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Abstract 

Indian Climate is the most seasonally-stratified climate on earth with a dramatic summer monsoon, a minor winter monsoon, 

and spring and fall inter-monsoons. But the inter-monsoons are now active with increasing and rapidly-intensifying cyclones. 

All seasons are now clearly affected by global warming, mostly due to the monotonic and rapid warming of the Indian Ocean. 

The external drivers of India’s climate variability and change come from both the poles and all three tropical oceans as well as 

the Middle Eastern deserts. Despite its relatively small size, the Indian Ocean warming affects the Pacific and the North Atlantic 

and modulates the pace of global warming. The decreasing monsoon of the past several decades is replete with extreme floods 

and droughts. The future of the monsoon will be a mixed blessing – there will be a monsoon recovery of seasonal rainfall but 

the extremes and rapidly intensifying cyclones will continue. Remote forcing of India’s climate change poses severe challenges 

for India in terms of forecasting the extremes and cyclones, and preventing, managing and recovering from climate hazards. 

India’s investments in weather, climate and cyclone forecasts are producing impressive payoffs with skilful forecasts. 

Introduction 

The Indian subcontinent has a remarkable history of drifting 

north from down-under over tens of millions of years and still 

continuing to push north, raising the Himalayas each year. The 

dramatic Indian monsoon got established around 10 million 

years ago and greatly affected the climate around the Indian 

Ocean as well as globally while also influencing many 

ecological evolutions. The current avatar of the monsoon 

season is dominated by an intrinsic timescale of 10-60 days – 

a subseasonal timescale – whose selection is not fully 

understood. But the active and break periods with weeks of 

rainy and dry periods, respectively, during the season have 

been critical for the evolution of the crop calendars. The 

dramatic onset around June 01 over Kerala and its systematic 

northward spread over a few weeks have engendered 

innumerable prose, poetry and music. Past orbitally-forced 

global changes have altered the monsoon with serious 

consequences for civilizations. Global warming is defacing 

the grandeur of the monsoon with serious consequences for 

India’s dreams of a sustained economic growth. While India 

receives kudos for its commitments to international climate 

treaties, the challenges within to regional climate adaptation 

remain monumental.  

 

Global Context for India’s Climate 

Tropics are dominated by the southeasterly and northeasterly 

trade winds that converge into the pantropical rain band called 

the Intertropical Convergence Zone or the ITCZ (Figure 1). 

The Indian Ocean is unique because of the monsoonal 

circulation with reversing seasonal winds over the north of 

about 10oS. The rising air in the ITCZ sinks in the subtropics 

creating deserts but India is spared this fate because of the 

monsoon and the desert is confined to the northwest. The 

African highlands to the west, the Himalayas to the north and 

the Burmese mountains to the east create a monsoon bucket 

which gives us about 900 mm of rain during the summer 

which as a whole varies only by about ±10% of the long-term 

average. This seasonal total has decreased by about 10% since 

the 1960s while the extreme wet and dry conditions have 

proliferated across the country in the meantime. The 

distribution can be very uneven with deluges in some regions 

and severe deficit of over 30% in others.      

Trade wind forcing and the Coriolis effect combine to produce 

divergence of water in the eastern tropics of the Pacific and 

Atlantic Oceans leading to east-west sea surface temperature 

and   pressure   gradients.  These  gradients  get  stronger  and 
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weaker on seasonal and interannual timescales of 2–7 years, 

giving us zonal modes of variability known as El Niño and La 

Niña in the Pacific and Atlantic Niño and Niña in the Atlantic. 

A zonal mode also exists in the Indian Ocean known as the 

Indian Ocean Dipole or Zonal Mode but it appears to be a tail 

of the Pacific mode. El Niño and Atlantic Niño tend produce 

deficit monsoon rainfall while La Niña and Atlantic Niña can 

lead to excess rain although they are not perfectly 

antisymmetric. 

