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Abstract 

The Nobel Prize in Physics in 2021 was highly significant for the Climate Community for the recognition by the Physics 

Community that the Weather and Climate Science is deeply rooted in Physics. It is also significant for the recognition that 

similar to many other natural phenomena, the variability and predictability of Climate is intimately related to its 

‘Complexity’ or interplay between chaotic ‘weather’ and slowly fluctuating ‘climate’. The climate community, however, has 

failed to communicate this important aspect of climate science to a wider audience in the past. The present article is an 

attempt by the author to communicate the ‘Complexity’ of climate science to the wider Physics community in the context of 

the Indian monsoon climate. A mechanistic model of the Indian monsoon helps us to understand that ‘external and internal’ 

drivers drive the observed variability of the Indian monsoon. It is also argued that the ‘internal’ drivers of monsoon arise 

from the ‘Complexity’ in the system. The ‘Complexity’ of climate science indicates that the climate ‘sensitivity’ or increase 

in global temperature as CO2 doubles would always have an inherent ‘uncertainty’. Therefore, all decisions on adaptation and 

mitigation of climate change impact must be made based on probability. 

 

 

Introduction  

Copious rainfall and the Indian summer monsoon are 

synonymous even though the name Mausim or ‘monsoon’ 

was derived originally from the seasonal reversal of low-

level winds over the region. With emerging recognition that 

winds and rainfall in the region cannot be separated, a more 

appropriate description of the Indian monsoon is the seasonal 

reversal of winds coupled to a seasonal reversal of rainfall 

(wet summer/dry winter season) over the region. While the 

heavy rainfall over the region during northern summer 

represents a major source of energy for the global climate 

heat engine, it is nothing short of a ‘lifeline’ for the people of 

the region. In the backdrop of the global climate changing 

rapidly in recent decades reaching a ‘tipping point’ ensuing a 

‘climate emergency’, what is happening to the Indian 

monsoon rainfall over the past century and what is expected 

to happen to it in the coming century are questions to which 

the people of the region and policy-makers would like 

‘reliable’ answers. In order to appreciate the answers to these 

questions and their reliability, I start with a simple model 

framework for the physical Indian monsoon system and its 

variability and indicate some potential ‘internal’ and 

‘external’ drivers of the Indian monsoon. Finally, 

quantitative answers to some aspects of the questions raised 

above are provided with uncertainty estimates. 

The Nobel Prize for Physics, 2021 went to three scientists, 

namely, Syukuro Manabe, Klaus Hasselmann and Georgio 

Parisi for their “Groundbreaking contributions to our 

understanding of complex physical systems”. The Nobel 

Prize underlined the importance of cooperative existence of 

unpredictable ‘disorder or chaos’ and predictable quasi-

periodic oscillations in all physical systems from 

microscopic atomic scales to planetary climate scales. As a 

result of the inherent ‘uncertainty’ of the state of the climate, 

the predictability of the climate is limited. For the same 

reason, the answers to the above questions will also have an 

uncertainty bound. The advances made in climate science 

during the past five decades through improved global data, 

sophisticated physical modeling of the global climate and 

availability of high computing facilities has, however, made 

it possible to estimate the bounds on the uncertainty. The 

implication of this understanding is that due to the inherent 

‘complexity’ of the climate system, a ‘deterministic’ estimate 

of any of the answers is not possible. Decisions on adaptation 

and mitigation, therefore, need to be based on ‘most 

probable’ estimates of the answers.  In order to appreciate the  
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inherent ‘uncertainty’ associated with predictions and 

projections of Indian monsoon, here I provide a brief 

overview of the Indian monsoon system and its ‘complexity 

within the limited space of this article.  

The Indian Monsoon System 

The Indian monsoon environment [1] with the continent 

surrounded on three sides by a warm ocean helping to bring 

abundant supply of moisture to the land mass and the tall 

Himalayan mountain range to the north preventing cold air 

intrusion from further north, is a hot bed of moist convective 

activity and the copious rainfall (Figure 1(a) and 1(b)). 

