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Editorial 

In the past century or so, the human endeavour of using our understanding of the laws of nature 

to improve the quality of life has had a significant impact on our environment. Unfortunately, 

this has been to the detriment of the quality of the lives of our future generations. The need of 

the hour is to understand the complex Earth processes as best as we can and evolve a strategy 

of development which will not affect these processes to the disadvantage of our descendants. 

This issue of Physics News concentrates on one such aspect, namely the Earth’s climate, which 

is currently warming at an alarming rate. It focuses on understanding the physical science 

aspects of the Indian climate and on how we could respond in terms of education. 

The 2021 Nobel prize in Physics was given to Syukuro Manabe, Klaus Hasselmann and 

Giorgio Parisi for their contributions to modelling of complex systems like the climate, 

understanding the nature of its complexity and how to extract meaningful information from 

the observations and model outputs. Parisi’s work was discussed in the previous issue.                

R. Govindarajan’s article discusses the research of Manabe and of Hasselmann. 

The Indian climate is dominated by the Indian Summer Monsoon (ISM). Consequently, many 

of the articles in this issue focus on this aspect. The article by R. Murtugudde describes the 

global setting of the Indian climate and the possible consequences of the current rate of global 

warming. B.N. Goswami describes the physical processes underlying the ISM in the global 

context. He also discusses the complexity of the system and the consequences on the 

uncertainties in the model predictions. Understanding the climate dynamics of the past, before 

human activities significantly affected it, is important to understand the present. C. Jalihal 

provides insights on this in his article.  

What happens to the water deposited by the monsoons? How is this affected by changes in the 

climate? These important questions are discussed by S. Ghosh in his article on the water cycle. 

The cryosphere is an important component of the water cycle. F. Azam and A. Banerjee discuss 

the cryosphere and its response to the rapidly changing climate, with focus on the Himalaya. 

We cannot easily perceive the current global warming rate ~1 °C/century. However, the 

increased frequency of extreme weather events is getting more manifest. J. Monteiro discusses 

the relation of the increased frequency of extreme weather events to global warming. 

All future projections of the climate are based on numerical modelling. The Indian Institute of 

Tropical Meteorology, Pune (IITM) has developed a state-of-the-art Earth System Model 

(ESM) which provides input into the Inter-governmental Panel for Climate Change (IPCC). A 

general description of ESM’s and the IITM model is provided by the IITM team, P. Swapna 

and others. 

Educating the next generation on these issues is clearly very important. K. Gowrishankar 

shares her experience doing this in a university environment. 

Other features include a profile of earth and climate science department at IISER Pune, and 

reports on IPA events on gender in physics and Young Physicists Meet in News & Events.  

We hope you will enjoy reading this issue. 

  R. Shankar & Amitabha Lahiri 
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From the President’s Desk  

 

Greetings from IPA.  

As you are aware, the IPA has marched in 2022 with same vigour. While we 

continue to employ the online platform for wider reach, it is indeed a pleasure 

to resume in-person interactions. We plan to organise IPA DAE C.V. Raman 

lectures, P.A. Pandya Lecture 2022 in person and will continue with monthly 

colloquium series via virtual online mode. Nominations are invited for IPA 

awards 2022 (senior and young researchers) and awards are expected to be 

announced by September 2022. 

The IPA online portal is now functional and all members are requested to update 

their information on the portal. We also seek your help in broadcasting IPA 

activities on social media.  

This year’s IPA-IOP exchange lecture program will be held as online webinar and will be centred around         

COVID-19 pandemic, with a focus to understand lessons learnt for such eventualities.  

Climate science is not just the buzz word today, but an extremely important aspect for sustainable development. 

This special issue of Physics News devoted to the subject of climate science brings out various facets of the subject 

and its complexity, especially in Indian context. We thank  Prof. R. Shankar for joining Physics News editorial team 

as a  guest editor in this endeavour. Congratulation to Prof. R. Shankar and Prof. Amitabha Lahiri, for bringing out 

a very comprehensive and informative issue.    

Let me take this opportunity to appeal to all of you to generously support the IPA activities through donations.   

Please do share your comments/suggestions for IPA programmes.  

  

  

 

S. Ramakrishnan 
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The work behind one half of the 2021 Physics Nobel Prize  

Rama Govindarajan 

International Centre for Theoretical Sciences, Tata Institute of Fundamental Research, Bengaluru, India 

E-mail: rama@icts.res.in  

 

Rama Govindarajan works on different aspects of fluid mechanics. She is interested in the transition 

of a flow from the laminar to the turbulent state. Her focus has been flows where properties such as 

viscosity and density vary in space, and when there are immiscible interfaces between fluids. With 

collaborators, she has shown how special instabilities can happen in these flows. Recently she has 

become interested in cloud flows and in flows in which particles are suspended.  

Abstract 

This article describes the basic ideas behind the work of Syukuro Manabe and Klaus Hasselmann, who together won one half 

of the Nobel Prize in Physics of 2021. Both worked on climate change. Manabe provided an early estimate of how much the 

Earth would warm if we doubled the amount of carbon dioxide in the atmosphere. Hasselmann gave us a good way of 

distinguishing whether the observed changes are human made. A significant part of this article is about the background. 

Manabe's work is discussed at some length, whereas Hasselmann’s is described briefly. This is only because I am less familiar 

with the latter’s work.  This article draws heavily from [1]. 

 

 

The earth’s radiation budget from a toy model  

It was a truly exciting moment for the physics community 

when last year’s Nobel Prize was announced: it went to the 

understanding of complex systems, and in particular the 

physics of climate change. The science behind the prize has 

been explained very well in [1] which this article draws quite 

a bit from. I open with a basic outline of the climate change 

problem, to better appreciate the Nobel-winning contribution.  

Climate is of course an immensely complex problem and 

important elements will be ignored in this article.  

 

Figure 1: The simplest calculation of warming by greenhouse 

effects in steady state. The Sun is depicted in yellow, and the 

earth by a blue dot. The atmosphere is depicted as being 

concentrated in a single layer shown in pink. Below, a piece 

of the earth and atmosphere are shown as flat objects, for ease 

of viewing. 

Consider the Sun and the earth to be spherical black bodies in 

steady state. The Sun is at Ts = 5778 K, and has a radius 

Rs = 696,340 km. It radiates Q
tot

 = σ(4πRs
2)Ts

4 Wm–2, where 

σ = 5.67 × 10–8 Wm–2K–4 is the Stefan-Boltzmann constant. 

The fraction of Q
tot

 which reaches one face of the earth is 

πRe
2/(4πd

2), where Re is the radius of the earth and d = 148.81 

million km is the earth-sun distance. A fraction  of this is 

reflected back to space by clouds, ice sheets, aerosols etc. Per 

unit area of the earth, the net incoming solar radiation is thus 

Q
S
 = σ(1–α)Rs

2Ts
4/(4d

2) = 242 Wm-2, taking α = 0.3. This is 

shown in Figure 1. As we know, this radiation peaks in the 

visible range of wavenumbers, and so is referred to as 

incoming shortwave radiation. This is an average estimate – 

the radiation varies with the latitude, time of the day, and time 

of the year, among other things. In the steady state, the average 

outgoing radiation from the top of the atmosphere is the same 

as the incoming radiation, i.e., Q
O

 = Q
S
, giving TO ∼ 255 K. 

Since the earth is at a far lower temperature than the Sun, it 

emits in microwave, so Q
O

 is called OLR, or outgoing 

longwave radiation. The atmosphere is relatively transparent 

to the incoming shortwave radiation but absorbs a part of the 

outgoing radiation. If there were no atmosphere, we would 

have the temperature of the bare earth to be Tbare = TO, i.e., an 

inhospitable earth. So greenhouse gases are needed for life on 

earth and for the beautiful and diverse climate we enjoy. It is 

just that when they go out of their delicate balance, the climate 

and life on earth are in trouble. The simplest way to consider 

the effect of the atmosphere is to take it as a single layer which 

does not transmit, but radiates equally above and below, as 

shown by the pink line in Figure 1. In the steady state, we have 
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Q
E

 = Q
S
 + Q

O
 = 2Q

O
, giving TE ≃ 302 K. This argument 

provides a reasonable order-of-magnitude estimate for the 

effect of the atmosphere, and the reader can perform the 

exercise of seeing how much warmer the earth could be if we 

had several such non-transmitting layers of the atmosphere. 

More on greenhouse gases 

We know that the model given above is too simplistic. The 

atmosphere is far more complicated than a series of layers. It 

contains different greenhouse gases, whose concentration is a 

function of time, height above the ground, emissions, 

temperature etc. These gases transmit in some windows of 

wavelength and absorb in others. Here is where the 

contributions of Syukuro Manabe have been crucial to our 

understanding, but more on this later. This article is about 

carbon dioxide and water vapour, although other greenhouse 

gases, even if in trace concentrations can be significant too.  

The basic argument for climate change, which is completely 

accepted now by the scientific community, runs as follows. As 

carbon dioxide in the atmosphere increases, it absorbs more of 

the energy radiated by the earth. This causes the temperature 

of the atmosphere to increase. The bad news does not end 

there.  We know that our clothes dry better on a hotter day, 

i.e., evaporation rates are increased with temperature. We can 

see this from the following approximate form of the Clausius-

Clapeyron equation, 

log
𝑝𝑐

𝑝𝑜

≃ −
𝐿

𝑅
[

1

𝑇𝑐

−
1

𝑇𝑜

] , (1) 

where p is for saturation vapour pressure (here of water 

vapour), L and R are the latent heat of evaporation and the gas 

constant respectively, and the subscripts o and c refer to 

‘original’ and ‘changed’ respectively. It is obvious that the 

atmosphere can hold more total water vapour at higher 

temperature. In other words, an increase in temperature means 

increased evaporation from oceans, other water bodies etc. 

The increased water vapour then further increases earth's 

temperature because water vapour is a powerful greenhouse 

gas. This increase will continue until earth reaches a new 

hotter steady state. Water vapour thus provides a ‘positive 

feedback,’ i.e., a mechanism for worsening global warming 

when carbon dioxide concentrations increase. 

 
Figure 2: The strong correlation between global temperature 

and carbon dioxide in the atmosphere can be seen from 

prehistoric times in this figure.  Taken from 

https://www.ncdc.noaa.gov/global-warming/temperature-

change. 

The correlation between carbon dioxide in the atmosphere and 

earth's temperature has, at least for 8 lakh years before the 

present, always been very strong, as can be seen in Figure 2. 

In recent times, carbon dioxide concentrations has reached 

unprecedented levels and is rising at a staggering rate, as a 

comparison between Figures 2 and 3 will show. Already the 

earth by warmed by about a degree. The absolute magnitude 

of change is very worrying but more than this, the rate of 

change is simply alarming. Life on earth has no time to adapt 

to such fast changes. 

 

Figure 3: Carbon dioxide is increasing at an extremely sharp 

rate in recent times (shown here in years before 2017), and 

global temperature is following. Taken from 

https://i2.wp.com/chartedterritory.us/wp-content/uploads/ 

2018/03/10ktemperatureco2.png. 

The study of global warming due to greenhouse gases started 

a long time before Syukuro Manabe’s work. Joseph Fourier in 

the early 1800s worked out intuitively that the earth would be 

significantly colder if it lacked an atmosphere. The first clear 

experiments demonstrating the greenhouse effect were made 

by Eunice Newton Foote [2]. She showed that the 

temperatures inside cylinders placed under the sun and filled 

with carbon dioxide and water vapour were higher than those 

with air. Her findings were however not taken note of at the 

time. Whether this was because of her gender or because she 

was an amateur scientist, we have no real way of saying. She 

said “An atmosphere of that gas would give to our earth a high 

temperature; and if, as some suppose, at one period of its 

history, the air had mixed with it a larger proportion than at 

present, an increased temperature from its own action, as well 

as from increased weight, must have necessarily resulted.” 

John Tyndall [3] is most often credited with the discovery of 

greenhouse gases. His experiments were much more 

quantitative than Foote's and besides, he actually showed that 

these gases were capable of absorbing microwave longwave 

radiation of the type emanating out of the earth whereas 

Foote’s experiments were about the absorption of sunlight. 

Svante Arrhenius [4] in 1896 made a remarkable advance, 

taking into consideration not only the water vapour feedback, 

but also the effects of ice melting. His simple estimate was that 

earth’s temperature would rise by about 6 degrees for a 

doubling of atmospheric carbon dioxide (a measure now 

https://www.ncdc.noaa.gov/global-warming/temperature-change
https://www.ncdc.noaa.gov/global-warming/temperature-change
https://i2.wp.com/chartedterritory.us/wp-content/uploads/%202018/03/10ktemperatureco2.png
https://i2.wp.com/chartedterritory.us/wp-content/uploads/%202018/03/10ktemperatureco2.png
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called climate sensitivity), while modern estimates range from 

2.5 to 4 degrees [1]. 

Some of Suykuro Manabe’s contributions 

Manabe and collaborators’ work [5, 6, 8, 9] pushed the 

frontiers in several ways. They constructed a one-dimensional 

(in the vertical) model of the atmosphere, which included the 

all-important convective-adjustment process, to get a good 

estimate of how temperature varies with height in the 

atmosphere. This variation is important to get right for many 

reasons, such as for estimating the evaporation and upward 

movement of water vapour, which in turn affects the 

temperature gradient. Now, if air stayed still and could only 

radiate heat, the temperature in the atmosphere would go down 

at the rate of 15 degrees per km, as shown by the red line in 

Figure 4. But air, and for that matter, any fluid, undergoes 

convection under many circumstances. In the kitchen, we 

often take a vessel of water and heat it from below. The top of 

fluid is cool (and therefore dense) relative to the fluid at the 

bottom, which is hot (and light). Initially the water everywhere 

is still, but beyond a certain temperature difference, this 

situation is unstable. Water from below starts moving 

(advecting) to the top and vice-versa. 

 

Figure 4: Lapse rate of temperature in the lowest portion of 

the atmosphere. 

An example of this at large scales is seen in an instantaneous 

snapshot in Figure 5. Fluid is rising from below, and a lot of 

large scale horizontal convective activity emerges, seemingly 

out of nowhere. The fluid is in strong turbulence.  

 

Figure 5: Convection in unstable stratification. The height of 

the computational domain is small and can be seen in the front 

of the figure, where hot (yellow) plumes are seen to be rising. 

We are primarily seeing the top view here. Kindly provided by 

Jörg Schumacher. Similar studies appear in [10]. 

Now the earth’s atmosphere were totally dry and in perfect 

equilibrium, would display the dry adiabatic lapse rate, which 

is shown as the green line in Figure 4. This lapse rate comes 

about since the atmosphere is, to a very good approximation, 

an ideal gas, and would in addition satisfy the hydrostatic 

condition dP/dz = – ρg, where P is the pressure, z is the 

vertical coordinate, ρ is the density and g is the acceleration 

due to gravity. Using these and the adiabatic condition P ∝ ργ, 

with a few steps of algebra (which the reader is encouraged to 

carry out), we obtain dT/dz  ≃ –10 K/km. However, the actual 

temperature gradient of the atmosphere in the vertical 

direction is about 6 K/km. So the atmosphere would only be 

stable if the temperature gradient were to be equal to or smaller 

than this number. Consequently, with radiative transfer alone, 

the atmosphere is very unstable, and therefore large-scale, and 

often violent, convection is a normal state of the earth's 

atmosphere. Further, Manabe and his collaborators included 

the fact that the atmosphere is moist, i.e., contains water 

vapour. When moist air from the earth's surface is convected 

upwards to great heights, condensation takes place, since the 

temperature is lower and the air gets supersaturated (by the 

Clausius-Clapeyron equation again). So, latent heat is released 

into the atmosphere which then warms up relative to the dry 

adiabatic lapse rate, to result in about a 6 degree reduction per 

km, as shown in blue in Figure 4. The latent heat produces 

what we term as “volumetric heating”. The one-dimensional 

model of Manabe incorporated this and a lot of other physics. 

In particular it took into account the absorption and radiation 

at every height in the atmosphere based on local 

concentrations of carbon dioxide and water vapour, and also 

the fact that water vapour and carbon dioxide only absorb 

radiation in selected wavelength windows. They then 

provided a reliable estimate of climate sensitivity, of about 2 

degrees per doubling of carbon dioxide. Imagine if the world 

had taken note of their findings, given them the Nobel Prize 

right then, and more important, and decades ago taken urgent 

measures to go green! The estimates of Manabe and 

Wetherald [5] of how atmospheric temperature would change 

in response to increasing carbon dioxide is shown in Figure 6.  

 
Figure 6: Finding of Manabe. Change in the lapse rate of 

temperature in the atmosphere as the carbon dioxide 

concentration in the atmosphere increases. Note that the 

earth’s surface gets warmer but the stratosphere gets cooler. 

