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ABSTRACT

The Indian southwest monsoon is India’s only source of water. It sustains the livelihood of millions of Indian farmers

and influences food production. It is a dominant factor in shaping India’s economic growth rate. The monsoon

rainfall is grossly uneven and India has some of the wettest places on earth as also the driest. The rainfall is not

uniform in time either, being interspersed with dry spells. However, there are two reassuring facts about the Indian

southwest monsoon. One is that it comes every year without fail. The other is that the All-India Summer Monsoon

Rainfall (AISMR), averaged for the country as a whole and over the period 1 June to 30 September, has not shown

any increasing or decreasing trend since 1875.

The impending threat of global warming to the Indian monsoon is, however, like an attack on the lifeline of the nation.

A credible climate scale prediction of the monsoon is therefore of utmost necessity. An interesting and often overlooked

aspect of global warming is that the rate of temperature rise is much higher over the land-covered northern hemisphere

compared to the predominantly oceanic southern hemisphere. This means that the Eurasian continent is warming at

a faster rate than the Indian Ocean, providing an increased land-sea thermal contrast. From very simplistic

considerations this can be interpreted as being favourable for the strengthening of the Indian summer monsoon in

future.

Monsoon processes show up quite differently in different climate models and there is uncertainty in quantifying

estimates of projected precipitation changes. Most of the climate models project an increase in the Indian summer

monsoon precipitation over the 21st century, with estimates ranging from 3 to 17 %. The global models capture the

general regional features of the monsoon, but most of them have a problem in simulating the observed heavy monsoon

rainfall over the west coast of India, the north Bay of Bengal and northeast India. A paradox of the results of climate

simulations is that while monsoonal rainfall is projected to increase, the monsoon circulation is projected to weaken.

Thus the present consensus view emerging out of the climate models is that of an intensification of the monsoon with

some possibility that the monsoon season may extend a little longer than its current duration. So the search for an

ideal model that could be used for monsoon prediction on the seasonal and climate scale is still on.
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1. Introduction

Monsoons are observed over many parts of the world,

in Asia, Africa, Australia and America, but the Indian

southwest monsoon is the strongest of them all. It has

linkages with the global atmospheric circulation and it

is an important component of the earth’s climate system.

The Indian southwest monsoon is India’s only source

of water. It sustains the livelihood of millions of Indian

farmers and influences food production. It is a dominant

factor in shaping India’s economic growth rate. It has

moulded Indian culture and tradition, inspired poets,

and set the notes of Indian classical music. The Indian

southwest monsoon is indeed “the monsoon” (Kelkar

2009).

There are two reassuring facts about the Indian

southwest monsoon. One is that it comes every year

regularly without fail, although the nature of the onset

may be different from year to year, sometimes weak

and delayed, or sometimes early and strong. The other

is that the All-India Summer Monsoon Rainfall

(AISMR), averaged for the country as a whole and
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over the period 1 June to 30 September, has not shown

any increasing or decreasing trend over the last 135

years (Figure 1).

Ever since the issue of global warming came to the

forefront, a commonly asked question has been whether

the Indian southwest monsoon will be affected and how.

The impending threat of global warming to the Indian

monsoon is like an attack on the lifeline of the nation.

Even when the prediction of the monsoon a season in

advance can go wrong, as was the case in 2009,

foretelling the state of the monsoon 50 to 100 years

from now is a daunting problem. There is speculation

that global warming may reduce the predictability of

the monsoon even on the shorter time scales.

Nevertheless, a credible climate scale prediction of the

monsoon is an utmost necessity and a high-priority

concerted effort is required to be made in that direction.

We must know for sure where the monsoon is heading,

so that we can plan our strategies for ensuring water

and food security for our population while maintaining

the rate of economic development.