 

Figure 1: Climatological sea surface temperatures and 

surface winds for July and December. Indian Ocean is 

relatively warm in both seasons and the eastern tropical 

Indian Ocean is warmer than the eastern tropics of the Pacific 

and Atlantic Oceans. Maps from 

https://iri.columbia.edu/~benno/testpage.html 

The trade winds also push warm, fresh waters from the West 

Pacific into the Indian Ocean through the Indonesian Seas 

which has a significant contribution to Indian Ocean heat 

balance. This flow is known as the Indonesian throughflow or 

ITF. Note that the tropical Pacific has an atmospheric bridge 

and an oceanic tunnel into the Indian Ocean but the tropical 

Atlantic has just an atmospheric bridge. The Indian Ocean also 

has a direct pipeline to the Southern Ocean whose warming 

and cooling   are communicated to the tropical Indian Ocean 

below about 1 km depth at decadal timescales. Indian Ocean 

receives heat from the atmosphere as well. All this heat is 

transported southward near the surface, some of which flows 

around Africa into the Atlantic and some retroflects eastward 

into the Southern Ocean. The Indian monsoon varies at 

interannual to decadal and   longer timescales due to these 

multiscale influences. The southern polar region also has an 

atmospheric bridge and an oceanic tunnel to the Indian 

monsoon region while the northern polar region only has an 

atmospheric bridge.  

Global Conveyor Belt 

Ocean circulation tends to be studied as wind-driven and 

thermohaline circulations even though the two are intimately 

coupled. Thermohaline circulation is often referred to as the 

Global Conveyor Belt (Figure 2) with deep and bottom waters 

being formed in the Greenland-Iceland-Norwegian Seas, and 

the Labrador Sea in the North Atlantic, and in the Ross and 

Weddell Seas in the Southern Ocean. Sinking waters formed 

from evaporation and sea ice formation leaving salt behind 

and from surface cooling, meet in the Southern Ocean before 

inundating the deeper layers of the Pacific and Indian Oceans. 

Over many centuries, these waters are slowly converted back 

to surface waters due to mixing processes driven by sloshing 

tides and the waves they generate by running against 

mountains in the oceans.  

 

Figure 2: Global Conveyor Belt is the thermohaline 

circulation of the ocean – deep and bottom waters are formed 

over the North Atlantic and the Southern Ocean which 

inundate the deep oceans in the Atlantic, Indian, and Pacific 

Oceans. Figure from 

https://www.britannica.com/science/thermohaline-circulation 

Due to its closed northern boundary, the meridional or north-

south  overturning circulation in the Indian Ocean has a fairly 

short timescale of a few decades compared to the Pacific and 

Atlantic Oceans. A major return pathway of the surface waters 

back to the deep and bottom water sites is through the 

Indonesian Seas (Figure 2). The Global Conveyor Belt takes 

down heat and greenhouse gases as well as oxygen with it, 

which can be hidden away from the atmosphere for many 

centuries. How the Global Conveyor Belt responds to global 

warming is thus is a major determinant of the atmospheric 

warming rates. 

Seasonal Contrasts of India’s Climate 

India’s climate is dominated by the warm Indian Ocean which 

provides most of the 200 lakh crore buckets of water that falls 

during the monsoon. It is also the energy source for cyclones 

that occur during the pre- and post-monsoons. The calendar 

year starts with a range of temperatures from the cold north to 

mild peninsular India. Indian winters are affected by the 

Pacific El Niño and La Niña with the coldest air limited to the 

north-northwest during an El Niño but drifting far down into 

https://iri.columbia.edu/~benno/testpage.html
https://www.britannica.com/science/thermohaline-circulation
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peninsular India during a La Niña. The winter of 2021–22 is a 

clear example of a La Niña winter.  

Spring months are a transition from winter to the monsoon, 

hence known as the spring inter-monsoon. Winds begin to 

transition from northeasterlies during winter (cold, high-

pressure land to warm, low-pressure ocean) to southwesterlies 

(warm, higher-pressure ocean to warmer, lower-pressure 

land), building up the heat and humidity as a precursor to the 

monsoon onset. This is also the time when sea surface 

temperatures, vertical wind shear, low-level vorticity, mid-

level moisture loading, and the upper ocean heat content are 

favourable for cyclogenesis. The warming of the Arabian Sea 

and the Bay of Bengal are leading to increasing number of 

cyclones as well as their rapid intensification. It is unclear if 

the tracks are also changing but the sliding up of cyclones 

along the west coast in recent years raises serious concerns for 

megacities like Mumbai.  