Taken from [5].
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Note that temperature at the surface and up to a height of about 

13 km shows an increase, whereas the stratosphere actually 

cools with increase in carbon dioxide! This is one direct 

evidence that global warming is due to greenhouse effects 

rather than due to increased radiation from the Sun for some 

reason. The reason for the cooling of the stratosphere is 

beyond the scope of this article, but provides an interesting 

feature for the reader to investigate on her own. Manabe’s 

recent article [7] contains a brilliant exposition of this topic. 

The numerical model developed by Manabe and coworkers is 

thus prescient and highly remarkable. Modern climate models 

include a lot more details, but their foundations remain the 

same as proposed in Manabe’s model. A revealing exercise 

has been conducted in [1] using the Moderate Resolution 

Atmospheric Transmission (MODTRAN) climate model. 

They say “MODTRAN simulates the emission and absorption 

of infrared radiation in the atmosphere in the same manner as 

Manabe and Wetherald [5] but with modern spectral data and 

methods.” This is shown in Figure 7. We see that in large 

windows in the wavenumber range, greenhouse gases strongly 

reduce emission to outer space. 

 

Figure 7: The earth emits longwave radiation to outer space 

(shown on the y-axes in W/m2) as shown by the jagged solid 

black lines. The different smooth lines from the lowest upward 

are for radiation from the earth if it were a blackbody at 220, 

240, 260 (blue), 280 (magenta) and 300 K. (a) If there were to 

be no carbon dioxide. (b) 1000 ppm of carbon dioxide with no 

additional water vapour. (c) New steady state after allowing 

for additional water vapour concentration in the atmosphere 

resuting from heating. Taken from [1]. 

Some of Klaus Hasselmann’s contributions 

As mentioned in the abstract, this author’s limited knowledge 

make this section very brief. But Klaus Hasselmann’s 

contributions are supremely important as well. He realised that 

spatial and temporal teleconnections, or the correlations 

between climate anomalies, are very important for the climate 

models, and devised approaches which account for them. A 

flavor of how complicated the earth system is can be imagined 

from viewing Figure 8. We are told that because the equator 

on an average gets hotter than the poles, there is poleward 

advection. But just a look at winds and ocean currents show 

us that the reality is hugely complex. Note how different the 

winds at the surface are, in this instantaneous snapshot, to 

those at a height of about 5 km! It is hard to visualise the 

complex and ever-changing large scale three-dimensional 

patterns of air movement. Secondly there are slow and fast 

processes, and this is central to Hasselmann’s thinking. As just 

one example, air at the surface can respond quickly to local 

temperature changes, whereas timescales in the ocean are a lot 

slower. 

 

Figure 8: The atmosphere (a) on earth’s surface and (b) at 

about 5.5 km, and the ocean surface (c) at about 09:15 GMT 

on 15 March, 2022. Winds and currents are shown by the thin 

white arrows, while temperature is shown in colour. Taken 

from https://earth.nullschool.net. 

Figure 9 shows a schematic of a great conveyor belt in the 

ocean which transports heat and salt from one place to another 

over millenia. Hasselmann was interested in another 

separation of time scales: that between weather and climate. 

Just as a very large number of air molecules bombarding a dust 

particle makes it execute Brownian motion at a speed much 

slower than the air molecules, rapid weather fluctuations can 

drive the climate.  

 

Figure 9: Thermohaline circulation in the ocean. Taken from 

Wikipedia. 

We know that governments and all people need to take urgent 

action to mitigate climate change and its effects. But these 

efforts get postponed or highly reduced due to myriad reasons. 

Foremost among these reasons is that climate-change 

skepticism has been high, where people are not convinced that 

climate change is actually happening primarily due to 

anthropogenic causes. Hasselmann’s science was directed at 

attributing causality. With methods developed from his ideas, 
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we are able to show with greater and greater certainty that 

humans and their lifestyles have caused untold harm to earth’s 

climate. The Assessment Reports of the Intergovermental 

Panel for Climate Change reflect this increasing certainty, in 

the far stronger adjectives and adverbs used in more recent 

assessment reports attributing responsibility to anthropogenic 

causes. Hasselmann also provided a systematic way to assess 

the performance of numerical climate models in the light of 

ever-increasing observational data. 

It is hoped that this article has given the reader a first flavour 

of why half the 2021 Physics Nobel Prize was awarded to 

Syukoru Manabe and Klaus Hasselmann. Also if it has ignited 

an interest in climate change as a research problem in even a 

small number of readers, the article has reached its objective. 

Acknowledgements 

This article has drawn significantly from the lectures in ICTS 

of John Wettlaufer, J. Srinivasan and R. Shankar.  Grateful 

thanks to Jörg Schumacher for providing Figure 5. Support of 

the Department of Atomic Energy, Government of India, 

under project no. RTI4001 is gratefully acknowledged. 

References 

1. “Scientific Background on the Nobel Prize in Physics 2021”, 

The Nobel Prize in Physics 2021, NobelPrize.org, Nobel Prize 

Outreach AB 2022, Tue. 12 Apr 2022, 

https://www.nobelprize.org/prizes/physics/2021/summary/ 

2. E.N. Foote, “Circumstances affecting the Heat of the Sun’s 

Rays, American Association for the Advancement of Science 

(AAAS) Conference”, (1856) 

3. J. Tyndall, Proc. R. Soc. Lond. 10, 37–39 (1860) 

4. S. Arrhenius, Phil. Mag Ser. 5, 237–276 

5. S. Manabe and R.T. Wetherald, J. Atmos. Sci. 24, 241–259 

(1967) 

6. S. Manabe, S. and K. Bryan, J. Atmos. Sci. 26, 786–789 (1969) 

7. S. Manabe, Tellus A: Dyn. Meteorol. Oceanogr. 71(1), 1620078 

(2019) 

8. S. Manabe and R.F. Strickler, J. Atmos. Sci. 21, 361 (1964) 

9. S. Manabe and R.T. Wetherald, J. Atmos. Sci. 32, 3 (1975) 

10. Valentina Valori and Jörg Schumacher, Europhys. Lett. 134, 

34004 (2021) 

11. K. Hasselmann, Rev. Geophys., 4(1), 1– 32 (1966) 

12. K. Hasselmann, Proc. R. Soc. A 299, 77–100 (1967) 

13. K. Hasselmann, Tellus 28(6), 473-485 (1976) 

14. K. Hasselmann, On the Signal-to-Noise Problem in 

Atmospheric Response Studies. In: Meteorology of Tropical 

Oceans, Ed. by D.B. Shaw. London: Roy Meteorol Soc., pp. 251 

259 (1979) 

 

 

 

 

 

 

 
(Photo Courtesy: http://nobelprize.org/) 

Syukuro Manabe Klaus Hasselmann 

https://www.nobelprize.org/prizes/physics/2021/summary/
http://nobelprize.org/


Physics News 

9  Vol.52(1-2) 

Global Drivers of India’s Climate Variability and Trend  

Raghu Murtugudde1,2 

1 Climate Studies, IIT Bombay, Mumbai, India 
2 Earth System Science Interdisciplinary Center, University of Maryland, College Park, USA 

E-mail: raghu83@iitb.ac.in  

 

Raghu Murtugudde got his B.Tech. in Aeronautical Engineering from IITB and his Ph.D. in 

Mechanical Engineering from Columbia University, He worked at NASA-GSFC, University of 

Maryland and is now at IITB. He offers courses on climate science, climate change, climate solutions, 

and climate and health on YouTube.  

 

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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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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Abstract 

“History repeats” goes a popular adage. Thus, by understanding monsoons in the ancient climates that are analogous to what 

is expected in the future, we can develop more confidence in the prediction of 21st century climate and be prepared accordingly. 

Monsoons of the distant past are inferred through indirect measurements, called proxies. Proxies suggest that monsoon strength 

has varied in step with periodic oscillations in the Sun-Earth geometry. These oscillations with periods 23 ky, 41 ky, and          

100 ky (years – y, 1000 years - ky) modulate the solar radiation reaching the Earth. The growth and decay of ice sheets and the 

rise and fall of greenhouse gas concentrations in the atmosphere through the ice ages also modulate the monsoons. An emerging 

theory of monsoons known as “energetics of monsoons” can decipher the impact of these climate drivers and the ensuing 

feedbacks. We find that long-term monsoon evolution is determined by only two variables: the net energy flux into the 

atmosphere and water vapor. Furthermore, we have shown that the energy released by the oceans plays a crucial role in 

determining the local rainfall over the oceans. The anthropogenic global warming will enhance the moisture content in the 

atmosphere and lead to an increase in the monsoon rainfall. 

 

Introduction: Why Paleo?  

At 40 million years, the South Asian monsoon is probably 

as old as the Himalayas. However, a systematic measurement 

of the monsoon began only about 150 years ago, triggered by 

a series of climate disasters, one of which claimed nearly one-

third of Orissa’s population in 1866 [1]. Even though our 

society is more resilient today, monsoons continue to have an 

impact. Thus, it is of prime importance to produce a useful and 

reliable forecast. The ongoing global warming is driving the 

Earth system into uncharted territory. Hence, the 150 years of 

data is not sufficient to infer the full-scale impact of climate 

change on monsoons and society. Climate models have 

therefore been used. Our understanding of the magnitude and 

pattern of changes is limited by the uncertainties in the climate 

models used to make these future predictions. The Earth has 

been carrying out a natural experiment with its climate. Thus, 

studying the past will give us a clue about what to expect in 

the future. These ancient climates also serve as a test bench for 

the evaluation and calibration of the climate models, thereby 

improving our confidence in the simulated climate of the 

future. 

With the advent of the satellite era in 1960, global 

meteorological data became available. This has been valuable 

in developing our understanding of the monsoon and its 

vagaries. Numerous factors that influence the monsoon have 

been identified, ranging from local processes to distant 

processes in the Indian, Atlantic, and Pacific oceans. The 

monsoon is not an isolated system — it also interacts with 

different components of the Earth system. Each component 

has a different timescale of influence [2]. Only a few 

interactions can be documented with only 60 years of global 

data. Studying climates of the past allows an inspection of the 

myriad possible interactions. Quantifying the role of these 

interactions provides a useful assessment of the dominant and 

important factors that drive monsoons and will be valuable in 

predicting how monsoons will evolve in the future. 

Most of the theories of monsoons are based on present-day 

observations. A study of past monsoons thus has a significant 

role to play in testing these theories as well as in the 

articulation of their specifics. The land-sea thermal contrast 

theory of monsoon is no longer considered adequate as it 

cannot explain the monsoons that have been found to exist on 

aquaplanet simulations. Theories of shifts in the tropical band 

of precipitation based on energy and mass transport are 

gaining momentum. In this article, I will briefly discuss the 

techniques used to reconstruct ancient monsoons, followed by 

an overview of the monsoon variability on timescales beyond 

instrumental records. I will then highlight some of the 

limitations of proxies that can be overcome with climate 

models. Finally, I will discuss results from our work.  
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Reconstructing monsoons of the past 

“If you listen carefully enough, the past whispers to you.”  

– Albus Dumbledore (JK Rowling) 

The monsoon is a phenomenal annual event that has an impact 

on the entire sub-continent as well as its biogeochemical 

cycles. The monsoon leaves behind biological, physical, and 

chemical signatures year after year. Some of these remain 

preserved in time. By reading such tell-tale signs, we can 

deduce monsoon features from a time before the instrumental 

record. These signatures are known as proxies and a few of 

them are listed below. 

Cave data 

Many caves contain structures known as speleothems 

(stalactites and stalagmites). Speleothems are made of calcium 

carbonate minerals. They grow over time due to the supply of 

calcium carbonate from rainwater that seeps through soil and 

drips into the cave. The isotopic composition of the rainwater 

is thus retained in the speleothems. Of particular importance 

is the heavier isotope of oxygen, 18O, which preferentially 

condenses, leaving behind water vapor that is depleted in 18O. 

Thus, as a parcel of air moves further into the monsoon 

domain, the 18O isotope concentration diminishes every time 

rainfall occurs. When monsoons are strong, heavier 

precipitation renders the parcel of air excessively depleted in 
18O by the time it reaches the site of the cave. And vice-versa. 

This is known as the amount effect. Hence, 18O concentration 

and monsoon strengths are inversely related. The 18O 

depletion is measured with respect to a sample and is given 

by: 

𝛿18𝑂 = (

(
18𝑂
16𝑂

)
𝑠𝑎𝑚𝑝𝑙𝑒

(
18𝑂
16𝑂

)
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1) × 1000 °/∘∘ (1) 

Figure 1 shows monsoon reconstruction from such a cave 

system in China. This reconstruction goes back to about 

640,000 years. 

 

Figure 1: The timeseries of 𝛿18𝑂 from the Chinese caves [3], 

shown by the grey line, and the incoming solar radiation 

during summer (Jun-Jul-Aug averaged) at 30°N, shown by the 

red line. 

Wind-based proxies 

The low-level (near the surface) monsoon winds are an 

integral part of the monsoon system. They bring nutrient-rich 

deep waters into the upper layers along the coast of Oman and 

Somalia. Therefore, microscopic animals called foraminifers 

thrive in these waters during the monsoons. Stronger 

monsoons are associated with stronger winds, which, in turn, 

enhance the nutrient supply into the upper ocean and increase 

the foraminifer population in these waters. Thus, the 

cumulative amount of foraminifer in a season is proportional 

to the monsoon strength. Foraminifers develop calcium 

carbonate shells that precipitate on the seafloor when the 

foraminifer dies. A count of these shells from the seafloor 

sediment cores, thus, is a proxy for monsoon winds. During 

monsoon season, strong winds deposit dust into the ocean. A 

measure of dust concentration and grain size are continental 

indicators of monsoon strength. 

Another source of wind-based data is from the loess deposits. 

Loess is formed by sedimentation of soil deposited by winds. 

Loess deposits, particularly from the Chinese loess plateau, 

have been used to understand the variations in monsoon 

winds. During winter, dust is deposited on the plateau when 

cold, dry winds from the north and northeast blow. Stronger 

winds can transport heavier and larger particles. The flux of 

dust into these regions also increases. Thus, the grain size and 

dust flux have been used as an indicator of winter monsoon 

strength. Furthermore, it has been demonstrated that magnetic 

susceptibility from the loess deposit represents the summer 

monsoon intensity, and wind direction can also be inferred. 

Tree rings 

Trees produce an annual layer of growth under their bark. The 

growth depends on the weather patterns of that year. Thus, by 

examining the width and density of wood in each ring, the 

climate variability over the lifetime of the tree can be 

discerned. Scientists have reconstructed a monsoon drought 

atlas from an extensive network of tree rings. Data such as this 

clearly shows the impact of volcanoes and decadal-scale 

oscillations in ocean temperature on the frequency and 

intensity of droughts. Both temperature and precipitation can 

also be reconstructed from isotopic variations in the rings. 

Lake data 

A qualitative estimate of the hydrologic conditions of the lake 

basin can be made with the help of ancient shorelines. 

Specifically, for closed lakes (with no outflow), the changes 

in a shoreline depend on the difference between precipitation 

and evaporation. Furthermore, the lake bottom sediments are 

formed continuously, thus, providing sequential information 

of variations in the sediments over time. These sediments 

could be of an origin outside the lake (e.g., pollen, sediments 

from rivers and streams, dust from winds, charcoal from forest 

fires, etc.,) or within the lake (e.g., fossilized shells of 

mollusks and foraminifers, precipitation of inorganic 

materials, etc.) The extent and type of paleo-vegetation cover 

around the lake can be estimated based on the pollen type and 

concentration. This is useful in understanding the hydrology 

of the period to which these pollens belong. 
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Marine sediments 

The sediments on the ocean floor provide a wealth of 

information on ancient climates. There are numerous proxies, 

such as the flux of sediments brought by rivers, the abundance 

of foraminifera shells, and the isotopic compositions in the 

shells of various organisms that dwell near the surface and 

those that inhabit the seafloor, etc. The 𝛿18𝑂 from the 

foraminifer shells from sediment cores taken near the mouth 

of rivers can be used to estimate paleo-monsoon intensity. 

Since 𝛿18𝑂 in these waters is largely affected by the 

freshwater input from the river, variations in 𝛿18𝑂 reflect the 

variations in river run-off. This is, in turn, influenced by 

precipitation in the river catchment area. Thus, 𝛿18𝑂 from 

these sites can represent monsoon intensity. However, the 

𝛿18𝑂 is also influenced by temperature. Other proxies such as 

alkenones can be used to make independent estimates of ocean 

surface temperatures. Some species of phytoplankton 

(microscopic plants) produce alkenones whose concentration 

is a function of temperature. The effect of temperature can 

thus be accounted for. The river run-off also contains leaf wax, 

washed off from the leaves of terrestrial plants further inland 

by monsoon rain. The δD (deuterium depletion) in these leaf 

waxes is a function of precipitation, and the isotopic ratio is 

preserved in the marine sediments. 