Figure 1. Time series of the All-India Summer Monsoon Rainfall (AISMR)

(Source: India Meteorological Department)



2. Land-Sea Differential Heating

From a meteorological point of view, the monsoon is

essentially an annual oscillation of the state of the

atmosphere in response to the relative position of the

sun, as it moves between the tropics of Cancer and

Capricorn. In 1686, the British scientist, Sir Edmund

Halley, put forth his hypothesis that the Indian monsoon

was caused by the differential heating between the Asian

landmass and the Indian Ocean. In other words, the

monsoon has the character of a giant land-sea breeze

that reverses its direction twice during a year. In April,

when the sun starts heating the land, the southwest

monsoon begins and blows until October; then the land

cools and the northeast monsoon blows in the winter

until April again. This was the first ever scientific

explanation of the Indian monsoon. Halley’s three-

century old hypothesis does not explain many things

about the monsoon that we know today and it has many

modern critics. However, it goes to Halley’s credit that

land surface temperatures over the Eurasian continent

and sea surface temperatures over the Indian Ocean

are the two factors that have continued to dominate all

efforts to understand and predict the monsoon, though

of course in an increasingly complex manner.

An interesting and often overlooked aspect of global

warming is that it is not uniform all across the world.

The warming trends observed in the past as well as the

temperatures projected for the future under different

scenarios show large regional differences. Figure 2

shows the anomalies of annual average surface

temperature (°C) for the period 1850-2008 relative to

the average for 1961-1990, separately for the northern

and southern hemispheres as documented by WMO

(2009). Dashed circles have been overlaid upon the

graphs to highlight the different rates of warming over

the two hemispheres in recent years. The warming rate

is much higher over the land-covered northern

hemisphere compared to the predominantly oceanic

southern hemisphere. This means that the Eurasian

continent is warming at a faster rate than the Indian

Ocean, providing an increased land-sea thermal

contrast. From very simplistic considerations this can

be interpreted as being favourable for the strengthening

of the Indian summer monsoon in future.

3. Absence of Trend in the Monsoon Rainfall

Guhathakurta et al (2006) performed a statistical

analysis of the AISMR data series for the 103-year

period 1901-2003 which included applying a low-pass

filter in order to suppress the high frequency oscillations.

They found no evidence of any linear trend in this series.

Even when they carried out a similar exercise for the

rainfall of each of the monsoon months June to

September separately and applied linear regression

technique and the Student’s t-test, they did not find any

trend. In other words, there is no long-term trend in the

seasonal as well as the monthly monsoon rainfall over

India. This is an important conclusion, because fears

are often expressed that the pattern of monsoon rainfall,

including its distribution within the season, is changing.

Guhathakurta et al also carried out a linear trend analysis

to examine the long-term trends in rainfall over different

meteorological subdivisions and the monthly

contribution of each of the monsoon months to annual

rainfall. During the southwest monsoon season, 3

subdivisions viz., Jharkhand, Chattisgarh and Kerala,

showed significant decreasing trend and 8 subdivisions

viz., Gangetic West Bengal, West Uttar Pradesh,

Jammu and Kashmir, Konkan and Goa, Madhya

Maharashtra, Rayalaseema, Coastal Andhra Pradesh

and North Interior Karnataka, showed significant

increasing trends. The remaining 25 subdivisions did

not exhibit any trend, either increasing or decreasing, in

the monsoon rainfall.

Figure 2. Anomalies of annual average northern and

southern hemispheric near-surface temperature (°C)

for the period 1850-2008 relative to the average for

1961-1990 Dashed circles are overlaid to highlight

the different rates of warming over the two

hemispheres in recent years

(Source: WMO 2009)



4. Climate Projections of Monsoon Rainfall

In the Fourth Assessment Report (AR4) of the

Intergovernmental Panel on Climate Change (IPCC),

regional climate projections of area-averaged

temperature and precipitation changes have been

presented. These were obtained from the coordinated

set of climate model simulations called the Multi-Model

Data set (MMD) using the A1B scenario across the

21st century (Christensen et al 2007). They show that

all of Asia, especially the interior continent, is very likely

to warm during this century,. Over south Asia, summer

precipitation is likely to increase, and an increase in the

frequency of intense precipitation events is very likely,

but monsoonal flows and the tropical large-scale

circulation are likely to be weakened. Monsoon

processes show up quite differently in different climate

models and there is uncertainty in quantifying estimates

of projected precipitation changes. A paradox of the

results of climate simulations is that while monsoonal

rainfall is projected to increase, the monsoon circulation

is projected to weaken.