Summer monsoon remains the most discussed season for 

obvious reasons – over 80% of the annual rain falls during the 

summer monsoon. Food, water and energy securities of the 

nation critically depend on this rainfall. All aspects of the 

monsoon are now being affected by anthropogenic activities. 

The onset is being delayed by a few days beyond June 01 since 

the 1970s while the withdrawal is typically occurring a week 

earlier into the second week of September. This has squeezed 

the length of the rainy season. As for the total rainfall, one 

must remember that the seasonal total is made up of the 

subseasonal active/break periods. 

Land warms during spring faster than the ocean and sets up 

the land-ocean thermal contrast which is crucial for kicking 

off the monsoon onset. With global warming, we would again 

expect the land to warm faster but the aerosols and pollution 

have caused a solar-dimming and the land-ocean contrast has 

not increased as expected. This is the main reason why total 

rainfall has dropped by ~10% since the 1960s. However, the 

seasonal total is still manifest as changes in the active and 

break periods. The number of rain events during active periods 

have increased but total rain has decreased. Break periods 

have become slightly longer but there are more intense rainfall 

events during break periods. Rain is also falling as extreme 

events (typically rain rates of >150 mm/day) and these events 

are now occurring on larger spatial scales due to the 

confluence of the moisture and vorticity fluxes from the Bay 

of Bengal and the Arabian Sea. Modes of natural variability 

like El Niño, La Niña, and the Atlantic Niño and Niña, 

continue to be key players in regional climate variability and 

monsoon anomalies. Global warming now gets all the 

attention especially because of the increasing extreme events. 

The post-monsoon period again experiences conditions 

favourable for cyclogenesis and just as the pre-monsoon 

cyclone season, the post-monsoon season is also seeing 

increasing and rapidly intensifying cyclones. And yet, we saw 

a post-monsoon season in 2021 which did not produce a single 

major cyclone – for the first time in over 3 decades. As it turns 

out, the warming over the Arctic is steering some planetary 

waves into the Indian region. These waves typically propagate 

eastward due to the Doppler shift by the background westerly 

winds at midlatitudes but the Arctic warming and the sea ice 

loss alters pressure centers over Eurasia and steer the waves 

southeastward. The late season heavy rain events and late 

season droughts are driven by these waves from the northern 

polar region. Southern Ocean waves and sea ice also have an 

impact on the Indian monsoon. In addition, the Southern 

Ocean warming is piped into the tropical Indian Ocean within 

a decade.  

The polar influences on the monsoon are likely blurring the 

boundaries between the summer monsoon and the winter 

monsoon (Figure 3). The post-monsoon cyclone season 

overlaps with the winter or the northeast monsoon. Altered 

southwest and northeast monsoon boundaries can lead to 

suppressed cyclone activities during the post-monsoon as was 

seen in 2021. Whether there is any trend here or if 2021 was a 

freak event needs to be seen. One of the impacts of global 

warming is that it loads the dice and changes the return period 

of some extreme events. The floods over Kerala for example 

may be becoming much more frequent compared to the 

counterfactual world where humans would have had no impact 

on the climate. 