The long-term variations in monsoons 

With the help of various reconstructions of monsoons, we 

have gained insights into monsoon variability at timescales 

beyond instrumental records. Different factors, known as 

forcings, drive monsoon variability on different timescales. 

Centennial and Millennial-scale (100–1000 years) 

In the last millennia leading up to 1850 AD, when the 

industrial revolution began, the impact of human activities on 

climate was minimal. Variations in monsoon were driven by 

natural forcing agents, with the volcanoes being the most 

dominant forcing. Volcanic eruption leads to the formation of 

aerosols in the stratosphere that reflect solar radiation. This 

causes global cooling. A consequence of this is the reduction 

in monsoons in the years following the eruption. As the 

aerosols precipitate out of the stratosphere, global 

temperatures gradually rise and return to pre-eruption values 

in about a decade. Monsoon strength also increases to pre-

eruption values. Volcanoes thus offer an impulse forcing to 

the climate system, and studying the response of monsoons 

and climate to this kind of forcing throws some light on its 

response to global cooling and warming. 

The solar output is known to have centennial-scale 

fluctuations driven by the internal dynamics of the Sun. There 

is substantial evidence showing that the medieval warm period 

(900–1200 AD) was abnormally warm due to increased solar 

output. This was followed by a decrease in the solar output. 

This, coupled with volcanic eruptions, led to a colder climate 

between 1300 AD and 1850 AD, known as the little ice age. 

Glaciers extended further, and the winter snowline and sea-ice 

extent increased during this period. In general, the monsoon 

intensity has been found to follow these centennial oscillations 

in global temperature. 

Several lines of evidence point to abrupt changes in climate in 

the distant past. The most recent event termed the “4.2 ka 

event,” has had a severe impact on the civilizations that 

existed around 4200 years ago. This event was relatively mild 

compared to those which occurred during the colder glacial 

periods known as the Dansgaard-Oeschger oscillations. 

Greenland ice cores have registered up to 10 K change in 

temperature within a decade. These abrupt changes last for 

multiple centuries to a millennium. These events are driven by 

factors internal to the climate system and are associated with 

the slowdown or speed up of the Atlantic meridional 

overturning circulation (AMOC). AMOC is a large-scale 

ocean circulation that moves warm water from the tropics to 

the poles. Fluctuations in AMOC have an impact on global 

climate, including monsoons. A strong correspondence of 

these abrupt events with monsoons has been recorded. In 

general, northern monsoons weaken, and southern monsoons 

strengthen [2]. This is a result of the southward shift of the 

monsoon rain bands. The ongoing global warming is melting 

Greenland ice sheets and also slowing down the AMOC. A 

sudden collapse of the ice sheet is considered to be a low 

probability event [4]. But should it occur, paleo records 

underscore strong global consequences, including a 

substantial weakening of the monsoons. 

Orbital timescales (10 ky–100 ky) 

As we move further back in time, the changes in the Sun-Earth 

geometry become pertinent. The Sun-Earth geometry varies 

on timescales ranging from 10 ky to 100 ky (ky – 1000 y) in a 

periodic manner known as the Milankovitch cycles. The 

strongest modes of variability occur at 23 ky, 41 ky, and 100 

ky periods. These correspond to the precession of the Earth’s 

axis, the changes in the tilt of the Earth’s axis (obliquity), and 

the changes in eccentricity, respectively. These cycles impact 

the amount of solar radiation reaching the Earth. The 23 ky 

precession mode has the highest variability and is modulated 

by the low frequency 100 kyrs eccentricity mode. The 41 ky 

obliquity mode has a minor impact on monsoons as its effect 

on incoming solar radiation is highest at the poles and 

progressively decreases towards the equator. Many terrestrial 

reconstructions of monsoons indicate that monsoon strength 

has varied in step with the incoming solar radiation (Figure 1). 

During periods when the local incoming solar radiation is 

higher, monsoons are stronger, and vice versa.  

On orbital timescales, the incoming solar radiation over the 

southern hemisphere is out of phase with that over the northern 

hemisphere. Thus, the monsoon records from the southern 

hemisphere should also exhibit an out-of-phase relation with 

their northern hemisphere counterparts. This is exactly what 

the cave data from Brazil indicate. In fact, the orbital pacing 

of monsoons is so consistent that orbital parameters evaluated 

from the astronomical calculations are used to determine the 

age model of the proxies. This technique is known as          

orbital tuning. The orbital pacing of monsoons is consistently
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observed in several proxies of monsoons, spanning all the 

monsoon domains [2].  

The orbital variations in monsoon were previously explained 

with the land-sea contrast theory. Recently, the focus has 

shifted to the north-south movement of a thin east-west 

oriented band of rainfall called the intertropical convergence 

zone (ITCZ). ITCZ stretches in the east-west all the way 

across the planet and exports energy out of the warmer 

hemisphere and into the colder hemisphere. An increase in the 

differential warming of the hemispheres leads to a further shift 

in ITCZ into the warmer hemisphere. Thus, an increase in the 

incoming solar radiation in the northern hemisphere would 

lead to a northward shift in ITCZ and vice versa. A northward 

shift in ITCZ strengthens the monsoon, whereas a southward 

shift leads to a weakening of the monsoon. This theory has 

been useful in interpreting the variations in monsoon across 

continents recorded by the proxies.   

Tectonic-scale (Millions of years) 

The Earth’s tectonic movement on timescales of millions of 

years leads to the opening and closing of ocean basins, the 

creation of mountains and valleys, etc. Such changes in the 

geography of the monsoon domain have an influence on the 

monsoon [5]. Evidence from climate models has highlighted 

that the Indian monsoon intensified due to the upliftment of 

the Tibetan Plateau 50 Ma (million years) ago. The CO2 

concentration was 3–4 times higher 50 Ma ago than today. 

There was a steady decline in the CO2 concentration until 34 

Ma when an ice age began. A corresponding decline in the 

monsoon strength has been recorded. This is undeniable 

evidence showing the impact of the greenhouse gases on 

monsoon. 

What can climate models tell that proxies cannot? 

Qualitative vs. Quantitative 

Over the last couple of decades, an extensive network of proxy 

reconstruction of monsoon has been established. Since proxies 

do not measure rainfall directly but capture the effect of 

rainfall, most proxies cannot offer a quantification of changes 

in precipitation. This has rendered paleomonsoon 

reconstructions into a qualitative description of the monsoon. 

Hence, proxies should not be regarded as rain gauges. 

Furthermore, the physical basis of different proxies is not the 

same. The empirical relation between the physical process and 

proxy parameter depends on local processes—for example, 

the relation between precipitation rate and 𝛿18𝑂 in rainwater 

changes with the region. Thus, a comparison amongst proxies 

is not so straightforward.  

Climate models are a useful tool to understand various climate 

processes as well as the impact of different forcings. With 

climate models, idealized thought experiments can be carried 

out to test theories and unravel mechanisms driving the 

climate processes. Numerous paleoclimate simulations have 

been carried out to understand the ancient climates. With the 

advent of paleo-simulations, quantification became possible. 

Such quantifications carry the potential of transforming 

qualitative explanations into a numerical model.  

Point source of data – inconsistencies resolved with 

climate models 

Despite the large agreement among proxies across continents 

regarding the orbital scale variability, they still are a point 

source of data. Traditionally, they have been thought to 

represent the large-homogeneous monsoon domain that they 

belong to. Several marine reconstructions of monsoon suggest 

that monsoon variations are out-of-phase with local incoming 

solar radiation, contrary to the terrestrial proxies of monsoon, 

which indicate a near in-phase variation of monsoon with 

incoming solar radiation. This has led to a long-standing 

debate in paleomonsoon literature [2].  

Climate models provide a spatially continuous estimate of 

precipitation and a host of other meteorological parameters. 

The variations in the parameters associated with precipitation 

can also be studied. Whereas proxies record the total effect of 

all forcings, with climate models, sensitivity experiments can 

be carried out. Thus, the effect of forcing can be isolated. 

Being self-consistent, climate models provide a convenient 

way to quantitatively assess the impact of various feedback. 

 

Figure 2: The timeseries of summer (Jun-Jul-Aug mean) 

precipitation rate over India and the Bay of Bengal in red and 

blue respectively. The solid grey line represents summer 

incoming solar radiation averaged over the latitudes of India 

(10°–30°N) (image adapted from [6]). The precipitation rates 

are derived from climate model simulation of the last 22,000 

years known as the TraCE-21k with realistic forcings. 

Using idealized as well as realistic experiments in the climate 

models, recent studies have underlined that monsoon response 

to changes in the Earth’s orbit is opposite over land and oceans 

[6]. We have demonstrated that greenhouse gas forcing 

produces a relatively uniform monsoon response than orbital 

forcing [6]. During the period 22 ka to about 11 ka, climate 

moves from a the colder glacial to warmer interglacial [6, 7]. 
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Greenhouse gases increase during this period. Hence, 

precipitation over India and the Bay of Bengal show similar 

variations. Across the period 11 ka to present, changes in the 

orbit are the dominant forcing, and precipitation over the two 

regions shows opposite trends. This suggests that the monsoon 

system, which was previously thought to be homogenous, 

consists of two distinct units, viz., the land and oceanic 

monsoon system. These have similar characteristics in the 

modern climate and respond identically to some forcings. But 

they behave differently in response to some other forcings.  

The north-south shifts in ITCZ cannot explain this opposite 

response [6]. We have used a theory of monsoons based on the 

conservation of energy and moisture known as the “energetics 

of monsoons”. This theory provides a simple diagnostic based 

on the total energy flux into the atmospheric column from the 

surface and top and total moisture content in the atmosphere. 

 

Figure 3: A schematic showing the simple diagnostic equation 

of monsoon [6]. Different parameters are dominant during 

different periods depending on the type of forcing driving 

climate change. 

We have shown that feedbacks in response to changes in orbit 

are dominant over the ocean [8]. These feedbacks are in the 

form of surface energy fluxes and are large enough to counter 

the changes in the incoming solar radiation over the oceans. 

This leads to the opposite land-ocean response. Moreover, 

greenhouse gases affect the monsoon through their impact on 

water vapor. Since water vapor varies in a similar manner over 

land and oceans on these timescales, precipitation response is 

also similar. 

Empirical relations change over time 

Proxies are based on empirical relations observed in the 

modern climate, which is just one of the many possible 

realizations. These relations are assumed to be valid under all 

climates. Climate models allow an investigation of such 

empirical relations in different climates. They can, therefore, 

provide a basis for a better interpretation of the proxies. One 

such example is the wind-based proxies in the Arabian Sea. In 

the modern climate, there is a positive correlation between 

monsoon rainfall over India and the primary productivity in 

the western boundary of the Arabian Sea. As described in 

Section 2, this positive relationship has been the basis for 

some of the monsoon reconstructions. Using climate model 

experiments, we have shown that this relationship changes 

with changes in Earth's orbit [8]. The upwelling of nutrients in 

this region is related to factors other than the Indian monsoon 

rainfall. These factors are prominent on orbital timescales and 

are not relevant in modern observations. Therefore, our results 

suggest that these proxies should not be interpreted as 

variations in monsoon strength. 

Discussion 

Climate has played a crucial role in the evolution of modern 

humans. Only in the last century have the tables turned. Now 

it is the human activities that are driving climate change. This 

has put an enormous pressure on the ecosystem, which cannot 

adapt to the rapid pace of anthropogenic climate change. 

Therefore, a study of the past is crucial to understand how 

resilient the systems are and how fast they can recover (if at 

all they can). 

In general, proxy-based evidence implies that global warming 

will lead to an increase in monsoon rainfall. The magnitude of 

change in the rainfall and the physical mechanism can only be 

determined with climate models. However, climate models 

suffer from shortcomings, foremost of them being the biases 

in sea surface temperature and precipitation. This could be a 

result of various parameterizations and/or certain missing 

feedback. One of the most studied biases in paleomonsoons is 

that of the underestimation of the intensity as well as the 

northward extent of the African monsoon 6000 years ago. This 

bias has been attributed to the missing vegetation feedbacks in 

the climate models. In a bid to overcome these issues, the 

resolution of climate model has been increased, and a wider 

range of processes incorporated. On longer timescales, other 

components of the Earth system, such as the cryosphere and 

the biosphere, impact climate and vice versa. However, 

accounting for these components and other processes runs the 

risk of increasing the complexity of the climate model without 

a guarantee of improving it. Despite these shortcomings, 

climate models are our best hope for understanding some key 

aspects of the past and future of monsoons. 
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Abstract 

The interactions between the components of the Climate System are maintained through the interlinked Energy, Water, and 

Carbon Cycle. The rapidly intensifying unprecedented global warming affects the water cycle components in the atmosphere, 

the hydrosphere, and the biosphere. The components include precipitation, evapotranspiration, runoff, soil moisture, and water 

flux from the land to the oceans. These changes are complex, interplaying and nonlinear. The complexity further increases with 

the human water and land management and the associated feedback to the climate. Global warming has resulted in a widespread 

increase in extreme precipitation. An increase in droughts due to prolonged dry periods also been observed. Increases in heavy 

precipitation and decline in the medium precipitation have reduced the recharge and hence, the water storage on land. 

Agricultural intensification with increased irrigation, specifically in South Asia, resulted in a further decline in groundwater. 

Such human water management also has impacts on the spatial variation of rainfall. Understanding the perturbation in the water 

cycle due to multi-dimensional causal effects makes the projections of water availability challenging, despite enormous 

improvements in climate modelling over the last two decades. Here, I summarise the changing water cycle processes in a 

changing climate, identifying the potential areas for future research.    

 

 

Introduction  

The Intergovernmental Panel of Climate Change (IPCC), 

Assessment Report 6, Working Group I assessed global 

warming as rapid, intensifying, widespread, and 

unprecedented [1]. The increased temperature, resulting from 

anthropogenic emissions, drives enormous global and regional 

water cycle changes. Precipitation and Evapotranspiration are 

the two key variables that connect the atmosphere and land. 

Precipitation is one of the most complex meteorological 

phenomena to be modelled or simulated. Hence, the 

projections of the changing precipitation patterns in a 

changing climate are associated with high uncertainty and 

bias. The precipitation falling on the land gets converted into 

three major components: infiltration, evapotranspiration, and 

runoff. The partitioning of the available water from 

precipitation depends on the land use land cover (LULC), 

human water management practices, and the hydrologic 

memory. The evapotranspiration joins the atmospheric 

moisture and results in recycled precipitation. 

Evapotranspiration and the associated cooling change the 

spatial temperature patterns and, subsequently, the moisture 

tracks, perturbing precipitation patterns. This is known as 

land-atmosphere feedback. The runoff joins the ocean in terms 

of streamflow and controls the salinity of oceans near the 

coastline. That also has the potential of changing rainfall 

patterns inland. The entire system gets largely perturbed by 

human water management, such as reservoir operation, 

irrigation, LULC changes, urbanization, and even the 

proposed interlinking of river basins in India. Hence, 

understanding the water cycle in a changing climate needs a 

holistic approach rather than just conventional hydrology over 

the land. 

The glaciers and the snow covers over the high mountain play 

another vital role in maintaining the river flows in the dry 

seasons. Increased warming has resulted in melting of glaciers 

and the reduction of snow-covered areas. This might increase 

the flow in the near future and decline flows in the far future.  

Increased warming results in an increase in the evaporation 

and moisture-carrying capacity of the atmosphere. 

Observations show 1–3% increase in the mean precipitation 
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per degree Celsius warming, which is mainly contributed by 

the increases in extreme precipitation. The extreme 

precipitation increases by 7-8%/°C warming [2]. Increased 

extremes do not help in the infiltration and the subsequent 

groundwater recharge. IPCC AR6 WG1 suggests that similar 

changes will continue in the future. 

Changing Patterns of Precipitation and Extremes 

The Clausius-Clapeyron (C-C) theory in classical 

thermodynamics suggests that the moisture-carrying capacity 

of the atmosphere increases by 7–8%/°C warming. 

Observations indicate that extreme precipitation globally 

follows the same increasing rate with warming [2]. The trends 

are different at the regional scale due to differential moisture 

supply. Typically, the changes in precipitation have two 

components, changes in thermodynamic components and 

changes in the dynamic components. The thermodynamic 

changes follow the C-C scaling, whereas the dynamic changes 

are driven by wind and moisture sources. The scaling of 

extreme precipitation with temperature becomes higher and 

prominent for shorter duration rainfall. There are regions 

where double C-C scaling has been observed for sub-daily 

rainfall intensities. However, such a high scaling could be 

apparent due to the lack of monitoring of sub-daily 

temperature and also limited understanding of the 

considerations of timestamps, for which temperature needs to 

be recorded. 

