon variability is intimately linked 

to the variability of the convection over the Indian 

and Pacific oceans.



Interannual variation of the Indian summer monsoon 

rainfall (ISMR)during 1958-2015

Droughts: ISMR anomaly below -1 std. dev.  

Excess:    ISMR anomaly above 1 std. dev.

1 std. dev is about 10% of the mean ISMR

ISMR

Anomaly

(norma-

lized)



• The most important mode for interannual 

variation of the ISMR is the El Nino Southern 

Oscillation (ENSO).

• High propensity of droughts during EL Nino and   
of excess rainfall during La Nina (e.g. drought of 
2015 was during an an El Nino)

Sikka 1980, Pant  and  Parthasarathy (1981),  
Rasmusson and Carpenter (1983)

• Major success story of atmospheric and oceanic 
sciences towards the end of the 20th century:

• Understanding the ENSO phenomenon and 
development of models which can predict it.



Correlation of ISMR with June-Sept OLR

Contours of correlation coefficient x100 are shown 

Link with ENSOLink with convection over eq. Ind. Ocean

A quantitative measure of cloudiness over the oceans and land is the 

satellite derived outgoing longwave radiation (OLR) which is related to 

the temperature of the radiating surface. Hence low OLR indicates 

deep clouds 



We found in 2004 that in addition to ENSO, another 

mode, which is the equatorial Indian Ocean 

Oscillation (EQUINOO) also plays an important role 

in interannual variation of the monsoon.

August 1994: positive 

phaseJuly 2002: negative 

phase

EEIO

WEIO

OLR anomalies
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Strong association of ISMR extremes with ENSO& EQUINOO

Excess rainfall seasons

Droughts

Severe

Droughts

No droughts if the ENSO index &EQWIN values imply that the point is 

above the line and no excess rainfall seasons if it is below.

Gadgil et. al 2003,2004



From Sajani et. al. 2015

During 

JJAS the 

ENSO 

index and 

EQWIN  

are very 

poorly 

correlated

So the 

variances 

add. 



Challenges ahead for prediction of the  

interannual variation of the monsoon

• At present there is reasonable skill in predicting 

the El Nino Southern Oscillation over the Pacific.

• However, very few models can simulate the  

phase of the EQUINOO and almost no model can 

simulate the link of EQUINOO to the monsoon.

• If we can address these problems, our 

predictions of the monsoon will improve 

substantially.



13.15 hours, 26November16



The final retreat of the monsoon is celebrated with the 

Pongal festival



Thank you



• Appendix

• Quantitative assessment of the 
impact of the monsoon on GDP and 
agriculture: 

• The Indian Monsoon, GDP and 
Agriculture, 

• Gadgil, Sulochana and Siddhartha Gadgil, 
(2006), Economic and Political Weekly, 
XLI, 4887-4895.



Note the 

asymmetry 

in response 

to droughts 

vis a vis 

surpluses



It is seen that the typical impact of severe droughts 

on GDP has remained between 2 to 5% throughout 

the period.

Note the 

asymmetry 

in response 

to droughts 

vis a vis 

surpluses



• Thus the impact of the monsoon on FGP 
and GDP is highly nonlinear, with the 
magnitude of the impact of a negative 
ISMR anomaly being larger than that of a 
positive ISMR anomaly of the same 
magnitude. 

• Hence even if the ISMR does not vary over 
long periods, the impact of deficit rainfall 
years will not be made up by that of 
normal or good monsoon years.  



• Furthermore, this asymmetry in the 

impact of the monsoon on FGP 

increased sharply in the last three 

decades. 

• Whereas  in the earlier era, the 

magnitude of the impacts of a drought 

and a surplus on FGP were comparable 

in magnitude; while after 1980 the 

impact of surpluses has become 

almost negligible.



Period 1951 - 80 1981 - 04

ISMR FGP FGP

-25 -19.13 -18.81

-20 -14.41 -13.29

-15 -10.13 -8.65

-10 -6.30 -4.89

-5 -2.93 -2.00

0 0.00 0.00

5 2.48 1.12

10 4.50 1.37

15 6.08 0.73

20 7.21 -0.79



Thank You