During northern winter, the winds from the northeast 

crossing the equator converge to the rain band over the ocean 

also known as the Intertropical Convergence Zone (ITCZ) 

(Figure 1(c)). During summer the ITCZ moves northward, 

partly due to northward migration of maximum solar 

radiation and associated change in the land-ocean heating 

contrast, and gets anchored around 20°N.  Winds flow from 

ocean to land and converge to the ITCZ. Over the ocean, the 

ITCZ tends to be located over the warmest waters. As a 

result, a secondary ITCZ is also maintained over the ocean 

around 5°S (Figure 1(d)). The air over the land ITCZ is lifted 

up to 10–15 km by the strong latent heating released by the 

clouds associated with the monsoon rainfall. A component of 

the diverging air at upper atmosphere moves southward and 

sinks south of the equator beyond 10°S, returning towards 

land becoming southwesterly due to the Coriolis effect and 

results in the monsoon overturning circulation.  The ITCZ 

and the associated overturning circulation also known as the 

‘monsoon Hadley cell’, therefore, define the Indian monsoon 

and its deep vertical extent. 

 
Figure 1: Seawater temperature (top) and rainfall (below) 

during December–February (left) and June–August (right) 

together with corresponding surface winds. 

As a result of the northward migration of the ITCZ, the 

annual cycle of rainfall over the Indian continent is 

characterised by little rainfall during winter season and more 

than 75 % of annual rain coming during the summer 

monsoon season of June–September (JJAS). The long-term 

rainfall during the JJAS season over the continent (land 

points) is about 850 mm. There is significant spatial variation 

of the mean rainfall with a north-south oriented band of 

maximum rainfall west of the Western Ghat and very heavy 

rainfall over the northeast India. From east to west, rainfall 

decreases from about 250 cm in the northeast to about 40 cm 

over Rajasthan. Even though closer to the warm waters to the 

south, the southeast peninsula receives little rainfall during 

summer season due to obstruction of the rain bearing winds 

by the Western Ghats. The all-India summer monsoon 

rainfall during JJAS (ISMR) has significant year-to-year 

variations (Figure 2) with the amplitude of inter-annual 

variability being about 10 % of the long-term mean. The 

India Meteorology Department (IMD) has good records of 

rainfall over the country based on a large network of rain 

gauge stations. Based on the data collected by IMD, the 

departures from long-term mean of ISMR normalised by its 

own inter-annual standard deviation     (Figure 2) indicates 

that the inter-annual variation is dominated by a quasi-

biennial frequency (2-3-year period) and a multi-decadal 

oscillation with a period about ~65 years. The years when 

normalized values exceed +1 (below –1) are the years when 

there is large-scale ‘flood’ (‘drought’) in the country. We 

also note that there is a strong association between ‘El Nino’ 

and ‘La Nina’ events over the equatorial Pacific. The inter-

annual variability of JJAS rainfall on smaller spatial scales 

(like northeast India, central India, northwestern India, etc.) 

tends to be larger than that of the continental rainfall but 

varies spatially with the local mean amount of rainfall. For 

example, the heavy rainfall region of northeast India has a 

coefficient of variability (CoV) ~7.5 % while northwestern 

India has a CoV of ~60 %. What drives the year-to-year 

variations of ISMR? What is responsible for the spatial 

variations of the mean rainfall over the country? Why is CoV 

so highly variable from east to west in northern India? What 

drives the significant multi-decadal variability of ISMR? 

How are these attributes of the Indian monsoon being 

affected by climate change? These are some important 

questions in Indian monsoon science. While the research 

over the past century has yielded better understanding and 

reasonable answers to some of these questions, we are still 

struggling with some others, especially those related to 

multi-decadal variability and climate change. 