Globally the mean rainfall shows an average increase of          

1–3%/°C warming. The global spatial pattern of changes in 

the mean and extreme rainfall are different. This makes the 

simulations of precipitation challenging at a global and 

regional scale. Not only the greenhouse gas (GHG) emissions 

but also the aerosols, land use land cover changes, and the 

human water management play a major role in changing the 

patterns of mean and extreme precipitation.  

For the Indian subcontinent, there has been a decline in the 

mean annual rainfall and seasonal monsoon rainfall. From 

June to September, the summer monsoon rainfall in India 

contributes to 80% of its total rainfall. The temperature 

difference between the landmass and the western Indian 

Ocean plays a significant role in the monsoon processes. Over 

the last century, there has been significant warming in the 

Western Indian Ocean, whereas the high aerosol concentration 

over North India resulted in cooling. These contrasting effects 

resulted in decreased thermal contrast of land and oceans. The 

analysis of 20th-century observed data shows a decreasing 

pattern of mean monsoon rainfall with a specific spatial 

pattern (Figure 1).  

India has observed an increase in extreme precipitation, which 

is particularly widespread in Central India [3]. This is due to 

the high moisture surge coming from the warm Arabian Sea. 

The Arabian Sea is the highest contributor of moisture to the 

widespread increased extreme precipitation in Central India 

[3]. Interestingly the second-highest contributor is the land 

moisture. This also suggests higher feedback from land to a 

large-scale process such as monsoon. During the end of the 

monsoon, the land contributions of moisture are 

approximately 20-25% of rainfall. Hence, changes in land 

results in a perturbation of mean and extreme rainfall.  

From 1950 onwards, the observed data of extreme rainfall not 

only shows an increase in extreme precipitation but also an 

increase in the spatial variability of extreme precipitation. This 

can probably be attributed to LULC changes and urbanization. 

Large-scale deforestation might result in a decline of monsoon 

rainfall due to reduced recycled precipitation, specifically over 

Northeast India [4]. The water management on land, 

specifically the uncontrolled irrigation, leads to the shifting of 

the rainfall band towards the west in September and an 

increase in widespread extremes over Central India. 

 

Figure 1: Decline of Indian Summer Monsoon Rainfall. 

Floods and Droughts 

Intuitively, mean and extreme precipitation changes translate 

into droughts and floods. However, such simplistic 

associations do not hold for complex hydrological processes 

and human interventions. Floods are categorized into pluvial 

floods, fluvial floods, coastal floods, and compound floods. In 

the pluvial floods, the increases in extremes get translated into 

increases in floods. For example, urban floods may be 

considered as pluvial floods. Hence, we can expect the 

changing patterns of pluvial flood almost similar to C-C 

scaling. Fluvial floods are the riverine floods and are 

dependent on multiple hydrologic conditions, soil moisture 

memory, human water management such as reservoir 
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operations, etc. Hence, the increase in extreme precipitation 

does not always linearly and proportionately increase the 

fluvial flood. There are no spatially consistent changing 

patterns of fluvial flood, unlike extreme precipitation.  

The patterns of floods largely depend on the size of watersheds 

as well. For smaller watersheds, with a very low time of 

concentration, the sub-daily scale precipitation scaling gets 

reflected in the streamflow scaling. For large watersheds, the 

impacts of extreme precipitation changes get dampened and 

cannot be easily attributed to a single factor. 

Coastal floods are associated with high tides and storm surges. 

Their occurrences increase with rising sea levels. A coastal 

flood is further associated with rainfall-induced flooding in a 

coastal region and is defined as compound flood extremes. 

Many of the coastal regions in India are affected by compound 

flooding. For example, the flooding associated with the pre-

monsoon tropical cyclones on the East coast of India are 

associated with extremes of precipitation, storm surge, tidal 

flood, and sea-level rise. In the future, the coastal regions will 

be more prone to the compound extremes due to the increase 

in all the contributing factors. 

IPCC, AR6, WG-I Chapter-11 defines drought as “periods of 

time with substantially below-average moisture conditions, 

usually covering large areas, during which limitations in water 

availability result in negative impacts for various components 

of natural systems and economic sectors.” There are different 

types of droughts. Broadly, they are classified as, 

meteorological drought, agricultural drought, and 

hydrological drought [5]. Meteorological droughts are 

associated with precipitation deficit or decline in the 

differences between precipitation and evapotranspiration. 

Hydrological droughts are associated with a decrease in the 

hydrological variables. Agricultural droughts involve 

moisture deficit, atmospheric aridity, or soil moisture deficit 

that affect the agricultural productivity. Drought duration 

might vary from a few weeks (flash drought) to multiannual 

(mega-drought). Globally, more regions experience an 

increase in meteorological drought and ecological drought. 

There has been an increase in drought in India. However, the 

projected droughts under a warming climate are uncertain. 

This is associated with the poor model performance of the 

General Circulation Models (GCM) in simulating Indian 

Monsoon. For example, the Indian monsoon rainfall has 

declined over the last 50 years but the GCM historical 

simulations show an increase in monsoon rainfall. 

Urban Climate and Hydrology 

Around 35% of the Indian population live in urban regions, 

which are extremely vulnerable to climate extremes. The 

urban regions experience an intensification of extreme 

precipitation Such intensification is associated with the (1) 

high temperature in the urban regions, (2) temperature 

differences between urban and nearby non-urban regions, (3) 

urban pollution and aerosols acting as cloud condensation 

nuclei, and (4) urban structure and morphology favoring 

atmospheric instability with the generation of pockets of 

extremely heavy rainfall. Numerical and statistical 

experiments show an increase in the urban precipitation in 

India [6]. Urbanization has also led to non-stationarity and 

change of trends in extreme precipitation.  

In the urban catchments, the infiltration is very low, and 

hence, extreme precipitation translates to extreme flood. With 

a significant increase in extreme precipitation with warming 

and urbanization, the existing urban drainage often fails and 

results in an enormous increase in urban flooding in India. 

Furthermore, urban flooding is often associated with coastal 

flooding in coastal cities, the upstream reservoir operations, 

and the intensified rainfall in the upstream watershed. High 

human interventions, dense urban structures and lack of 

availability of high-resolution elevation map and drainage 

make urban flood simulation one of the most challenging 

hydrological problems. 

Food-Energy-Water Nexus 

The agricultural intensification to feed the growing population 

has increased the crop-water demand specifically for our 

agriculture-dominated country, India. Global warming further 

increases agricultural water demand. The water availability 

has reduced with the increase of drought. Extreme 

precipitation cannot percolate through the soil within a short 

time and hence, does not add to recharge. The increasing water 

demand for food and the decreasing water availability have 

made the farmers rely on groundwater irrigation. In India, 

irrigation is uncontrolled and inefficient, and Government 

subsidies for groundwater pumping have resulted in a huge 

depletion of groundwater [7]. The depleting groundwater 

levels increase the energy requirements of groundwater 

pumping every year. The increased agricultural cost further 

affects food security. Hence, global warming has made the 

present agricultural practices unsustainable failing to meet the 

goals of water and food security. 

Summary 

In summary, the rapid, intensifying, irreversible climate 

changes have impacted the water cycle and water resources. 

Managing water with the development of climate-smart 

technology is the key. Climate scientists have made significant 

efforts to portray the failure of water infrastructure in the next 

100 years, which is important. However, the major stress 

should be on developing unique out-of-the-box sector-specific 

water management adaptation practices. This might need 

changes such as replacing water-intensive crops, such as rice, 

with other non-intensive crops or developing a large-scale soil 

moisture network for monitoring water needs, etc. Involving 

climate components in every step of technology development 

is the key climate solution for a sustainable future. 
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Abstract 

Global water cycle and climate are strongly coupled with each other, and with the whole earth system. The cryosphere is the 

part of the water cycle where water is stored as ice. Its main constituents are massive ice sheets in Antarctica and Greenland, 

and mountain glaciers in different parts of the world. Globally glaciers are mostly shrinking due to a warming climate. A 

significant fraction of the glacier cover may be lost by the end of the century, contributing to global sea-level rise and local 

changes in catchment runoff. A major fraction of the global mountain glaciers is in and around the Himalaya. We briefly 

discuss the observed and predicted glacier changes in the Himalaya and their hydrological consequences. Models and 

observations suggest a strong spatial variability of these changes over the Himalayan region. The large existing uncertainties 

in the predicted changes in climate, glaciers, and rivers in the region hinder appropriate water-resource planning needed to 

sustain irrigation, hydropower, and the ecosystem at large. Improved glacio-hydrological models, and an assimilation of 

comprehensive field and remote-sensing data are needed to reduce the uncertainties in the projected changes of river runoff 

from a socio-economic and ecological point-of-view. 

 

Water cycle and the earth system 

The abundant water on the earth’s surface resides in 

reservoirs like oceans, continental ice sheets and mountain 

glaciers, ground water, lakes and rivers, and atmosphere. Each 

of these reservoirs is dynamic and stores water in either liquid 

or solid or vapour phase. Fluxes of water and energy in and 

out of these reservoirs, along with the associated phase 

changes, is a part of the global water cycle. This cycle is 

strongly coupled to the climate at all spatial and temporal 

scales. For example, the relatively fast-flowing water vapour 

in the atmosphere and the liquid water in the ocean transport 

the excess solar energy (~1015 Watts) towards the polar region 

on a planetary scale. The terrestrial snow cover strongly 

reflects off the incident solar radiation and influences the local 

to global scale energy balance and temperature. The state of 

the climate, in turn, determines the water balance of these 

reservoirs and their volume, e.g., about 18000 years ago (Last 

Glacial Maxima) a colder climate led to much larger global ice 

cover and a global sea level that was 100 m lower compared 

to the present level. Due to such strong interactions and 

feedback, a careful modelling of the coupled evolution of 

water cycle and climate is a necessary condition for making 

accurate climate predictions. 

Cryosphere 

The low-temperature reservoirs where water is stored in the 

solid form (e.g., glacial ice, snow, and permafrost) are 

collectively referred to as the cryosphere. At present, glaciers 

and ice sheets store less than a couple of percent of the global 

surface water but remain the biggest reservoirs of freshwater. 

Most of this ice is in the two continental-scale ice-sheets in 

Antarctica and Greenland, whose volume is equivalent to a 

little less than 100 m of sea-level. In comparison, the ice stored 

in all the mountain glaciers, including those in the Himalaya, 

is only ~1 m of sea level. The permafrost regions, and the 

seasonal snow cover on land and sea are the other important 

ice reservoirs.                
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Cryosphere in a warming world 

The industrial revolution caused a climate change that is 

widespread, rapid and intensifying [1]. This climate warming 

(0.8 °C since 1880) has resulted in the loss of the seasonal 

cover, melting of mountain glaciers and ice sheets as well as 

loss of the summer Arctic Sea ice, and has amplified 

permafrost thawing. Altogether, this poses a serious threat to 

the water security for the livelihood and all the Earth’s 

ecosystems. The climate change-cryosphere interactions are 

relatively less understood compared to the climate-ocean 

interactions, the impacts of climate on the large-scale 

precipitation patterns, heat waves, etc. Thus, the evolution of 

the cryosphere under a changing climate needs special 

attention to develop sustainable water and ecosystem 

management plans at regional and global scales. 

Since the early 19th century, efforts have been made to 

understand the glacier wastage in the polar region and in the 

Alps. The satellite revolution around 1960s–1970s made it 

possible to observe the global ice wastage under the changing 

climate. The glacier research in India was started around mid-

1970s, and rapid progress was made over the last two decades. 

However, further efforts are needed to fill the gaps related to 

in-situ data on high-altitude meteorology, glacier mass-

balance processes, and permafrost thawing over the 

Himalayan region [2].            

Physics of glaciers 

What is a glacier?  

A glacier is a perennial body of ice fed by a net accumulation 

of snow in its accumulation zone, where it is too cold for the 

seasonal snow to melt. The accumulated snow gradually 

transforms into ice and flows downslope under gravity. Over 

the lower part of a glacier (ablation zone), generally the net 

energy flux is positive (into the glacier) that allows ice to melt.  

At some altitude, the net accumulation equals the net ablation 

at the end of the hydrological year, and this is called the 

equilibrium line altitude (Figure 1(A)). The meltwater 

generated contributes to the river runoff. Thus, a glacier is a 

non-equilibrium open system, where ice is constantly in flux. 

In a typical mountain glacier, the residence time of ice could 

be centuries, whereas on slow-flowing areas of ice sheets, the 

age of the stored ice could be ~105 years. In fact, such old ice 

and the embedded bubbles are time capsules from the past, 

which have been exploited for paleoclimate studies.         

Figure 1(B) represents an example of a typical mountain 

glacier of Durung Drung (Zanskar Himalaya).  

Ice flow 

Glaciers are characterised by flowing ice, with               

velocities ranging from ~1 m·y–1 in small mountain glaciers, 

to ~1 km·y–1 in outlet glaciers of the Antarctic ice sheet. The 

flow of solid ice is due to two separate processes: (1) Creep of 

polycrystalline ice, where crystal defects weaken the ice and 

allow it to deform irreversibly in response to the applied 

(gravitational) stress, and (2) Sliding of ice, where a stick-slip 

motion at the ice-bedrock contact —facilitated by basal water 

pressure— moves ice down the glacier.   

Creep allows ice to deform and flow as a (nonlinear) viscous 

liquid. For a back-of-the-envelope estimate of the viscosity, 

let us consider a glacier with a thickness of 100 m and surface 

velocity of 10 m·y–1. This implies a shear strain rate of             

~10–1 y-1 or ~10–8 s–1. For a surface slope s = 0.1, the typical 

shear stress is ρgHs ~ 105 Pa. A naive application of the 

Newton’s law of viscosity then indicates that the coefficient 

of viscosity of the glacial ice is ~1013 Pa·s. This value is 1016 

times higher than that of liquid water! In comparison, water is 

only ~102 times more viscous than air. However, ice is not 

really a Newtonian viscous fluid. It is a shear-thinning fluid, 

such that most of the deformation is localised within the 

bottom layers. So much so, that a plastic rheology provides a 

good first-order description of the ice flow dynamics.  

 

Figure 1: (A) A simplified schematic glacier cross-section 

showing the accumulation, ablation areas and the 

Equilibrium Line Altitude where the accumulation equals 

ablation. (B) A field photograph (October 2021) of Durung 

Drung Glacier in Zanskar Range (Ladakh) by Mohd. Farooq 

Azam.          

Climate forcing and the glacier response 

At the annual scale, a competition between the snow 

accumulation and the ablation of ice/snow at the ablation zone, 

decides the net annual balance of a glacier [3]. This net 

balance varies considerably between years due to the 
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interannual variability of the local meteorological conditions. 

A negative (positive) long-term decadal net mass balance 

causes a glacier to shrink (grow). For example, in a relatively 

warmer year, ablation may overtake accumulation, resulting 

in a negative net balance year. If such negative mass-balance 

conditions persist over a long period, the glacier will lose a 

significant fraction of its storage and shrink in terms of both 

its extent and volume. Interestingly, since this leads to a 

smaller ablation area, it brings the glacier closer to a state with 

a steady balance. Due to the presence of such a feedback, a 

glacier can be thought of as a non-equilibrium open system 

that is ‘trying’ to find a steady state corresponding to the 

prevailing climate. However, due to the slow flow of ice, the 

adjustment of the glacier geometry in response to climate 

forcing is a slow process. A simple estimate of the response 

time is obtained by taking the ratio of the divergence of ice-

flux (a few m·y–1) and a typical ice thickness (~100 m), which 

yields a time scale ranging from a few decades to centuries. A 

consequence of such a slow response is that glaciers are hardly 

ever in a steady state and are trying to catch up with the 

variable climate.  

The fact that the size of a glacier is tightly coupled to the state 

of the climate provides a handle on the past climate as well 

[3]. Due to a slow glacier response, the glacier extent responds 

only to the modes of climate variability that are slow 

compared to the response time. The existing historical 

information (e.g., maps, old photos, etc.) about glacier extent 

over the past decades/centuries, and the geomorphological 

markers of the glacier fluctuations over longer time scales 

(~102 to 105 y) have been used to infer the quantitative 

information of the past precipitation and temperature 

conditions. For example, one of the most reliable 

reconstructions of the global mean temperature over the past 

400 years was obtained from the available glacier length 

records using a simple zero-dimensional model of glaciers [4] 

which essentially treat the glaciers as low-pass RC filters.   

Importance of mountain glaciers  

There are about 1.7 × 105 glaciers in high mountain areas 

outside the polar regions, covering an area of about                    

2.5 × 105 km2, and storing an ice volume of 87 ± 15 mm sea-

level equivalent [5]. As discussed before, these mountain 

glaciers act as good climate-change indicators. They affect the 

regional and global climate, and the global sea level. They 

supply water to the rivers, and thus, are critically important for 

local as well as downstream communities by providing water 

for irrigation, hydropower generation, aquatic life, industries, 

household needs, and the ecosystem at large.  