 
Figure 3: Linear warming trend of surface temperatures over 

1990-2020. The monsoon domain is affected by: 1. Waves 

generated by Arctic warming and sea ice loss, 2. Waves from 

the Atlantic Niño/Niña events, 3. Waves generated over the 

Southern Ocean, 4. Oceanic temperature anomalies 

propagating in below the surface from the Southern Ocean, 5. 

heat and mass brought in by the Indonesian throughflow, and 

6. The waves generated during El Niño/La Niña events. 7. The 

rapid warming of the Middle East is likely influencing the 

monsoon but details remain unexplored thus far. 8. The local 

lack of warming in the North Atlantic is largely due to the 

weakening of the Atlantic Meridional Overturning Circulation 

and the reduced heat transport from the tropics to the North 

Atlantic. Temperature trend map from 

https://www.climate.gov/news-features/understanding-

climate/climate-change-global-temperature
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Some hot-off-the-press studies now argue that high-latitude 

weather intrusions and the weakened monsoon circulation are 

favouring late-May cyclones during the pre-monsoon. It is 

also evident that the late pre-monsoon cyclones are affecting 

the monsoon onset as well. The evolution of the 2021 

monsoon was a posterchild for multiple influences leading to 

a rollercoaster ride throughout the year. Cyclones Tauktae and 

Yaas caused loss of life and over Rs. 34,000 crores in loss 

during late May 2021. But the cyclonic circulation also helped 

bring a near-on time monsoon onset, which otherwise was 

expected to be delayed. However, the unexpected evolution of 

the Atlantic Niño produced deficit rains during June to mid-

August. While El Niño predictions are routine and have a high 

skill up to 6 or 9 months in advance, the Atlantic Niño 

predictions have not been as successful for various dynamic 

reasons and climate model deficiencies. 

The record warm temperature over the Arctic during 2021 

summer led to widespread heavy rains through late August 

into October. A La Niña emerged in the Pacific in the 

meantime to delay the summer monsoon withdrawal and the 

summer monsoon dragged on into the winter monsoon. The 

winter with record cold temperatures and the unprecedented 

dust storm over Mumbai and Pune capped the bizarre year. As 

we now eagerly await the pre-monsoon cyclone season and the 

monsoon itself for 2022, we must again prepare for the worst 

possibility of cyclones and a deficit monsoon. A La Niña 

winter, typically tends to produce a deficit monsoon in the 

following year. But the return of La Niña is now forecasted 

which may produce yet another ‘normal’ monsoon with all the 

extremes. 

Why is the Indian Ocean Warming So Rapidly?  

The Indian Ocean is warming rapidly and monotonically. The 

Indonesian throughflow brings warm fresh waters from the 

Pacific into the Indian Ocean each year and has a large role in 

the circulation and heat content of the Indian Ocean. It turns 

out that the Pacific is also pumping some excess heat it has 

accumulated from global warming into the Indian Ocean.  

The east-west sea surface temperature (SST) gradient in the 

Pacific Ocean is a key player in the oceanic heat uptake. The 

wind-driven divergence in the eastern Pacific around the 

Galapagos produces the strongest open ocean upwelling and 

large blooms of phytoplankton which support the biodiversity 

over the Galapagos as well as the fisheries that stretch down 

the South American coast. Cold SSTs in the east and warm 

SSTs in the west over the tropical Pacific also create a surface 

pressure gradient with high pressure over cold waters and low 

pressure over warm waters around New Guinea and Australia. 

This pressure gradient drives a zonal wind which tends to 

reinforce the upwelling in the east and thus have a positive 

feedback at seasonal and El Niño timescales. When the Pacific 

is in its normal or a La Niña state, the cold SSTs in the east 

soak up heat from the atmosphere. This heat is released back 

to the atmosphere during an El Niño. In fact, the heat released 

from the ocean during an El Niño causes a mini-global 

warming! 

The upwelled cold waters in the east soak up significant 

amount of heat from the atmosphere which is a big part of the 

oceanic uptake of 93% of the excess energy being trapped by 

anthropogenic greenhouse gas warming. This also means that 

the fate of the east-west SST gradient in the tropical Pacific is 

a key ingredient for continued heat uptake by the ocean under 

global warming. If the east Pacific warms less than the west 

Pacific, then the east-west SST gradient will continue to 

favour stronger winds which will drive stronger upwelling and 

more heat uptake by the Pacific Ocean. This is known as an 

Ocean Dynamic Thermostat where the ocean takes up more 

heat during global warming to act as dynamic thermostat to 

moderate global warming.  