The MMD models generally exhibit a cold bias as well

as a dry bias when compared with the observed climate.

They capture the general regional features of the

monsoon, but most of them have a problem in simulating

the observed heavy monsoon rainfall over the west coast

of India, the north Bay of Bengal and northeast India.

This is mainly due to their coarse resolution which tends

to smooth out the orographic processes that produce

the heavy rainfall. Most of the MMD-A1B models

project a decrease in precipitation over south Asia in

the winter months of December-February and an

increase during the monsoon months of June-August

(Figure 3).

Figure 3. Projections of precipitation change (%)

from 1980-1999 to 2080-2099 over Asia for June-

July-August from the MMD A1B simulations

averaged over 21 models.

(Source: Christensen et al 2007)

The MMD-A1B models show a median warming of

3.3 °C by the end of the 21st century. The median change

in precipitation is 11 % by the end of the 21st century,

and seasonally it is -5 % in December-February and

11% in June-August, with a large inter-model spread.

Only 3 of the 21 models project a decrease in annual

precipitation.

Rupa Kumar et al (2006) have carried out regional

climate model simulations for India, based on the second

generation Hadley Centre regional climate model. This

model is known as PRECIS (Providing Regional

Climates for Impacts Studies) and it is a limited area

high- resolution atmospheric and land surface model

that is locatable over any part of the globe. The

boundary conditions are derived from a high-resolution

Atmospheric General Circulation Model (HadAM3H)

with a horizontal resolution of 150 km, in the so-called

time slice experiments. Instead of running coupled

models for century-long integrations, two time slices

1961-1990 and 2071-2100, were selected from 240-

year (1860-2100) long transient simulations with

HadCM3. Ensembles of three baseline simulations for

the period 1961-1990, three simulations for the A2

future scenario (2071-2100) and one simulation for the

B2 future scenario (2071-2100) have been run with

HadAM3H and assessed. PRECIS has been

configured for a domain extending from about 1.5° N

to 38° N and 56° E to 103° E with a resolution of

about 50 km.

PRECIS simulations under scenarios of increasing

greenhouse gas concentrations and sulphate aerosols

indicate a marked increase in surface air temperature

in the 2071-2100 time frame as compared to the 1961-

1990 baseline for both A2 and B2 scenarios, but the

B2 scenario shows slightly less increase. The warming

is expected throughout India, but there could be

substantial spatial differences. Extremes in maximum

and minimum temperatures are also expected to increase

into the future, but with the night temperatures increasing

more than the day temperatures.

In the PRECIS model simulations of Rupa Kumar et al

described above, the mean monsoon rainfall for the

baseline 1961-1990 was 939 mm with a standard

deviation of 57 mm. Thus it has overestimated the mean

rainfall while it has underestimated its variability. There

were several other differences between the simulated

and observed rainfall, particularly in quantitative terms.

The mean simulated June-September rainfall for 2071-

2100 is 1114 mm for the A2 scenario and 1078 mm

for the B2 scenario which translates into a 20 % increase

in the rainfall compared to 1961-1990.



The maximum increase in rainfall of the order of 40 %

is seen over western Maharashtra and northeast India

for both A2 and B2 scenarios. The increase is about

10-30 % over most of central and eastern India and

there is a decrease in rainfall of 5-10 % over extreme

northwest India. In other words, the projection is an

accentuation of the present spatial rainfall variability over

India with the wet regions getting wetter and the dry

regions getting drier.