Sea-level rise 

As discussed before, the global glacier extent is out of phase 

with the global climate and the mean sea level. Global 

warming has caused a widespread shrinkage of glaciers and 

ice sheets over the past decades. This loss of land-ice led to a 

steady rise in the global mean sea level at the rate of                  

~3–4 mm·y–1 over the period. This rising sea level is one of 

the major threats associated with climate change, compounded 

by a large population density in the coastal areas all over the 

world. Intriguingly, the recent sea-level contribution from the 

mountain glaciers was comparable to that from the ice sheets, 

despite a much larger volume of ice stored in the ice sheets. 

This is related to the significantly longer response time of the 

ice sheets. Over the coming decades, mountain glaciers will 

continue to remain important contributors to the sea-level rise, 

even as the ice-sheet contributions are going to dominate by 

the end of the century. In fact, theories have been proposed 

where the marine-terminating ice sheets can lose ice at a much 

quicker rate due to certain dynamic instabilities [6]. Such 

possibilities, together with the climate model uncertainties, 

make the predicted sea-level rise by the end of the century 

quite uncertain, ranging from 0.30–1.32 m [7]. Although ~1 m 

of sea-level rise may not appear as threatening to some of us, 

this potentially exposes ~108 people living in the coastal areas 

globally, to increased threats of storm surges, inundation, 

incursion of saline water, etc.        

River runoff 

Glaciers present in a catchment fundamentally control the 

temporal variability and change of catchment runoff. It does 

so by weakening the coupling of precipitation variability with 

that of the runoff on the one hand, and by strongly coupling 

the temperature variability to that of runoff over different 

times scales. This has several interesting consequences. For 

example, a temperature drive diurnal variation of meltwater 

production leads to a corresponding diurnal variability of the 

runoff. A similar temperature control over the seasonal to sub-

seasonal runoff is commonly seen in glacierized catchments. 

Thus, irrespective of the precipitation seasonality, summer 

season will have high flows in an extensively glacierised 

catchment. It has also been established that during the extreme 

summer droughts, glaciers in the catchment buffers the 

catchments against water scarcity [8]. Many of these 

beneficial characteristics of runoff of glacierised catchments 

are changing as glaciers continue to shrink due to global 

warming. Some of these changes include, change in the timing 

and magnitude of peak flow, early onset of high-flow season, 

changes in seasonal water availability, and so on [9]. 

Interestingly, glacier loss leads to a transient multidecadal rise 

in the annual river flows due to excess meltwater contribution 

from the glaciers. However, this signal is often undetectable 

given the background noise from the natural interannual 

variability. Further, the projected river runoffs because of 

continued glacier shrinkage also result in some glacier related 

hazards such as Glacial Lake Outburst Floods (commonly 

known by the acronym GLOF).    

Recent results from the Himalayan glaciers and 

outlook 

Changing glaciers: the present 

The Himalayan region —aptly called The Third Pole— in 

south Asia is one of the most heavily glacierized regions that 

contains  ~40,000  glaciers  with  an  area  of ~42,500 km2 and   
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ice volume of ~3422 km3.  Due to its geographic and climatic 

settings, this glacierized area is among the most vulnerable 

cryospheric systems on Earth under ongoing climate change. 

Climate change caused glaciers’ wastage worldwide including 

the Himalaya, but except for the north-west Karakoram range 

of the Himalaya where glaciers are nearly balanced over the 

last 5–6 decades [2]. The glacier-wide mass balance is often 

estimated by either geodetic methods using satellite data or 

glaciological method using in-situ measurements.   

The geodetic methods often estimate the average mass balance 

at the regional scale over a period of 5–20 years, hence it 

cannot be directly used to read-off the climate change patterns. 

Several assessments of glacier mass changes have been 

obtained using remote sensing methods (ICESat laser 

altimetry, optical satellite, and GRACE data) over post-2000 

period and, despite temporal and spatial differences, revealed 

a contrasted pattern of mass changes along the Himalayan 

region with strong thinning in the western Himalaya and 

insignificant elevation changes in the Karakoram (Figure 2). 

The mean geodetic mass balance for the Himalayan Range 

was estimated to be –0.37 meters in water equivalent per y     

(m w.e. y−1) over 1962–2015, which is nearly the same as the 

global glacier wastage [2]. Conversely, the Karakoram Range 

showed a balanced mass budget with –0.01 m w.e. y−1 between 

1975 and 2010, that was termed as the ‘Karakoram Anomaly’ 

[10]. Some recent studies also indicate an accelerated mass 

wastage of the Himalayan glaciers since 2000, while the 

Karakoram Anomaly is expected to end soon with the ongoing 

climate change [11]. 

Mass balance measurements using glaciological methods refer 

to an assessment of the changes in a glacier mass at seasonal 

or annual scale. The ablation/accumulation point 

measurements are performed at some selected sites on the 

glacier surface during the field expeditions, and then 

extrapolated to unmeasured areas of the glacier to estimate the 

glacier-wide mass balances, which can be used to interpret the 

climate changes if a long series of annual/seasonal observation 

is available. Unfortunately, due to the harsh field conditions, 

such measurements in the Himalaya are available only for 24 

glaciers that cover an area of ~112 km2 (only ~0.5% of the 

total glacierized area). Altogether, these glaciers showed a 

mean mass wastage of –0.59 m w.e. y−1 over                          

1975–2015 which is higher than the satellite-based estimate  

(–0.37 m w.e. y−1) [2]. The difference could be due to glacier 

selection for field-based observations: the selected glaciers are 

often rapid-response-type small glaciers and sometime 

lacking the well-developed accumulation area, and hence 

more negative mass estimates.  

Changing glaciers: the future implications 

The glacier changes have often been estimated either from 

geodetic methods at large scale or from glaciological method 

at glacier-scale (section: Changing glaciers: the present). The 

long-term mass balance changes and the associated river 

runoffs have been simulated using a variety of models from 

the simplified temperature-index to physically-based surface 

energy balance glaciohydrological models. The combined 

results of the models and the in-situ observations suggested 

that snow and ice melt are important but spatially varying 

hydrological component in the Himalayan Rivers, with higher 

meltwater contributions in the Indus Basin than in Ganga and 

Brahmaputra basins, where the hydrology is dominated by 

monsoonal rains. The projected 21st century trends in runoff 

seasonality and increasing frequency and intensity of extreme 

runoff events are consistent from different climate change 

scenarios and are in line with the projected glacier wastage. 

The total river runoff and glacier melt are projected to increase 

at least until 2050, with large uncertainties and some 

exceptions. However, the meltwater contributions showed 

large differences in estimates for the same catchments from 

different studies that highlight discrepancies in the modelling 

framework and assumptions. The projected increase in the 

river runoff will continue to contribute to the sea level rise and 

may also cause hazards such as landslides, debris flow, 

GLOFs, etc. Modelling these processes and their interactions 

with the mountain ecosystems and the rapidly growing 

infrastructure are yet some major research gaps.     

 

Figure 2: The glacier thickness changes over 2000–2018 period for the entire High Mountain Asia [12]. The black outline 

shows the different regions of the Himalayan and Karakoram ranges.
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The past and present of glaciological research in India 

In India, some pioneering measurements of glacier 

fluctuations were performed by the Geological Survey of India 

(GSI) and Survey of India on Gangotri, Siachen, Milam and 

Pindari glaciers using latest maps, field photographs or the 

paintings dating back to the mid-19th century. The Gangotri 

Glacier has the longest fluctuation records with an average 

retreat of 10 m·y−1 between 1842 and 2015. The first field 

glaciological mass balance measurements were performed in 

September 1974 on Gara Glacier in Himachal Pradesh by GSI. 

Gradually, GSI expanded the monitoring on other glaciers in 

in different parts of the Himalaya. GSI performed integrated 

measurements of glacier mass balance and discharge at the 

catchment outlet. During the 1990s and 2000s several 

government organisations and academic institutions also 

started field studies on a few selected glaciers in the Himalaya. 

As of now, the longest glaciological observations are available 

from Chhota Shigri Glacier (Himachal Pradesh) that showed 

a mean wastage of −0.46 m w.e. y−1 for the period 2002–2019 

corresponding to a cumulative wastage of −7.87 m w.e. 

Recently, an integrated approach —including glacier mass 

balance, meteorological and hydrological investigations— has 

been developed on a few glacierized catchments (Chhota 

Shigri, Batal glaciers in Himachal Pradesh, and Chorabari and 

Dokriani glaciers in Uttarakhand) in the Indian Himalaya to 

understand the functioning of glacierized catchments.  

Open challenges 

A rapid progress has been made through satellite observations 

and  model  applications  at  large   scales   to   understand   the 

glacier wastage and river runoffs in the Himalaya, but often 

these studies are not supported by the local-scale in-situ 

investigations of glacier, meteorological, and hydrological 

processes. Further, the in-situ observations are available from 

rapid-response-type small glaciers, the large glaciers having 

longer response time are not yet investigated on ground. A 

recent review by Azam et al. [9] underlines the major research 

challenges in the glaciohydrology of the Himalayan region. 

The major research gaps include accurate representations of 

glacier area/volumes, permafrost thawing, precipitation 

distribution, sublimation, and impacts of debris cover, black 

carbon, dust on melt, and glacier dynamics (Figure 3).  

Right now, glaciologists are working hard in the high-altitude 

Himalayan field sites to address some of these issues by (i) 

installing high-altitude automatic weather stations mainly to 

understand the precipitation and sublimation distributions, (ii) 

starting new mass balance observations on large glaciers, (iii) 

developing observations focusing on debris-cover, black 

carbon impacts on melt processes and, (iv) developing an 

integrated approach at the catchment scale, including mass 

balance, permafrost, hydrological and meteorological 

observations. Indeed, such in-situ measurements are not 

possible from several glaciers, but they are needed at least 

from some reference glacierized catchments spanning 

different climatic regimes to the large-scale modelling efforts. 

Assimilating these comprehensive in-situ observations along 

with remote sensing-based data in models is needed to fill the 

knowledge gaps and reduce the relatively large existing 

uncertainties in glaciohydrological models, hence the 

uncertainties in the future meltwater and river runoff 

projections in the Himalayan region. 

 

Figure 3: A schematic hydrological cycle showing the major research gaps in the glaciohydrology of the Himalayan Rivers 

(inspired by [9]).
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Summary 

Climate has a strong coupling with the global water cycle 

including the cryosphere. The industrial revolution caused a 

widespread, rapid and intensifying climate change that has 

been affecting the cryospheric storages through loss of 

seasonal snow cover, wastage of mountain glaciers, 

permafrost thawing, loss of ice sheets in Antarctica and 

Greenland and Arctic Sea ice. This poses a serious threat to 

the global water security in general for the human population 

and almost all of Earth’s ecosystems, and specifically the 

coastal population through sea-level rise. Mountain glaciers 

play a critical role due to their vicinity to human population, 

for irrigation, hydropower generation, industries, and 

municipal purposes. Due to an intensifying global warming, 

an accelerated global wastage of these glaciers is evident, and 

a significant fraction of the glacial ice mass is projected to be 

lost by the end of the century that will seriously affect the river 

runoffs in glacierized basins. Though most of the terrestrial ice 

is stored in Antarctica and Greenland, equivalent to ~100 m of 

sea level, the mountain glaciers, equivalent to ~1 m of sea 

level, are equally responsible for sea level rise due to their fast 

response to a changing climate. 

The Himalaya contains a major fraction of the global 

mountain glaciers. Satellite-based and limited in-situ 

observations suggest a strong spatial variability of glacier 

wastage over the Himalaya. Except for the near-stable 

Karakoram glaciers, the Himalayan glaciers are wasting their 

mass, with a rapid rate post-2000. Large-scale models 

supported by limited in-situ observations suggest that the 

glacier meltwater is important but spatially varying 

hydrological component in the Himalayan Rivers, with higher 

contributions in the Indus Basin compared to Ganga and 

Brahmaputra basins. The river runoff and the meltwater 

contribution to it, and their seasonality are projected to 

increase in all Himalayan basins at least up to 2050. However, 

the uncertainties are large, and exceptions exist. This highly 

uncertain projected water availability makes it difficult to 

develop adequate water resource policies for irrigation, 

hydropower generation, municipal/industrial use, and water-

induced hazard mitigation in the Himalaya. The high 

uncertainties in the present model outputs are mainly due to a 

lack of accurate representations of glacier area/volumes, 

permafrost thawing, precipitation distribution, sublimation, 

and impacts of debris cover, black carbon, dust on melt, and 

glacier dynamics. Detailed glaciohydrological models, 

assimilating comprehensive in-situ observations and satellite 

data, are needed to reduce the river runoff uncertainties, and 

to understand the impacts of the changing river runoff on 

irrigation, hydropower, municipal uses, sea-level rise etc. 
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Abstract 

Extreme weather and climate events occur rarely but impact us more as compared to regular weather and climate events. 

Studying such extreme events is challenging both because of a paucity of data and a clear physical framework which can help 

us link data to the physics of weather and climate. In this article, I aim to provide the reader with a simple conceptual framework 

linking the statistics of weather and climate to its physics by building a series of toy models. Finally, I will outline how such 

toy models can help the reader in their own exploration of climate data. 

 

 

Introduction 

Life loves stability. There is strong evidence from many 

regions of the world that higher richness of species in 

ecosystems coincided with geological eras which had a 

relatively stable climate (See Ref. [1], for an example, from 

South Africa). Humans and human civilizations have 

developed and flourished in the relatively stable climate of the 

Holocene. Global financial markets tend to incur significant 

losses when the geopolitical climate becomes uncertain. 

Closer to home, there are good reasons why the Monsoon is 

called India’s “actual finance minister”. One of the reasons for 

this apparent relationship between stability and diversity is 

likely because a stable climate allows for incremental changes 

and innovations to accumulate over time, which may be lost 

or discarded during times of rapid climate change [2]. 

However, this preference for stability is at odds with the fact 

that the climate can vary quite dramatically at nearly all spatial 

and temporal scales. As a rule of thumb, the larger the 

deviation from the mean, the larger is the disruption to 

ecosystems and human societies – think of a mild versus 

severe monsoon drought, for example. “Large” deviations 

from the usually experienced weather and climate are known 

as extreme events. Extreme events – heatwaves, floods, 

droughts, cyclones, for example – are an important object of 

study for climate scientists due to the large impacts they have 

on lives and livelihoods as well as the challenges in 

understanding and predicting them. 

Extreme events occur rarely, but their impacts are 

disproportionately high as compared to their frequency of 

occurrence. Their rarity makes it difficult to collect sufficient 

data to study them, while their impacts make it all the more 

important to understand them well. These opposing issues 

make the study of extreme events both challenging and 

interesting. 

In this article, I will take an intuitive approach to 

conceptualise, analyse and understand extreme weather and 

climate events. While the approach is quite general, I will 

mainly provide examples from extreme events that persist for 

a day or longer, thus excluding phenomena such as 

earthquakes, landslides, flash floods and so on.  

A Gallery of Imaginary Climates 

Consider an imaginary place, M, where an earnest climate 

scientist continuously measures some quantity, Tt, where t is 

time. For our purposes, Tt could represent the temperature of 

this place. If Tt was equal to a constant C for all times, one 

could say that this place has a Stable and Boring climate. We 

could write the probability density function (PDF) of Tt to be 

a delta function, represented by the purple line in Figure 1. 

This constant, C, is usually determined by the boundary 

conditions governing the climate, such as the amount of solar 

radiation incident on the place. In such a climate, evidently, 

there are no extremes of any kind. 

Obviously, a place like the one described above is unlikely to 

exist – sunlight varies due to a variety of factors such as 

rotation of the planet or sunspots, and winds blowing from 

adjacent locations can warm or cool the place. It is convenient 

to think of such changes as random deviations away from C. 

We can next imagine that under the action of such random 

deviations, Tt varies such that any value between Tmin and 
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Tmax is equally likely. Thus, the PDF of Tt is a uniform 

distribution between the above bounds. Such a scenario would 

be nearly the exact opposite of our stable climate – you might 

need to wear sweaters one day and switch on the air 

conditioners at full blast the next day. Here, the notion of a 

climate is itself hard to define, since every value of Tt is 

equally likely. We could call this a Far Too Interesting 

climate, and its PDF is represented by the green curve in 

Figure 1. 

In such a place, there are extreme impacts – depending on the 

values of Tmin and Tmax, it can get really cold or warm – but 

no extreme climate states, since from our experience extreme 

events occur rarely. This brings out another important fact 

about weather and climate extremes: Extreme impacts are not 

necessary linked with extremes of the weather/climate itself. 

In this article, we will focus on extremes of climate rather than 

extreme impacts, though from common experience these two 

co-occur. 