 

Figure 2: Deviation of June-September rainfall over Indian 

land points from its long-term mean normalized by its own 

standard deviation. Positive (negative) values indicate above 

(below) normal seasonal rainfall. El Nino (La Nina) is 

marked by red (blue) dots. Epochal variations are indicated 

by the black 9-year moving average curve. 
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A Mechanistic Model of the Indian monsoon 

The ‘sea breeze’ is a pleasant feature in the coastal areas. The 

solar radiation heats up the land much faster during the day 

due to its low heat capacity compared to the nearby seawater 

creating a low-pressure area over coastal land compared to 

relatively higher pressure over the sea by afternoon. Cool air 

from high pressure over sea flows to low pressure over land 

in the evening bringing relief after a hot and humid day. In 

the night, the land cools down faster than the seawater and by 

early morning the situation reverses with air flowing out of 

land to the sea.  In order to explain the seasonal reversal of 

the winds at a much larger scale, a ‘classical’ model of the 

Indian monsoon has been that of a ‘large-scale sea breeze’         

(Figure 3(a)).  Instead of day and night variations, in this 

case we consider the summer and winter seasons. In summer, 

land gets heated faster than the surrounding ocean creating a 

semi-permanent low over the land and high over the ocean 

with the situation reversing during the winter (Figure 3(b)). 

The ‘sea breeze’ driven by the surface temperature gradient 

is basically a near surface phenomenon as the surface heating 

is confined to the lower 1–2 km of the atmosphere due to 

mixing by the turbulent eddies within the atmospheric 

boundary layer. With no heating above the boundary layer, 

no upward motion and the north-south overturning 

circulation is confined to the lower atmosphere (Figure 3(a)). 

The sea breeze model of the monsoon, therefore, can explain 

the seasonal reversal winds but cannot explain the observed 

deep monsoon overturning circulation. 

Large-scale upward motion in the atmosphere could be 

produced either by convergence of winds or by deep heating. 

The vertical velocity produced by observed large-scale winds 

are rather weak and cannot explain the vertical motion 

required to maintain the monsoon overturning circulation. On 

the other hand, the monsoon rainfall heats up the upper 

atmosphere and once ‘initiated’ by some mechanism (say an 

instability) could sustain the deep monsoon overturning 

circulation. Hence, without invoking the monsoon rainfall, 

monsoon circulation cannot be explained. Therefore, a 

‘modern’ model of Indian monsoon considers it as 

‘convectively coupled’ system where the circulation is 

essential to bring in and converge moisture to sustain the 

deep clouds and produce rain while the clouds and rain are 

essential for intensifying the circulation and sustain the 

moisture convergence (Figure 3(b)). Such a model is 

consistent with both reversals of the winds at low level as 

well as the deep overturning circulation. The low-level cross-

equatorial flow results in a monsoon westerly jet and sets up 

a cyclonic circulation at low level while the upper-level 

divergence sets up a upper level monsoon anticyclone and 

an easterly jet at upper atmosphere. While the north-south 

gradient of the surface temperature cannot explain the Indian 

monsoon circulation, it can be explained by the north-south 

upper atmospheric pressure gradient caused by a north-south 

gradient of the tropospheric temperature (TT) gradient. 

The model of monsoon is intimately related to the monsoon 

rainfall, which in turn is associated with the ITCZ. Therefore, 

a key element of the monsoon model is to understand the 

dynamics and thermodynamics of sustaining the ITCZ. Thus, 

dynamics and thermodynamics of the ITCZ and its 

variability are integral parts of a monsoon. Considerable 

understanding of the global scale ITCZ and associated global 

Hadley circulation has been accumulated through extensive 

theoretical and modeling research over the past five decades. 

The location and intensity of the ITCZ is related to some 

global scale energy constraints and sea surface temperature 

distributions while the Hadley cell evolves as an angular 

momentum conserving flow forced by the heating. There are 

some issues in applying the global ITCZ results to the Indian 

monsoon which is a ‘regional ITCZ’. However, it provides 

an attractive framework to understand the Indian monsoon 

system and its variability [2]. 