In a study by Tanaka et al (2005), intensities and trends

of Hadley, Walker, and monsoon circulations were

compared for the IPCC 20th Century simulations

(20C3M) and for 21st century simulations (A1B

scenario), using the upper tropospheric (200 hPa)

velocity potential data. In response to a global warming

scenario, it is anticipated that the Hadley circulation may

become weaker by 9 %, Walker circulation by 8 %,

and monsoon circulation by 14 % by the late 21st century

as an ensemble mean of the IPCC model simulations.

However, such results are to be viewed against the

background of the poor capability of the current

Atmospheric Ocean General Circulation Models in

reproducing and predicting the tropical circulations.

While a weakening of the monsoon circulation would

suggest a reduction in monsoon rainfall, there are other

model projections of an increased monsoon

precipitation in a global warming scenario because of

increased availability of total precipitable water in spite

of a weaker circulation.

There are some studies (Kitoh and Uchiyama 2006) of

the onset and withdrawal times of the Asian summer

rainfall season in 15 MMD simulations. The results are

indicative of a delayed withdrawal of the monsoon rains,

while the onset dates are largely unaffected. This again

amounts to an increase in the total monsoon rainfall.

The results, however, are not clear and not very

consistent among models.

The response of the Asian summer monsoon to a

possible doubling of CO
2
 concentration has been the

subject of many investigations in previous years

However, these simulations were based upon single

models chosen by the investigators and the results varied

widely. Some studies showed that the monsoon was

not likely to be affected at all, others projected a decline

in monsoon precipitation, and many indicated that the

monsoon rainfall could increase.

A concerted attempt in this domain of investigation has

been that of Kripalani et al (2007), who have analysed

the behaviour of 22 coupled climate models in the IPCC

AR4 data base and their response to a doubling of CO
2
.

The study of Kripalani et al does not offer a complete

evaluation of the performance of each of the models or

their relative merits, but it is limited to the simulation of

the total Indian southwest monsoon seasonal

precipitation and its interannual variability. Out of the

22 chosen models, 7 models simulated an annual cycle

that was similar to that observed in terms of shape and

magnitude and 6 other models simulated the shape of

the annual cycle well but underestimated the precipitation

amounts, particularly during the spring and the summer

periods. Another group of 6 models showed the rainfall

maximum occurring a month later than observed,

resulting in the underestimation of rainfall during spring

and summer. The June-September precipitation total

varied between 50 and 91 cm across these 19 models

while the coefficient of variation ranged from 3 to 13

%. The remaining three models were unable to simulate

the annual cycle to the desired degree of accuracy. Thus

there is no single coupled climate model which can be

regarded as ideal from the point of view of the Indian

monsoon.

Six models were chosen for projection experiments with

a 1 % increase in CO
2
 per year until the amount is

doubled. This is about twice the rate of increase in CO
2

due to anthropogenic factors. The projected and

simulated annual cycles for the monsoon derived from

all the 6 models show an increase in summer

precipitation and perhaps an extension of the monsoon

period. This may signify an intensification of the

monsoon system. It is interesting to note that the

simulated multi-model ensemble annual cycle accurately

resembles that of the observed. The projected ensemble

annual cycle clearly reveals an increase in precipitation

during the summer and the following period but its

simulation of observed precipitation is an underestimate.

The projected increase in monsoon precipitation has a

wide difference across the 6 models, ranging from 2.9

% to 16.6 %. The ensemble projects an 8 % increase

of June-September precipitation from 81 to 87 cm.