It is worth analysing the energetics of the Far Too Interesting 

climate. To be able to shift from freezing to sweltering (or vice 

versa) in the timespan of a single day requires an enormous 

source (or sink) of heat, and this source/sink must be able to 

overwhelm the boundary conditions we talked about in the 

Stable and Boring case1. This is again likely to be unrealistic, 

and it seems more feasible that smaller changes are more 

likely than larger changes, i.e, 𝑝(𝑇𝑡)  ∝  𝑓(1/(𝑇𝑡 − 𝑇𝑡−1)), 

where Tt is the desired temperature and (𝑇 − 𝑇𝑡−1) represents 

the deviation of Tt from yesterday’s temperature. Starting 

from an initial value close to C, there need to be many small 

random deviations or few large random deviations of the same 

sign to generate an extreme value of Tt, both of which are 

unlikely based on our definition of p(Tt). 

 

Figure 1: A cartoon representing the Imaginary Climates 

discussed in this section. The x-axis corresponding to the two 

shaded regions represent extreme values of the temperature T, 

 

1 This argument is a huge simplification of reality, but it is not 

unphysical. 

and the figure is centered around the climatological value C. 

The PDF for Nagpur was calculated from actual data obtained 

from HadISD [3]. 

Thus, the PDF of Tt in a Somewhat Realistic climate would 

have a peak near Tt = C (we will call this the climate of the 

location) and reduce fairly quickly the farther away Tt is from 

C. This is a more familiar situation, where large deviations 

from C are rare, and they also correspond to extreme impacts. 

This climate is represented by the orange curve in Figure 1. 

We also note that this situation arises because the boundary 

conditions are continuously trying to maintain the value2 of Tt 

at C.  Thus, we can conclude that constraints imposed on the 

magnitude of the deviations naturally leads to the existence of 

extreme events, i.e., climate states that are rarely attained. 

The Somewhat Realistic climate in Figure 1 is represented by 

the normal distribution, which is usually the a priori 

hypothesis made (i.e., the “null hypothesis”') which is then 

tested against actual data. 

To summarize, we have seen how: 

1. The boundary conditions such as land surface properties, 

greenhouse gases and incoming sunlight try to maintain 

Tt close to some climatological value C. 

2. Attaining Tt values away from C is harder the further 

away Tt is from C. 

It is worth emphasising that as climate scientists we are 

interested in the entire PDF of T at M rather than just its mean 

or median. While the mean/median may be useful to provide 

a concise summary (is M a warm place or a cold place?), the 

overall shape tells us a lot about how T varies and how the 

extreme values may behave. 

Figure 1 also depicts the PDF of the daily maximum 

temperatures observed in May at Nagpur in Maharashtra. 

Some of you may be familiar with the fact that Nagpur 

experiences one of the hottest summers in India. You will 

notice that this PDF is different from the Somewhat Realistic 

climate. We will ignore the changes close to the mean, since 

from our experience the highest impact is due to extreme 

events. If we focus on the extremes in Figure 1, (the red and 

blue regions), we see that Nagpur's temperature is less likely 

to reach positive extremes (i.e., “Sweltering”) as compared to 

a normal distribution. This is evident even by looking at the 

figure, but is formally computed as the area under the curves 

which fall in the red region. On the other hand, negative 

extremes are more likely as compared to a normal distribution. 

This situation again emphasizes the difference between 

extremes impacts and extreme climatic states – in May, 

negative extremes of Nagpur’s temperatures are probably very 

welcome! As students of physics, the question that might 

come to our minds is: Why does Nagpur’s PDF deviate from 

a normal distribution, and what does it tell us about the physics 

2 A formal model of the above description provided the core insights 

which led to Klaus Hasselman’s Nobel Prize this year [4, 5]. 
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of the problem? We will look at this question in the next 

section. 

Relating Probability to Physics 

Now, we investigate the question of what happens when the 

processes that lead to extreme events change character. We 

will leave out the question of what these processes actually 

are, so that we can focus on the results of their changes. We 

will come back to this question in the concluding section. 

Changes in the moments of the PDF 

The moments of a PDF – mean, variance, skewness and so on 

– are intimately related to the character of physical processes 

that determine the evolution of any climate variable such as 

temperature, rainfall and wind. Here we will see what happens 

when this character changes, and the impact such changes 

have on the likelihood of extreme events. 

Let us imagine a situation where the random deviations from 

the mean C remain the same, but C itself changes. This would 

serve as a good approximation to global warming or cooling, 

and a cooling scenario is depicted in Figure 2(a). Evidently, 

shifting the mean towards colder values would make negative 

or cold extremes more likely as compared to positive 

extremes. If we reverse this situation so that there is global 

warming, we will be able to understand why the climate 

science community expects heat waves to increase and cold 

waves to decrease. 

Another scenario is when the mean C remains the same, but 

the random deviations are amplified. This leads to the scenario 

in Figure 2(b). Here, there is an increased likelihood of both 

heat and cold waves. This picture reveals something important 

– it suggests that if human influence on climate had only 

affected the variance of weather changes, we would not have 

seen any global warming (or shift in C), but we would have 

seen an increase/decrease in the number of extreme events 

being experienced. Thus, it is important to understand how 

weather processes – modelled here as random deviations – are 

affected due to human activities. 

The third scenario in Figure 2(c) is quite interesting, and 

relates directly to the question raised by the PDF of Nagpur in 

the previous figure. Suppose the processes that lead to positive 

deviations from the mean are less likely than those that lead to 

negative deviations. Take the case of Nagpur itself: located in 

one of the warmest regions in central India, winds blowing 

from other locations towards Nagpur are more likely to be 

cooler than warmer when compared to the local air. Therefore, 

it is plausible to make a hypothesis that cooling Nagpur is 

easier than warming it. This leads to a PDF that is “skewed” 

or asymmetric with respect to the mean C. In this case, there 

is an increase in the most extreme negative states – even more 

so than the other two scenarios – and a strong reduction in 

positive extremes to virtually zero. Furthermore, the mean has 

changed much lesser than in Figure 2(a). This PDF looks very 

similar to the Nagpur temperature PDF, again emphasising 

how one can infer general properties of weather variability just 

by carefully observing the shape of the PDF. 

There are a lot of interesting scenarios that one could construct 

by using combinations of the above three basic scenarios, 

which I leave as an exercise to the interested reader. 

 

Figure 2: Changes in the extreme values of a distribution due 

to changes in its moments. In all figures, the red and blue lines 

indicate thresholds for positive and negative extremes 

respectively. The area of under PDFs beyond the thresholds is 

shaded, and this area is a measure of the probability of 

extreme events. 

Interaction between scales 

The climate of any place is influenced by processes operating 

on a wide variety of time scales. There are fluctuations as day 

turns into night, summer turns into winter, and as warm, 

equable climates turn into ice ages. Another feature of this 

variability becomes clear if we reflect upon these changes – 

the longer the time scale of the variation, the larger its 

amplitude. Diurnal changes are less dramatic when compared 

to seasonal ones, which are in turn mild compared to the 

changes you would experience during an ice age. A more 

topical issue is increasing carbon dioxide emissions and the 

changes in climate due to the resulting global warming. 

In this section, I will briefly discuss a conceptual model for 

interaction between different scales of variability in the 

climate system, and its implications for extremes. 

Until now, we have assumed that there is a fixed, unchanging 

climate and there are random deviations about this climate due
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to weather processes. But as we saw in the previous 

paragraphs, the climate itself can change depending on the 

time of the day, the season, or the orientation of the earth's axis 

of rotation. This observation leads to a fundamental question: 

are the statistics of weather – modelled as random deviations 

in this article – independent or dependent on the current state 

of the climate? Answering this question precisely requires a 

deep dive into the fluid dynamics of the atmosphere, but we 

can again use a simple approach as the one discussed in the 

previous section to create scenarios. To formalise this analysis 

procedure, let us decompose the temperature Tt into a mean 

and time-varying component 

𝑇𝑡 = 𝐶 + 𝑇′ (1) 

Now, we can write down an equation for T' as 

𝑇′(𝑡) = 𝑇′(𝑡 − 1) + η(𝑡) (2) 

where 𝜂(𝑡) is a time dependent random variable whose 

characteristics we have talked about previously. If the climate 

itself varies, and the weather is considered independent of the 

climate, then the above equations would be modified as 

follows    

𝑇𝑡 = 𝐶(𝑡) + 𝑇′(𝑡) (3) 

𝑇′(𝑡) = 𝑇′(𝑡 − 1) + η(𝑡) (4) 

Furthemore, if the weather is dependent on the climate state, 

then we could further modify this as 

𝑇𝑡 = 𝐶(𝑡) + 𝑇′ (5) 

𝑇′(𝑡) = 𝑇′(𝑡 − 1) + η(𝐶(𝑡), 𝑡) (6) 

where 𝜂(𝑡) is now dependent on the current climate as well. 

The dependence of weather statistics on climate is not far-

fetched. For example, the PDF of deviations of rainfall from 

the mean during the pre-monsoon is likely to be different from 

the deviations during the monsoon season, since pre-monsoon 

showers are mostly thunderstorms whereas we rarely 

encounter thunderstorms during the monsoon. Why this is so 

is an entirely different question, but the point to be made here 

is that dependence of weather statistics on climate is 

physically likely. 

Though such scenarios may not all be plausible, they provide 

us with simple conceptual tools to understand the way in 

which extreme events can change in a changing climate. 

Furthermore, such exercises in “climate fantasy” can provide 

us with testable hypotheses which can then be explored using 

data or climate models. 

From Scenarios to Science 

As mentioned previously, the simple toy models described 

above can be used to derive hypotheses which can be explored 

using data or climate models. As an illustration of the process 

to translate scenarios to science, let us take our favourite 

example of temperature T. We can access the daily data for 

any given location using freely available sources such               

as  the  HadISD  dataset  mentioned  previously. Let us choose 

“climate” to refer to the long-term mean value of temperature 

for a given month at this location. We could also have chosen 

the long-term mean of the entire year or a given week as the 

climate, and this is simply a choice we make given our 

interest. 

We can then subtract the daily data from the climatic value – 

for example, we subtract May’s mean value from all the 

temperature data for May in the dataset and similarly for all 

other months. This gives us the “random deviations” that we 

have been talking about until now. 

We can then compute the statistics of these deviations. We 

could also divide the data into different decades and compute 

these statistics for each decade and see how they have 

changed. Has the mean changed or the variance? How about 

the skewness? By how much has the probability of heat or cold 

waves, excess or deficient rainfall changed over the past 

decades? By asking simple questions such as these, we can 

explore the impact of global warming, if any. We could also 

check to see which months have been impacted most by global 

warming – summer, monsoon or winter months. 

We can also choose days with extreme values and see how 

their characteristics have changed over time -- their intensity 

(the value of the 95th percentile, for example), their duration 

(the number of days exceeding the 95th percentile), their 

clustering (how often such days occur one after another) or 

their impacts (additional deaths or damage that occurred 

during such days). 

Analysing processes is slightly more challenging since it 

requires additional datasets, but is conceptually simple. For 

instance, we could plot the winds, pressure and temperature 

during heat/cold waves at different levels of the atmosphere 

and across a large area to identify wind/pressure/temperature 

patterns that co-occur with extreme temperatures. Such 

analyses will require a good knowledge of climate science for 

interpretation, but identification of patterns is a standard data 

analysis task that could be achieved (for instance) by a 

standard clustering algorithm, for those familiar with such 

techniques. 

These are simply a few examples of the wide variety of 

explorations that can be done by anyone with access to a 

computer and the internet. Such explorations can help each 

one of us to understand our own region's climate and its 

variability, and empowers us to make informed decisions 

about the role played by weather, climate and climate change 

in our lives. 
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Abstract 

Earth System Models (ESMs) are important tools for understanding Earth’s climate variability and change arising from the 

interactions among the different Earth system components (viz., atmosphere, ocean, land, cryosphere, biosphere, including 

human activities). The Centre for Climate Change Research (CCCR) at the Indian Institute of Tropical Meteorology (IITM) 

focuses on the development of the IITM Earth System Model (IITM-ESM) to understand the science of climate change and 

also create climate modelling capabilities in India. Long term (multi-century) simulations of the preindustrial and present-day 

climate and future projections are performed using the IITM-ESM, to assess climate variability and change with special focus 

on the South Asian monsoon. This article discusses key aspects of the IITM-ESM simulation of the time-mean atmosphere and 

ocean large-scale circulation and dominant modes of climate variability and its teleconnections to South Asian monsoon. The 

IITM-ESM participated in the Coupled Model Inter-comparison Project Phase-6 (CMIP6) of the World Climate Research 

Program (WCRP) and contributed to Intergovernmental Panel on Climate Change Sixth Assessment Report (IPCC AR6), the 

first time from India. 

 

 

Introduction  

Global and regional climate variations on different time-scales 

involve complex interactions among different components of 

the Earth System (viz., atmosphere, cryosphere (ice), 

hydrosphere (oceans), lithosphere (land), and biosphere 

(life)).  Earth System Models (ESMs) are important tools for 

understanding the climatic variations resulting from 

interactions between different Earth system components. 

ESMs are global climate models with the added capability to 

explicitly represent biogeochemical processes that interact 

with the physical climate. Climate models, also known as 

general circulation models or GCMs, are based on 

mathematical formulations of the natural laws that govern the 

evolution of climate-relevant systems. They build on the 

fundamental laws of physics (e.g., Navier-Stokes) or empirical 
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relationships established from observations, constrained by 

fundamental conservation laws (e.g., mass and energy). ESMs 

are useful for enhancing our fundamental understanding of the 

climate system, its multi-scale variability, global and regional 

changes in climate including projected changes in the future. 

An ESM is a computer code that estimates the solution to 

differential equations of fluid motion and thermodynamics to 

obtain time and space-dependent values for temperature, 

winds, currents, moisture, salinity and pressure in the 

atmosphere and ocean. ESMs integrate the interactions of the 

atmosphere, ocean, land, ice, and biosphere to estimate the 

state of regional and global climate under a wide variety of 

conditions (shared socioeconomic pathways). ESMs resolve 

main physical processes like atmospheric circulation and 

radiation, ocean circulation, land use, land physics, sea-ice 

dynamics, ocean ecology and biogeochemistry. 

Basic data-assimilated ocean, atmosphere and land initial 

conditions are required to be provided as input to the model. 

However, depending on the simulation, we provide time-

varying forcings of various green house gases (GHG) 

including CO2, CH4, N20, O2, O3, chloro-fluoro carbons; 

anthropogenic aerosols, solar forcing, and land-use land-cover 

change. The ESM is integrated for years, decades and 

centuries for obtaining the climate of the past, present and 

future. More detailed information about each targeted 

simulation and length of the simulation is described in the 

subsequent sections 

In this article we briefly describe the salient features of the 

Indian Institute of Tropical Meteorology ESM (IITM-ESM), 

that has contributed to the Coupled Model Inter-comparison 

Project Phase-6 (CMIP6) of World Climate Research Program 

and Intergovernmental Panel on Climate Change Sixth 

Assessment Report (IPCC AR6). 

The IITM Earth System Model  

Advancing our understanding of the science of regional 

climate change requires a multidisciplinary and integrated 

approach. The challenges emanating from the rising trend of 

global temperature have brought renewed focus on the 

fluctuating behaviour of monsoons, increasing climate 

extremes, rising sea levels and changes in many other 

components of the Earth system. The Centre of Climate 

Change Research (CCCR) launched in 2009 with the support 

of the Ministry of Earth Sciences (MoES), Government of 

India at Indian Institute of Tropical Meteorology (IITM) 

located at Pune focuses on the development of climate 

modelling capabilities in India and South Asia to address 

issues concerning the science of climate change, including 

detection, attribution and future projections of global and 

regional climate. 

Development of IITM-ESM is an important step towards 

understanding the global and regional climate response to 

long-term climate variability and climate change. The first 

version (IITM ESM version 1, IITM-ESMv1) was developed 

at the CCCR-IITM, Pune by transforming a state-of-the-art 

seasonal prediction model – the Climate Forecast System 

version 2 (CFSv2, [1] into a model suitable for addressing the 

long-term changes in climate [2]. A 100-year long control 

simulation performed with IITM-ESMv1 showed fidelity in 

capturing South Asian monsoon and its teleconnection to 

coupled climate phenomena like El Niño Southern Oscillation 

(ENSO), Pacific decadal variability [2]. However, a major 

challenge with the IITM-ESMv1 was a large radiation 

imbalance ~6 Wm-2 at the top of the atmosphere (TOA). For 

reliable assessments of climate change simulations, it is 

imperative that the global radiation energy balance is 

realistically represented in climate models. This problem was 

addressed in the second stage of the model development, the 

IITM-ESM Version 2 (IITM-ESMv2) by incorporating 

various improvements, which led to significant reduction in 

the radiation imbalance. The IITM-ESMv2 is a radiatively 

balanced global climate modeling framework appropriate for 

addressing the science of climate change.  