 

Figure 3: Classical model of Indian monsoon driven by 

north-south gradient of surface temperature (top). Modern 

model of Indian monsoon driven by north-south gradient of 

deep tropospheric heating is shown below. 

‘Internal’ and ‘External’ drivers of Indian monsoon 

Rainfall 

As the large-scale monsoon ‘floods’ and ‘droughts’ have 

devastating impact on people and economy of the region, 

what drives the year-to-year variations of the June-

September rainfall over India (ISMR) has been an important 

science question extensively investigated over the past 

century. As the large-scale winds provide the necessary 

moisture convergence and triggering mechanism for the 

convection to lead to the rainfall, the tropical rainfall and 

circulation are strongly coupled. As a result, the monsoon 

rainfall over India could be influenced by circulation changes 

driven by non-local forcing that could be termed as ‘external’ 

drivers of ISMR variability. One such example of ‘external’ 

driver of ISMR is the El Nino and Southern Oscillation 

(ENSO). During the warm phase of the ENSO (a.k.a El 

Nino) shown by warmer than normal water temperature in 
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the eastern Pacific (Figure 4) modifies the equatorial east-

west circulation cell known as the Walker Circulation so as 

to enhance the upward motion over the equatorial Indian 

Ocean (IO) (Figure 4). The upward motion over the 

equatorial IO weakens the monsoon Hadley circulation with 

anomalous downward motion over India inhibiting 

convective activity and monsoon rainfall. In the opposite 

phase (a.k.a La Nina), the opposite happens. Seawater 

temperature over the north Atlantic associated with the 

Atlantic Multi-decadal Oscillation (AMO) is another such 

potential ‘external’ driver of ISMR. Over the IO, the Indian 

Ocean Dipole Mode (IOD) is also a similar potential driver 

for ISMR. In each case, the ‘external’ driver modulates the 

circulation over the Indian monsoon region by an 

‘atmospheric-bridge’. While in the case of the ENSO, it 

reaches out to Indian monsoon through the Walker cells and 

the monsoon Hadley cell, in the case of the AMO, it reaches 

out by setting up a set of large-scale quasi-steady wave trains 

in the upper atmosphere.   

 

Figure 4: Anomalous north-south monsoon Hadley 

overturning circulation over the Indian longitudes (left) and 

anomalous east-west Walker circulation over the equatorial 

plane (right) associated with seawater anomalies (shaded) 

during June-September of mature El Nino events. 

The seasonal mean ISMR ‘climate’ is an aggregate of rainfall 

variations within the season on ‘weather’ time scales (2–10 

days, SYN) and intra-seasonal oscillations in 10–20 day time 

scales (the quasi-biweekly mode, QBM) and on 30–60 day 

time scales (the monsoon intra-seasonal oscillation, MISO). 

All the sub-seasonal fluctuations contribute to the seasonal 

mean ISMR and its inter-annual variability. The 

contributions of high frequency sub-seasonal fluctuations to 

the seasonal mean, therefore, could be considered as 

‘internal’ drivers of ISMR variability. As the high frequency 

synoptic disturbances are known to be chaotic and as they 

seem to contribute to ISMR variability most, can we consider 

their contribution to the seasonal mean as ‘noise’? As the 

synoptic disturbances are instabilities of the ‘mean 

background flow’, when an ‘external’ driver, such as the 

ENSO, modulates the large-scale circulation over India, it 

also modulates the statistics (mean, variance, etc.) of the 

synoptic disturbances with it.  If the external forcing is 

predictable (as the ENSO), then the contributions of the 

synoptic disturbances to the seasonal mean are also 

predictable and not ‘noise’. However, no two Indian summer 

monsoons are identical in their annual evolution and 

intensity. This event-to-event variability of ISMR is often 

termed as ‘complexity’ and could be due to ‘internal’ 

variability of ISMR that arises from nonlinear and chaotic 

processes. Identification of such ‘internal’ variability of 

ISMR and understanding the mechanism of their generation 

is still an active area of research. 