4. Discussion

Detailed inferences about the impact of global warming

on the monsoon can be made only with the help of

climate models. Initial research work on the simulation

of the circulation features and rainfall patterns of the

Indian monsoon was mostly done in an isolated manner

with individual atmospheric general circulation models

of varying design and capabilities. These studies have

more often than not, resulted in generating diverse and

conflicting views of the future behaviour of the monsoon

and its variability. It is only recently that a large number



of atmosphere-ocean coupled general circulation

models have been run in a coordinated way to assess

their performance and suitability for monsoon prediction

on a climate scale. In a qualitative sense, most of the

climate models seem to agree on one point that the

monsoon precipitation is likely to increase across the

21st century in a global warming scenario with increasing

CO
2
. Thus the present consensus view emerging out of

the climate model runs is that of an intensification of the

monsoon, and there is a possibility, which is not indicated

by all models, that the monsoon season may extend

somewhat longer than its current duration.

However, the real difficulty arises when it comes to a

quantification of the results. Most climate models are

unable to simulate the observed features of the Indian

monsoon in their totality. Many models underestimate

the monsoon rainfall while some of them cannot simulate

the observed monthwise precipitation pattern or the

peak precipitation month. Hence only a few models

can be trusted with the job of making a century scale

prediction and even these have yielded diverse results.

There is no climate model currently available

internationally that can be truly relied upon from all

angles pertaining to the monsoon. The increase in

precipitation resulting from a doubling of CO
2
 in the

atmosphere is likely to be anywhere from 2.9 to 16.6

% for the A1B scenario. This large uncertainty is further

compounded by the possibility of the doubling of CO
2

not occurring in reality or the global CO
2
 emissions not

conforming to the A1B scenario.

In arriving at climate scale projections of the monsoon,

a basic prerequisite is that the climate model used must

be able to reproduce closely the known climatology of

monsoon precipitation, otherwise the projected pattern

of rainfall cannot be regarded as trustworthy. The main

difficulty arises here because of the inadequacies of

convective parameterization scheme which lead to

systematic biases in the model.

Mukhopadhyay et al (2009) have investigated the

impact of different convective closures on systematic

biases of Indian monsoon precipitation climatology in a

high-resolution regional climate model. For this purpose,

they have run the Weather Research Forecast (WRF)

model at 45 and 15 km (2-way nested) resolution with

three different convective parameterization schemes for

the period 1 May to 31 October of the years 2001 to

2007. The model was forced with the NCEP/NCAR

(National Center for Environmental Prediction /

National Center for Atmospheric Research) reanalysis

as initial and boundary conditions. The simulated

monsoon rainfall patterns for the months June-

September with the three different convective schemes

were then compared with that observed. It was found

that out of the three schemes which they applied, only

one was able to produce a reasonable mean monsoon

rainfall pattern. Such studies only highlight how difficult

the problem is, and there is no straightforward or unique

solution. They serve as a reminder to us that when we

look at climate projections of monsoon rainfall, we

should remember the biases of the models.

In another recent study, Preethi et al (2009) have

compared the performance of 7 global fully coupled

ocean-atmosphere models in simulating Indian summer

monsoon climatology as well as its interannual

variability. They have used multi-member 1-month lead

hindcasts made by several European climate groups as

part of the DMETER programme (Development of a

European Multi-model Ensemble system for seasonal

to inter-annual prediction). The dependence of the

model-simulated Indian summer monsoon rainfall and

global sea surface temperatures on model formulation

and initial conditions were studied in detail. They found

a large spread among the ensemble members in the

simulations of the monsoon rainfall indicating that the

initial conditions were influencing the results.

5. Concluding Remarks

In summary, all indicators such as past statistical trends

in AISMR, inter-hemispheric differences in the rate of

global warming and projections of climate models, point

to a strengthening of the Indian southwest monsoon

along with the march of the 21st century, but there are

large uncertainties when it comes to quantifying the likely

change in monsoon rainfall.

It is a discouraging fact that there has been no effort on

the part of Indian scientists to build an Indian model in

spite of the continuous upgradation of computational

resources and the growth of institutional infrastructure

in India. The approach has all along been to test foreign

models over Indian conditions and judge their usefulness

for predicting the monsoon. The search for an ideal

model that could be used for monsoon prediction on

the seasonal and climate scale is still on.
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