The IITM-ESM configuration includes an atmosphere general 

circulation model (Global Forecast System, GFS) with a 

global spectral triangular truncation of 62 waves (T62,  grid 

size ~200 km) and 64 vertical levels with top model layer 

extending up to 0.2 hPa, a global ocean model based on the 

Modular Ocean Model Version 4p1 (MOM4p1) having a zonal 

resolution of ~100 km and the meridional resolution ~ 35 km 

between 10°S and 10°N and coarser grid ~100 km poleward 

of 30° latitude in both Hemispheres and with 50 levels in the 

vertical, a land surface model (Noah LSM) with four layers, 

and a dynamical sea-ice model known as the Sea Ice Simulator 

(SIS). A schematic of the IITM-ESM is shown in Figure 1. 

 

Figure 1: Schematic showing the different components of 

IITM Earth System Model. 

Long-term climate simulations using the IITM-ESM 

To address the longer time-scale climate variability, a climate 

model needs to reasonably simulate the observed mean 

climate. Equally important is the ability to replicate the 

observed sensitivity in temperature to the increasing 

greenhouse gases (GHGs).  In order to assess climate 

variability and change with special focus on the South Asian 

monsoon, long-term climate simulations are performed using 

the IITM-ESMv2. Multi-century simulations corresponding to 

preindustrial and present-day conditions show fidelity in 
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capturing key aspects of the time-mean atmosphere and ocean 

large-scale circulation. Representations of the Atlantic 

Meridional Overturning Circulation, poleward ocean heat 

transport, and major global climate drivers are superior to 

ESMv1. Teleconnections of the South Asian monsoon with 

climate drivers such as the El-Niño–Southern Oscillation 

(ENSO) and the Indian Ocean Dipole (IOD) are found to be 

more robust in IITM-ESMv2 [3], leading to improved 

simulation of South Asian monsoon and its variability [4]. 

Time-series of global mean air temperature and top of 

atmosphere (TOA) net radiation flux from the 500 years 

Preindustrial (1850) Control simulation is shown in Figure 2. 

The model is successful in simulating preindustrial climate 

with a global mean temperature of 14 oC and top of 

atmosphere radiation imbalance of about 0.8 Wm-2. Similarly, 

the Arctic sea-ice concentration and extent are also well 

simulated in ESMv2 compared to ESMv1. 

 

Figure 2: Time-series plots from the Preindustrial control 

simulation of IITM-ESMv2 of global mean annual mean (a) 

Surface air-temperature (oC), (b) Sea surface temperature 

(oC), and (c) Net radiation flux at the top of atmosphere (TOA, 

Wm-2). (d) Latitudinal variation of annual mean zonal mean 

components of TOA flux (Wm-2) and (e) Seasonal distribution 

of sea-ice extent (×106 km2). Spatial map of mean sea-ice 

concentration (%) over the Arctic during Northern Summer 

(June to August) from (f) Observations, (g) ESMv2, and (h) 

ESMv1. 

IITM-ESM contribution to CMIP6 and the Sixth 

IPCC Assessment Report 

IITM has contributed to Coupled Model Inter-comparison 

Project Phase-6 (CMIP6) of World Climate Research Program 

(WCRP) and Intergovernmental Panel on Climate Change 

Sixth Assessment Report (IPCC AR6), first time from India, 

using IITM-ESM. The objective of the CMIP is to better 

understand the past, present and future changes in climate 

arising from natural, unforced variability or in response to 

changes in radiative forcing in a multi-model context. CMIP 

began in 1995 under the auspices of the Working Group on 

Coupled Modelling (https://www.wcrp-climate.org/wgcm-

cmip). CMIP has had a number of phases and provided 

significant input to the IPCC assessments. The latest phase is 

CMIP6, which has provided valuable information to the recent 

IPCC Sixth Assessment Report. CMIP6 comprises core 

experiments that all models are expected to perform and 

CMIP-endorsed Model Inter-comparison Projects (MIPs) that 

modelling groups can choose to participate depending on their 

expertise, interest and resources. The set of CMIP6 

experiments performed using IITM-ESM are shown in Table 

1.   

Table 1: CMIP6 experiments performed using IITM-ESM 

Experiment Period Major purpose 
Historical AMIP 1979–2014 Evaluation 
Pre-industrial 

control (piControl) 
1850 

Evaluation, 

unforced variability 
1 %/yr CO2 

(1pctCO2)  
n/a 

Climate sensitivity, 

feedbacks 
Quadruple CO2 

abruptly, then hold 

fixed (abrupt4xCO2) 

n/a 

Climate sensitivity, 

feedbacks, fast 

responses 
Past centuries  

 (historical) 
1850–2014 Evaluation 

Future Projections 

(ScenarioMIP) 
2015–2100 Projected change 

Global Monsoon 

MIP 
1979–2014 

Evaluation of 

changes in 

monsoon 

Detection and 

Attribution MIP 
1850–2014 

Detection and 

attribution of 

climate change 

The CMIP6 historical simulations performed using time-

varying aerosols, land-use land-cover changes and GHG 

concentrations for the period 1850-2014, realistically simulate 

the present-day climate [5] and global teleconnections [6–8]. 

The DECK simulations of IITM-ESM CMIP6 include a 300-

year spin-up and 500-year preindustrial control (PI Control) 

simulation, historical simulations of recent past (1850-2014), 

AMIP simulations, transient CO2 and abrupt CO2 increase 

simulations. Four tier-1 scenario runs (SSP1-2.6, SSP2-4.5, 

SSP3-7.0 and SSP5-8.5) for the end of the 21st century and 

Model Inter-comparison Project (MIP) experiments including 

Global Monsoon MIP (GMMIP) and Detection and 

Attribution MIP (DAMIP) are also completed using IITM-

ESM. The datasets from IITM-ESM simulations are 

disseminated publicly using the ESGF node located at IITM 

(http://cccr.tropmet.res.in/home/esgf_data.jsp). The IITM-

ESM CMIP6 data can be downloaded through https://esgf-

data.dkrz.de/search/cmip6-dkrz/. 

Analysis of the selected global climate indicators including 

Global Mean Surface Temperature (GMST), global mean 

precipitation and Global Mean thermosteric Sea Level 

(GMSL) for the period 1900 to 2099 from IITM-ESM CMIP6 

simulations and other CMIP6 models are shown in Figure 3. 

These include historical simulations for the period 1850-2014 

and projections from 2015 onwards. The time-series of GMST 

(h) 

(f) 

(g) 

https://www.wcrp-climate.org/wgcm-cmip
https://www.wcrp-climate.org/wgcm-cmip
http://cccr.tropmet.res.in/home/esgf_data.jsp
https://esgf-data.dkrz.de/search/cmip6-dkrz/
https://esgf-data.dkrz.de/search/cmip6-dkrz/
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show an increase of more than 0.6 oC during 1951-2014 (with 

reference to a base period of 1961-1990). The CMIP6 models 

simulate the observed warming trend, however, exhibit a wide 

range of warming levels especially at the end of the 21st 

century (Figure 3(a)). The GMST from the IITM-ESM for the 

historical period closely follow the observed warming (figure 

not shown), and the global mean temperature rise is within the 

range of warming shown by other CMIP6 models during the 

historical period (Figure 3(a)). Global mean precipitation 

show an increase with increase in temperature in IITM-ESM 

and other CMIP6 models, higher rate of increase is seen in 

those models with higher levels of warming (Figure 3(b)). The 

global mean thermosteric sea level (TSL) from IITM-ESM 

and other CMIP6 models show an increase, especially in the 

recent decades and is projected to increase with increase in 

GMST (Figure 3(c)).  

 

Figure 3: Time-series of global mean annual mean climate 

indicators from IITM-ESM and CMIP6 historical simulations. 

Number of models selected for each variables are shown in 

numbers. The blue solid (dashed) curve represents IITM-ESM 

historical (ensemble) simulation. The grey curve represents 

other CMIP6 models and red curve the CMIP6 ensemble 

mean. The error bars (shaded) are based on one standard 

deviation shown for observation. 

The observed and projected changes in surface air temperature 

and precipitation over the globe, as well as exclusively over 

the Indian region are presented in the “Assessment of Climate 

Change over the Indian Region”, a report prepared for the 

Ministry of Earth Sciences (MoES) [9]. In addition to the 

above, various studies using the IITM-ESM are also 

conducted to assess the impacts of Greenhouse gases (GHG) 

and anthropogenic aerosols on the Indian monsoon [5], 

volcanic forcing on ENSO and Indian monsoon coupling [8], 

weakening of the Atlantic meridional overturning circulation 

(AMOC) on the South Asian monsoon [6], increasing intense 

tropical cyclones in the Indian Ocean [10] and projected 

changes in the global temperature and precipitation from a 

suite of CMIP6 models including IITM-ESM [11].   

IITM-ESM has contributed to the IPCC Working Group-1, 

Sixth Assessment Report (IPCC, WG1) published during 

August 2021, using the CMIP6 simulations. The next version 

of IITM-ESM development is on-going by incorporating 

interactive land-ice model (Community Ice-sheet Model, 

CISM) and new spectral dynamical core with a higher 

resolution ocean and atmosphere components to better 

simulate the regional and global aspects of climate change. 

Summary 

The Centre for Climate Change Research (CCCR) at the 

Indian Institute of Tropical Meteorology (IITM) focuses on 

the development of the IITM Earth System Model (IITM-

ESM) to understand the science of climate change and also 

create climate modelling capabilities in India. The IITM-ESM 

configuration includes an atmosphere general circulation 

model (Global Forecast System, GFS), a global ocean model 

based on the Modular Ocean Model Version 4p1 (MOM4p1), 

a land surface model (Noah LSM) and a Sea-ice simulator 

(SIS). Multi-century simulations corresponding to 

preindustrial and present-day conditions performed using 

IITM-ESM showed fidelity in capturing key aspects of time-

mean atmosphere and ocean large-scale circulation and 

dominant modes of climate variability and its teleconnections 

to South Asian monsoon. The IITM-ESM has participated in 

the Coupled Model Inter-comparison Project Phase-6 

(CMIP6) of the World Climate Research Program (WCRP) 

and contributed to Intergovernmental Panel on Climate 

Change Sixth Assessment Report (IPCC AR6), the first time 

from India. 
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Abstract 

This article is about a few of my experiences while teaching climate science to a group of undergraduate students, from both 

science and non-science backgrounds. I will elaborate on some of the pedagogical tools, experiments and activities that helped 

make the course accessible and engaging for all the students. 

 

 

Introduction  

I teach in a university where a considerable portion of the 

undergraduate curriculum is interdisciplinary and socially 

oriented. Students of all sorts mingle, learn from each other 

and discuss things as part of both the culture and the 

curriculum. Climate is one of the hot topics of discussion, 

where reactions from students range from angry (one student 

said they were “frustrated by the inaction of the older 

generations”) to apathetical (“anyway we are all going to 

die”). Many students are drawn towards technological 

solutions as extreme as colonising earth-like planets. A year 

ago, we started a minor in climate studies (a set of four 

courses) as our curricular response to this burning issue. We 

needed a curriculum that would respond to misinformation, 

sensitise students and empower them with an understanding of 

the science.  

Our intention was to give students a firm foundation in the 

science of climate change, highlight the social and ecological 

consequences, and help students understand the sociopolitical 

complexities. We wanted students to be able to respond to the 

climate problem by joining advocacy groups, or through 

education and outreach, or even by continuing their higher 

education in this field. We also wanted the courses to be 

accessible to students of humanities, sciences and the social 

sciences. We came up with a curriculum that consists of four 

courses on the following themes- (1) Climate science, (2) 

Climate adaptation and mitigation strategies, (3) Ecological 

consequences and (4) Political economy of climate change. 

This article will be about the first of these courses. 

The first course addresses the question – “what is climate 

change”? A student taking this course would need to develop 

their imagination of physical processes and also get into the 

practice of doing simple estimations. They would need to 

accelerate this process while also digesting a lot of new 

information. The topics in this course include– blackbody 

radiation, greenhouse effect, atmospheric and ocean 

circulations, the carbon cycle and evidences of climate 

change. 

I wanted to make sure that the course did not get too 

descriptive, where I passed on information, students accepted 

it, mugged it up, and learned how to do a few sums to pass the 

course. For this, I included a lot hands-on activities, either 

with experiments and measurements or with data. These 

activities give students the feeling of having discovered or 

experienced something, and so make the concepts more likely 

to stay with them. 

Online Tools 

PhET interactive simulations have become a go-to tool for 

physics teachers at the school and undergraduate level. I used 

these powerful visualisation tools to help students imagine 

what an electromagnetic wave is, and how they interact with 

matter. In one such tool [1], the user is asked to click on an 

electron to move it inside a radio wave transmitter. This 

generates an EM wave which goes on to drive a current in an 

antenna. In another tool [2], you can choose different 

wavelengths of light and different kinds of molecules, and 

their interaction is animated. In the absence of real lab 

experiments, these tools help to build a student’s imagination. 

After playing around with the simulations, it became easy to 

understand how EM waves transfer energy, how they interact 

with molecules, what makes a gas a greenhouse gas, and how 

absorbed radiation increases the temperature. 
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There is a wealth of open access online tools made specifically 

for climate science. Many such tools feature in David Archer's 

very popular coursera course on climate change [3], and I used 

them liberally in my teaching. One such tool is the 

MODTRAN simulation [4], where the user can choose 

concentrations of different atmospheric gases, latitude, and 

type of cloud cover, and the tool generates the resulting 

emission spectrum of the earth. One simple activity that 

students did was to plot the upward IR heat flux as a function 

of greenhouse gas concentration and verify that there was a 

logarithmic dependence. Using this tool, it was even possible 

to learn how to read spectra. One instance was when some 

students noticed a window of wavelengths to which the 

atmosphere is transparent. As a physics teacher used to 

incremental learning through infinitesimal additions, I was 

surprised by the rapid progress students made by using these 

tools. 

Experiments and Observations 

Experiments play a powerful role in convincing students that 

something really is true. We did experiments in class 

whenever possible. Again, many freely available smartphone 

apps were used. Some examples are: using a lightmeter app to 

verify the inverse square law for light, using a photographers’ 

gray card (an 18 % reflectance card) and a smartphone app to 

measure albedo. We were lucky to have access to an IR 

thermometer and a heat-sensing camera for students to 

experiment with.  

My colleague, Dr. OVSN Murthy, had done an interesting 

exercise with his students while teaching modern physics, and 

I did it with two physics students taking the climate course.  

The experiment was to turn on the AC in a car till it cooled, 

orient the windshield towards the sun’s rays (choosing the 

right time, so the rays fall directly on the windshield), turn off 

the AC, and track the temperature as it went up. Using the data, 

we estimated the solar constant and the temperature of the sun. 

Many students recreated atmospheric and oceanic convection 

patterns at the lab scale. They used a home-built setup 

consisting of a stepper motor that drove the rotation of a 

turntable.  A cylindrical container of water was placed on the 

turntable so that their centres aligned. The motor was 

controlled using an Arduino board, and made to rotate at small 

angular speeds of 1–5 rpm (See Figure 1). The idea for the 

setup and the experiments came from MIT’s weather in a tank 

project [5].  

Within a few rotations, the water in the container was seen to 

rotate like a solid body, that is, all points moved with the same 

angular velocity. If we look at the earth from above one of the 

poles, we would be able to see one entire hemisphere. The 

turntable, when viewed from a point above the centre, is 

somewhat similar. The centre is a pole, and the edges represent 

the equator. The water in the container plays the role of the 

atmosphere.  

Some students created a thermal gradient from the centre of 

the turntable radially outwards, by placing a container of ice 

at the centre. Keeping the turntable stationary, they dropped a 

potassium permanganate crystal close to the center, which 

slowly dissolved and traced the convection pattern of the 

water in the container. They saw that the water sinks at the 

centre, moves outwards, and rises to the surface close to the 

edges. These convection patterns are similar in structure to 

Hadley cells. They then made the turntable rotate, which 

resulted in an additional Coriolis force. The net effect was a 

convection pattern similar to ocean gyres (Figure 1(a)).  

 

Figure 1: (a) Formation of ocean gyres: A container of ice is 

placed at the centre of the turntable. The black arrow shows 

the direction of rotation. The blue arrows show the direction 

of flow of water at the bottom of the tank and the red arrows 

show the direction of flow of water at the surface. (b) A 

“cyclone” created using a trough with a hole in the centre 

placed on a slowly rotating turntable. 

Even without the turntable setup, it was relatively easy to 

demonstrate many convection patterns using water, salt and 

some dyes. We blew air over a saucer of water containing 

permanganate crystals, and could see the water upwelling. We 

also used a fish tank with a partition, some salty water and 

some fresh water, to see thermohaline currents.  