It has been observed that the east Pacific has indeed remained 

anomalously cold since about 1998 and thus has driven 

increased heat uptake by the Pacific. A slight slowdown of the 

global warming has been observed after 1998 which is 

referred to as the Global Warming Pause. Much debate has 

occurred on whether there really was a pause or if the data are 

insufficient and whether the global warming pause has ceased 

by now. Nonetheless, this has a consequence for the Indian 

Ocean heat gain through the ITF.  

The trade winds have strengthened over the last few decades 

as expected from the stronger east-west SST and pressure 

gradients. This has led an increased heat accumulation in the 

Pacific. The stronger trade winds have also transported some 

of that excess heat into the Indian Ocean via the ITF. This is 

one component of why the Indian Ocean is warming rapidly.  

The other component of the Indian Ocean warming is the heat 

it receives from the Southern Ocean through the meridional 

overturning circulation. Intermediate and deep waters from 1 

km to the bottom are brought into the Indian Ocean and are 

slowly transformed into surface waters and transported back 

out southwards. The Southern Ocean is special because it is a 

channel unlike the other oceans which have boundaries. Ocean 

boundaries inhibit the amount of wind energy that can go into 

the ocean but the Southern Ocean can be churned much more 

by the winds due to its channel configuration. The wind-driven 

currents then take the surface heating deeper in the Southern 

Ocean and that warming is channelled into the Indian Ocean. 

There are some details such as the shift in winds at the edge of 

the subtropics and subpolar regions in response to global 

warming which also affect the Southern Ocean impact on the 

Indian Ocean. The net result however is that the heat balance 

and the rapid warming of the Indian Ocean is also affected 

rapidly by the Southern Ocean tunnel.  

Aerosols and the Monsoon 

Another player of significant impact in the monsoon 

variability and change, is aerosols. Aerosols have a direct and 

an indirect impact on the monsoon. We mentioned the direct 

impact in terms of the solar dimming and the damped land 

warming leading to a reduction in the seasonal monsoon 

rainfall. The indirect effects of aerosols occur through their 

role as cloud condensation nuclei which affect droplet sizes 
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and rainfall as well through cloud microphysical processes and 

cloud optical properties. 

Aerosol impacts on the monsoon are most interesting in terms 

of their potential role on modulating the active/break events – 

their duration, frequency and intensity. Numerous studies 

report aerosol impacts and not all of them agree with each 

other. Models cannot resolve the range of scales involved from 

molecular level interactions between water vapor and aerosols 

to cloud formation and rainfall. Most models parameterize 

aerosol indirect impacts. Even the direct impacts cannot be 

represented accurately since aerosols are either prescribed 

from satellite data or models may include source, sink and 

transportation of aerosols but then they tend to have high 

uncertainties. Some studies have also reported that aerosols 

affect cyclogenesis and cyclone intensities.  

It is evident that aerosols are an important ingredient for the 

monsoon dynamics but the exact details continue to emerge. 

There is also evidence for the dust loading from the Arabian 

deserts affecting the monsoon circulation and total rainfall. 

This effect is likely related to the heating effect of the aerosols 

over the northwestern corner of the Arabian Sea which raises 

a flag about the rapid warming seen over the Middle East 

(Figure 3). More studies are needed to elicit the exact impact 

of the Arabian heat low and dust loading on the Indian 

monsoon variability and trend. 

Impacts of Indian Ocean Warming on Global 

Climate 

Indian Ocean is the smallest of tropical oceans but it is now 

acting as a clearinghouse of ocean warming in response to 

anthropogenic greenhouse gas forcing. While it receives heat 

from the Pacific through the ITF and the Southern Ocean, the 

Indian Ocean is modulating the zonal tropical circulation 

because of its own warming and plays a role in the Pacific 

Ocean’s response to global warming. The Indian Ocean 

warming is also found to affect the Atlantic meridional 

overturning circulation which is a key component of the global 

ocean circulation.  