Climate Change Impact on the Indian monsoon 

The Clausius-Clapeyron relation tells us that the moisture 

holding capacity of the atmosphere increases by about 7 % 

for every 1 °C increase in temperature. Over the past century 

the global mean temperature has increased by ~1 °C. Hence, 

globally the atmosphere can hold 7 % more moisture today 

than it used to earlier.  Locally, the increase in temperature 

due to global warming is slightly lower in the tropics while it 

is more than 2 times the global mean in the polar 

region.  What is the impact of this on local rainfall? As 

the water vapor is lighter than dry air, higher water vapor 

content in an air column makes it slightly lighter and more 

buoyant. Therefore, even a weak convective instability can 

produce larger upward motion, more condensation of 

moisture, more release of latent energy, a lower pressure 

below and convergence of more moisture and a bigger rain 

event. Hence, global warming makes the large-scale 

environment conducive for producing more intense and more 

frequent ‘extreme rain events’. However, weather systems 

that produce intense rain events are of small spatial scale 

(100–200 km) with time scale of 1–3 days and pop up rather 

randomly over a conducive environment of continental scale. 

As a result, we may expect to see an increasing trend of daily 

extreme rain events aggregated over the region but may not 

see an increasing trend at smaller locations (e.g. 

stations).  This applies globally as well as over Indian 

monsoon region. 

With increasing vertically integrated moisture content in the 

atmosphere, we may expect an increasing trend for the 

seasonal mean ISMR averaged over the country as well. 

However, as the ISMR is strongly influenced by planetary 

scale circulations associated with teleconnections emanating 

from external drivers like the ENSO, AMO, IOD etc., due to 

the competing influence of different drivers, the rate of 

increase may differ from that expected from the Clausius-

Clapeyron relation. By separating the nonlinear trend of the 

ISMR time series (Figure 2) between 1813–2009, and 

comparing the corresponding trend of global mean 

temperature, we estimate the change of ISMR during the 

period as an increase of (3.91 ± 1.13) % for every 1 °C 

increase of global temperature (Figure 5(a) [3]. We note that 

the increase ISMR during the historical period is somewhat 

smaller than that expected from the Clausius-Clapeyron 

relation. Similar analysis of daily rainfall data between 1901 

and 2015 indicates that the intensity and the frequency of 

occurrence of extreme rainfall events exceeding 99.9 
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percentile are increasing at 21 % and 82 % for every 1°C 

increase of global temperature respectively.  The 

implications of these findings are already apparent in 

significant increase in intensity and frequency of flooding 

events and landslide events in various parts of the country in 

recent decades. On smaller spatial scales, the trend of mean 

rainfall need not even be positive due to influence of large-

scale dynamics. In fact, the mean rainfall over the northeast 

India (NEI) is decreasing at –3.2 % for every 1°C increase of 

global temperature while the intensity of daily extreme 

rainfall events over NEI are still increasing at +12 %/°C [4]. 

 

Figure 5: Nonlinear trend of June-September rainfall (top) 

and that of frequency of occurrence (pink) and intensity 

(blue) of daily rainfall extremes (below) based on which 

changes are estimated. 

What can we expect in the future? There is uncertainty for 

the future regarding how the green-house gas concentrations 

are going to evolve. An optimistic consensus amongst 

scientists taking some of the uncertainties into account is that 

the global temperature is likely to increase by between 2 °C 

and 3 °C by the end of this century. A zero-order estimate for 

the future of ISMR would be to assume the rates of increase 

continue at the same as the historical period. That would 

mean that seasonal mean the rainfall is expected to increase 

between 8 % and 12 % while the intensity of the daily 

extremes is expected to increase between 42 % and 63 %. 

The devastation a three-fold increase in the hydrological 

disasters witnessed in the past few years over the country 

would cause not only to the livelihood of vulnerable rural 

population but also mega-city dwellers (recall recent Chennai 

floods, last year’s Patna floods and Hyderabad flood in 

recent times) is easy to imagine! Projections of ISMR to the 

future by latest physical Earth System Models (ESM) are 

now available. For the first time, India has provided 

projections of ISMR for the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change (IPCC) using 

India’s own ESM developed at the Indian Institute of 

Tropical Meteorology (IITM), Pune. Different ESMs, give 

somewhat different estimate of ISMR change as well as 

change in increase of extreme rain events due to different 

deficiencies of the ESMs. However, methods have been 

found to correct the projected ISMR change by ESMs for 

their biases and the corrected model ensemble mean ISMR 

change in the future seems to be close to 4 %/°C as seen in 

the historical period. 

‘Complexity’ of the Indian monsoon 

As we mentioned, the sub-seasonal higher frequency 

fluctuations (synoptic, QBM and MISO [5]) all owe their 

energy to the seasonal ‘mean’ background circulation and 

thermodynamics while the seasonal mean could not exist 

without the sub-seasonal fluctuations. One aspect of 

‘complexity’ of Indian monsoon is this co-existence of 

slowly fluctuating seasonal mean on year-to-year time scales 

with rather chaotic high frequency sub-seasonal fluctuations. 

Another aspect of ‘complexity’ comes from the fact that 

there are local ocean-atmosphere interactions between the 

Indian Ocean and Indian monsoon circulation and heat fluxes 

over the region at  all  time scales. The local air-sea 

interactions influence the ISMR variability through nonlinear 

interaction with the teleconnections. For an example of air-

sea interaction on synoptic scales, recall that the sea water 

needs to be warmer than 26.5 °C for tropical cyclones (TC) 

to intensify and sustain at TC strength while the strong winds 

of TC cools the sea surface water by evaporation and by 

mixing colder deeper water with warmer upper surface layer 

water. As a result, 3–5 °C cooling of surface water can be 

seen behind a moving TC over the Arabian Sea. Such 

interactions by synoptic disturbances not only determine 

their intensity and evolution, they also determine seasonal 

mean temperature distribution over the north IO.  More 

intriguing ocean-atmosphere interaction can be seen with the 

QBM and the MISO in intra-seasonal time scales as well. 

Both the QBM and MISO are associated with zonally 

oriented ITCZ type rain bands. Convergence of moisture and 

its condensation initiates the organised rain band. Heating 

from condensation lowers surface pressure further enhancing 

the moisture convergence. While increased cloud cover cuts 

down solar radiation and cools the surface under convection, 

seawater over the neighbouring cloud free regions warms.  A 

new ITCZ is initiated over the warm waters. Such ocean-

atmosphere interactions determine the life cycle and 

propagation characteristics of these sub-seasonal oscillations. 

The climate change signal in the ISMR is ‘externally’ driven 

by an increasing trend of human induced greenhouse gases 

(CO2, CH4 etc.). However, a potentially increasing trend of 

ISMR as a result of global warming co-exists with low 

frequency natural ‘internal’ modes of variability of the 

ISMR. In fact, the ISMR has a multi-decadal oscillation with 

a period around ~65 years (See Figure 2). How to separate 

‘natural’ decadal variability from ‘external’ climate change 

‘trend’ is another ‘complexity’ in climate science. This is due 

to several factors. Firstly, quantification of the decadal/multi-

decadal natural variability has its own uncertainty due to lack 

of high-quality long-term data and due to aperiodicity or 

nonlinearity of the signal itself. The other problem is that the 

estimation of the ‘trend’ of ISMR due to climate change 
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could be biased by the multi-decadal oscillation with varying 

trends depending on the length of records used. The 

quantification and understanding of the drivers of the ISMR 

multi-decadal mode of variability, therefore, remains an 

active area of research currently [6]. 
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