The strengthening of the trade winds in recent decades has 

created a stronger east-west SST gradient in the Pacific and 

has driven increased heat uptake in the Pacific. It is found that 

the warming of the Indian Ocean itself is responsible for the 

stronger trade winds and thus is a positive feedback to its own 

warming. The key mechanism through which the Indian 

Ocean warming can drive stronger trade winds in the Pacific 

is the zonal circulation called the Walker cell. The massive 

amounts of rain that fall on the western Pacific Ocean and the 

Maritime Continent are associated with rising moist air that hit 

the tropopause – the lower atmosphere’s ceiling – and sink in 

the eastern Pacific where the upwelling and cold waters occur. 

The other branch of the sinking happens over western tropical 

Indian Ocean near East Africa. These zonal cells of rising and 

sinking air constitute the Walker cell, named after Sir Gilbert 

Walker who linked the Indian monsoon droughts to the 

pressure oscillation between Darwin and Tahiti – the so-called 

Southern Oscillation. It is now known that the Southern 

Oscillation and El Niño are the same phenomenon which has 

led to changing the name El Niño to ENSO – El Niño Southern 

Oscillation.  

A warmer Indian Ocean amplifies the Walker cell and 

strengthen the trade winds. Considering that the stronger trade 

winds enhance oceanic heat uptake and thus moderates global 

warming itself, the Indian Ocean has an outsized influence on 

global warming for such a small ocean. 

The other impact of the Indian Ocean warming and the 

strengthened Walker cell is that rainfall over the tropical 

Atlantic is reduced. The Indian Ocean warming also enhances 

westerly winds over the North Atlantic. The reduced rainfall 

increases the salinity of the waters being brought to the North 

Atlantic where the North Atlantic Deep Water is formed. The 

enhanced westerlies together with the increased salty waters, 

the Atlantic Meridional Overturning Circulation is 

accelerated. The Indian Ocean is playing a disproportionately 

large role in modulating the global warming via the global 

conveyor belt as well.  

Summary  

It is evident that the Indian monsoon remains a grand 

challenge for the climate models. Monsoon forecast has been 

attempted since the late 1800s following the seminal work of 

Sir Gilbert Walker who was an East India Company employee 

and an avid meteorologist. He was the first to link the Indian 

monsoon to the oscillation in pressure centers between Darwin 

and Tahiti, which is now known to be an integral part of the El 

Niño dynamics. IMD developed a series of statistical models 

for predicting the monsoon with no real success. The massive 

investments made under the Ministry of Earth Science since 

2009, in computational and human resources have led to a 

suite of dynamic forecast models for cyclones, weather and 

climate. There has been noteworthy progress in making 

skillful forecasts for cyclones, short (days 1–3), medium (days 

3–10) and extended (weeks 2–4) range weather as well for 

seasonal monsoon predictions. The Center for Climate Change 

Research at the Indian Institute of Tropical Meteorology – 

Pune, also participated in the latest Assessment Report under 

the Intergovernmental Panel on Climate Change to produce 

historic simulations and future projections of climate change. 

India’s first attempt in being a part of the global community in 

projecting climate change is a feather in the cap for the 

country. 

Reality on the ground beckons still in terms of the vagaries of 

the monsoon that continues to baffle the best of the models. 

The onset, the withdrawal, the length of the rainy season, the 

intensity, frequency and duration of the crucial active/break 

periods are all being modulated by the natural modes and by 

global warming. North Indian Ocean cyclones also show 

worrisome trends in their numbers and rapid intensification.  

The Agricultural sector provides over 60% of the employment 

in India. Protecting agriculture as well as life and property 

come   down   to   the   continued   mitigation   and   adaptation 
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strategies and their urgent implementation. For a country like 

India, climate change is already here. Adaptation tools must 

start with early warning systems for agriculture, water, energy 

and health. The skilful weather and climate forecasts can be 

translated to early warnings as is already happening with 

heavy rain events and cyclones. Reducing the vulnerability of 

all socioeconomic classes and the infrastructure, in the face of 

climate risks that can be remotely-forced, is as much a social 

science problem as it is a natural science problem. India needs

to strengthen its observational network and continue to build 

on the forecast activities and early warning systems to make 

itself weather-ready and climate-resilient.  
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