There were two guest lecturers for this course- one was       

Prof. Shankar (the editor of this issue, and another fantastic 

resource), and the other was the post-monsoon Bangalore 

weather. Some mornings were foggy, and as the day 

progressed, magnificent cumulus clouds appeared. Every day, 

there was some fresh drama taking place in the sky. Students 

did not fail to notice this, and they started making 

observations. They were able to theorize that a temperature 

inversion, where the temperature is lower closer to the ground, 
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may support a lingering fog. Many students found it surprising 

that more clouds appeared as the day warmed up. Many were 

inspired enough to do their end semester projects on clouds. 

Some students took time lapse videos and some catalogued the 

different kinds of clouds they saw. Some recreated clouds in a 

bell jar using warm water and an aerosol spray. 

Open datasets 

We used several open datasets in the classroom. A simple 

exercise we did was to just download and plot data from the 

Keeling curve and from ice core records of paleo climate 

(from Ref. [6]).  

While learning about ocean currents, one of the “Aha!” 

moments experienced by many students was when they looked 

at a satellite map of ocean phytoplankton (from NASA’s earth 

observatory [7]). We had just discussed in class that upwelling 

and thermohaline currents were crucial for marine life. We 

then looked at the Chlorophyl map, where it was obvious that 

more phytoplankton grew at the equator and close to the poles, 

where upwelling and circumpolar currents helped in making 

nutrients available for phytoplankton.  

Another instance was while looking at the net radiation maps. 

Students noticed how the Greenland and Antarctic landmasses 

had low net incoming radiation, because of high reflectance 

from the snow. They also noticed the net radiation falling on 

the Sahara Desert was quite low, also because of the high 

reflectance. This was obvious in retrospect, but something 

nobody expected to see.  

These maps even made it possible for students to do some 

investigation of their own. Some students looked at cloud 

maps over cities to confirm the so called “urban heat island” 

effect, where cities are seen to have more cloud cover than 

their surroundings. Some students looked at maps of fires in 

the neighbourhood of Delhi, and more recent ones in 

California and Australia, and related it to the change in aerosol 

concentration. 

My learnings 

I am a newbie in this field, and many things I had to teach were 

things I had heard for the first time. To digest and understand

the whole picture, and then to teach it, was quite a challenge. 

But thanks to the amazing resources put together by teachers, 

educators and scientists in this field, it was actually 

conceivable to teach climate science to a group of interested 

undergraduates. 

Climate science probably occupies more social media space 

than any other science, and blogs like phys.org report on 

climate quite regularly. Several students started following 

such blogs and brought interesting stories to the classroom. 

Every other course I had taught till then had been about work 

that was at least 100 years old, so it was exciting to bring 

current work into the classroom. 

Physics curricula are probably more conservative than others 

and students at the undergraduate level tend to be uneasy with 

the incompleteness. But it is time to introduce such courses in 

a standard undergraduate curriculum while staying true to the 

interdisciplinary and current nature of climate science. 
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A joint panel discussion between Indian and American experts 

on issues of equal opportunity and diversity in physics was 

held online on November 11, 2021. The goal of the panel 

discussion was to identify outstanding issues and brainstorm 

solutions with both sides learning from initiatives taken by the 

other. The event was opened by Prof. Vandana Nanal of TIFR 

followed by a welcome address by Prof. Srubabati Goswami 

of PRL, Ahmedabad who currently heads the Indian Physics 

Association’s Gender In Physics Working Group. The 

assistant director of programs at the American Physical 

Society, Prof. Renee-Michelle Goertzen, highlighted the 

 
a desai@theory.tifr.res.in 
b jkatoch@andrew.cmu.edu 

international nature of the physics community and APS’ 

commitment to collaboration and diversity. 

The discussion was moderated by two early career scientists— 

Dr. Nishita Desai who is a Ramanujan Fellow at TIFR and     

Dr. Jyoti Katoch who is an Assistant Professor of Physics at 

Carnegie Mellon University. The panel consisted of two 

Indian and two American experts— Prof. Gautam Menon, 

who is the current Director of the Centre for Climate Change 

and Sustainability at Ashoka University,                                        

Dr. Suchetana Chatterjee, who is a faculty member at the 

Department of Physics at Presidency University,                       

Prof. Meenakshi Narain, who is a Professor of Physics at 

Brown University and past-chair of Brown Physics Diversity 

& Inclusion Initiative, and Dr. Ramón Barthelemy, who has 

been an AAAS Science Policy Fellow dedicated to equity and 

inclusion in physics and astronomy and currently an Assistant 

Professor at the University of Utah. 

The panel addressed questions of overcoming biases and 

proactive leadership in eliminating disparities, and the steps 

that need to be taken, with an emphasis on raising awareness, 

improving resource allocation and mentoring. The discussion 

started with a look at hiring policies. Prof. Narain explained 

her own initiatives in improving transparency and general best 

practices to improve hiring and retention of women and 

minorities which advises first and foremost to decide the 

evaluation criteria and procedures before starting the process.  

Furthermore, she advised that all evaluators should take an 

implicit bias test beforehand to become aware of their own 

biases. 

In response to Prof. Narain’s suggestions, Dr. Chatterjee 

pointed out that the hiring norms in India are fixed by perhaps 

outdated government rules and therefore are not amenable to 

proactive changes based on new data but are followed as close 

to the letter as possible in a defensive strategy to avoid 

litigation. Something as simple as adding a line saying 

applications from women and minorities are encouraged 

would lead to breaking the official format and invite 

accusations of preferential treatment. Dr. Barthelemy 

highlighted the necessity of ally-ship of the majority who 

should bear the burden of demanding change where needed.  

Prof. Menon described a few practical ally-behaviours that can 

be modelled by good leaders, for example, calling out 
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“manels”, i.e., conference panels made up entirely of men, and 

clarifying committee compositions and responsibilities. 

The question of having well-constituted committees 

necessitates comparatively far more service contributions 

from women faculty than their male contemporaries which, in 

turn, impacts their ability to spend time, energy and focus on 

research and damages metrics responsible for tenure and 

promotion decisions. When asked for their comments,         

Prof. Menon frankly replied that this is a problem that is 

unsolvable until more women are hired to distribute the work, 

whereas Prof. Narain suggested that tenure decisions could 

take extra service responsibilities into account and re-weight 

research productivity accordingly. She also suggested that 

women simply start saying no to service requests if they will 

not be given weight in tenure and promotion decisions. 

A new line of discussion was initiated by Dr. Katoch on 

mentoring support for young faculty members that can help 

them navigate the tenure process. Prof. Narain described her 

own University’s norms where each incoming faculty member 

is given a senior faculty mentor. This was seen as somewhat 

similar to undergraduate support in India. However,              

Prof. Menon acknowledged that no formal support system 

currently exists for young faculty in India in his knowledge 

and that this could be a useful addition. 

An insightful question from the audience asked how junior 

members can hope to make a change when they have no 

decision-making power and their suggestions are often 

dismissed by appealing to “this is how we do things.”          

Prof. Menon clarified that in hiring committees this is likely 

due to government rules of there being two levels of hierarchy 

required between the level at which the candidates are and 

those in the committee. He conceded that this could be 

bettered by having a committee that allows representatives 

from multiple levels. 

Furthering the discussion about what ally-ship would mean in 

practice and what bias training looks like, Dr. Barthelemy 

acknowledged that often those that most need the bias training 

as the ones likely to hear it the least whereas the people most 

engaged with the training are the ones with fewest biases 

themselves. However, even with targeted bias training, only 

training is not enough but the process needs review both as the 

committees are active, and after reasonable milestones to 

assess what has worked and what hasn’t. He emphasised that 

to truly improve diversity, the very process of hiring has to be 

modified and provided a personal example of an otherwise 

stellar applicant to his group who did not receive all 

recommendation letters in time for the deadline because the 

advisor had extraordinary family caring responsibilities. 

Prof. Menon asked how cultural components factor into 

designing bias training. Dr. Barthelemy highlighted that both 

milieu and geography obviously change the expectations and 

the definitions of what is acceptable and therefore only local 

communities can make this decision. 

A comparison of family-friendly policies in both countries 

illuminated many differences. In the US, faculty have both 

maternity and paternity leaves, students get maternity leaves 

but not paternity leaves and contract-based postdoctoral 

fellows are entitled to neither.  For conference travel, childcare 

facilities may be subsidised by the university but no regular 

child-care subsidy exists.  In India, the situation is much better 

with six months’ maternity leave at all levels and also child-

care leave that can be taken any time till the child turns 18.  

However, the child-care policies and mobility allowances are 

not gender neutral and Dr. Chatterjee pointed out that this is 

therefore being misused to pressurise women to stay behind. 

To finish off, the panelists commented on initiatives that 

provide benchmarking for how well each institution performs 

with diversity requirements.  Prof. Narain mentioned the NSF 

advanced program that is attempting to make some 

benchmarks. Dr. Barthelemy mentioned that representation 

should not be seen as the be all and end all goal but inter 

fostering an inclusive culture is more important than mere 

numbers. A comment from Prof. Shobhana Narasimhan in the 

audience introduced the GATI initiative and identified what 

needs to be addressed so it can actually be adopted by 

institutes in India. 
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Acting on the suggestion from the Indian contingent at the 

APS International Young Leaders Forum held in February, 

2021, the IPA has initiated a Young Physicists Meet (YPM) 

programme. The goal is to establish a direct line of contact 

with young physicists, who are either senior Ph.D. scholars, 

postdocs, or young faculty in India, and gather feedback on 

how IPA can help them advance in their career. The IPA plans 

to organise the YPM separately in five zones – East, West, 

Central, North, and South, to cover the whole of India. The 

IPA would solicit participation of various Universities and 

Institutes from every state in a given zone, by requesting 

nominations of young physicists who can represent the voices 

of young researchers in that region. At the crux of the YPM 

will be a round-table discussion with the representatives, in 

which IPA would listen to feedback from them on their 

experiences in academia, their struggles and proposed 

solutions. This feedback would help the IPA develop a 

roadmap on how to help young researchers in India. 

The first of the five IPA YPM was hosted by the National 

Institute of Science Education and Research (NISER), Odisha, 

for the East zone, online via Zoom, on January 31, 2022. There 

were 30 participating institutes spanning across 11 states from 

the eastern and northeastern regions of India (See Figure 1). 

The participation breakdown in terms of gender and 

designation have been shown in Table 1. The East zone IPA 

YPM programme included a round-table discussion with all 

invited representatives, talks on scientific writing, ethics in 

research, and public speaking by eminent speakers, and panel 

discussions on career opportunities after obtaining a Ph.D. in 

Physics, with a roster of experienced panelists. An orientation 

programme was arranged for the representatives on January 

26, 2022 in which the motivation and format of the YPM was 

explained in detail. The participants were given a 

questionnaire as conversation starters for the round-table 
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discussions, and the option to post questions to the panelists 

anonymously beforehand via a google form, to ensure a 

smooth flow of events during the programme. 

Table 1: A breakdown of the participants in terms of gender 

and designation at the IPA YPM. 

Ph.D. 34 Male 39 

Faculty 26 Female 23 

Postdoc 2 Other 0 

Total 62 Total 62 

 

The first session of the YPM started with                                     

Prof. Bedangadas Mohanty, the organiser from NISER, 

welcoming all attendees, and providing an overview of the 

programme. An introduction of IPA and its activities were 

given by the IPA general secretary, Prof. Vandana Nanal from 

TIFR. The Director-NISER, Prof. Sudhakar Panda, voiced his 

well-wishes and support for this initiative taken by the IPA. 

IPA President Prof. S. Ramakrishnan (IISc) and IPA Vice-

President Prof. Tanusri Saha Dasgupta (SNBNCBS) 

emphasized the importance of catering to the needs of young 

physicists in India, and how the YPM plays a crucial role in 

gathering useful feedback for this purpose. 

After the introductory session, the participants were divided 

into six breakout rooms to start the round-table discussions. 

Each room had around 10 participants and a moderator for the 

IPA. Dr. Rudrajyoti Palit (TIFR), Dr. Moon Moon Devi 

(Tezpur University), Dr. Shikha Varma (IOP),                            

Dr. Moumita Maiti (IIT Roorkee), Dr. Vaibhav Prabhudesai 

(TIFR), and Dr. Sadhana Dash (IIT Bombay) were the 

moderators for this session. The moderators led the 

discussion, ensuring inclusiveness and presented the summary 

of inputs received for the perusal of IPA. The salient 

comments by the participants have been summarized below: 
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• Increase awareness about IPA and its activities in the 

northeastern region. 

• IPA can organise regular sessions on (A) career 

counselling, (B) building start-ups, (C) filing patents and 

Intellectual Property Rights (IPR), (D) inter-disciplinary 

research, and (E) preparation of resume and project 

proposal. 

• The IPA website can have information on (A) finding 

academic and non-academic jobs, (B) Physics lectures 

and related resources, (C) travel grants and funding, and 

(D) support for women in science and the 

underprivileged. 

• The IPA can initiate mentorship programmes, and IPA 

members should be encouraged to visit remote Institutes 

and Universities to hold workshops and schools. 

• There is a desire for IPA to play a greater role in 

facilitating (A) improved accessibility of journals and 

books, (B) access to existing major experimental 

facilities, particularly for the northeastern region 

physicists. 

 

Figure 1: The states participating in the East zone IPA YPM. 

Several concerns were raised about lack of infrastructure and 

trained personnel at remote Universities. It was emphasized 

that this adversely affects both students and young faculty, in 

choice of problems, competitive project evaluations, funding 

etc. Although this is outside its ambit, IPA agreed to bring the 

matter to the attention of the concerned bodies. 

The next session included two talks. The first talk was by  

Prof. Sunil Mukhi from IISER Pune on “Scientific Writing 

and Ethics in Research”. The talk discussed ethical standards 

expected by Universities and journals, and showcased 

instances of plagiarism with their consequences. The second 

talk was given by Dr. Yukti Arora from Ashoka University on 

Public speaking. The talk explained various ways to improve 

the quality of delivering a talk, as well as presenting posters. 

Both the talks had an interaction session with the participants. 

Following the talks were panel discussions on career 

opportunities that were divided into two categories: (i) in 

academia, and (ii) beyond academia. The panelists for the 

discussion on career opportunities in academia were                

Dr. Shobhana Narasimhan (JNCASR), Dr. Nishita Desai 

(TIFR), Dr. Saroj Nayak (IIT Bhubaneshwar), and                   

Dr. A. Srinivasan (IIT Guwahati). Questions from the 

participants included “What are the differences in joining 

dedicated research institutes compared to a state 

universities?”, “How to prepare a CV and list of publications 

when applying for an academic position?”, “Can salaries be 

negotiated? and “Quality of research positions in India vs 

abroad”. There were also discussions on provisions being 

made by several Universities on overcoming any form of 

gender bias, supporting and improving participation from 

socially and economically disadvantaged classes. 

The discussion on career opportunities beyond academia was 

led by Dr. Stephan Edward (ASML), Dr. Siddharth Satpathy 

(Deepfence), Dr. Sudeshna Dasgupta                                      

(Cactus Communications), Dr. Evan Phillip (Pasqal SAS), and 

Mr. Viraj Thakkar (Tenaska). Several questions along the 

lines of “How to become aware of job opportunities outside 

academia, and how to apply for them?”, “How to prepare a 

CV for jobs outside academia?”, “How competitive is the job 

market outside academia, both in India and abroad?” were 

discussed by the panelists based on their experience. The panel 

discussions witnessed enthusiastic participation from all 

attendees. The recordings of the talks and the panel 

discussions are available on the IPA YouTube channel for a 

wider audience. 

In concluding remarks, Prof. B. Mohanty, highlighted the key 

takeaways from the Meet. Prof. Nanal (General Secretary, 

IPA) assured that IPA will deliberate on various inputs to find 

the way forward and more productive interactions with the 

young physics community. 
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ISM2021 was the 10th in a series of biennial Indian Strings 

Meetings (ISM), the first of which was held in December 

2002. Organized by the Indian string theory community, the 

objective of these meetings is to forge better communication 

between researchers working in string theory and related areas 

across the world. The idea is also to provide a platform to 

senior graduate students and young postdocs working in India 

to talk about their work to an international audience. Under 

the continuing global pandemic, it was decided to hold ISM21 

virtually in a completely online mode. It was hosted by          

IIT-Roorkee. 

For the first time in its history, a session to discuss the issue 

of gender disparity and the way forward to address the 

imbalance in the community, with particular focus on the 

Indian context, was organized during ISM2021. The session 

started at 12:00 noon IST on December 15, 2021 (06:30 A.M. 

GMT) and continued for almost two hours. This was also an 

activity of the HEP Gender Group, which is a part of the 

Gender in Physics Working Group affiliated to the Indian 

Physics Association (IPA). It was organized and conducted by 

Nabamita Banerjee (IISER, Bhopal) and Debashis Ghoshal 

(JNU, New Delhi). 

The following panellists were invited to share their experience 

and perspective: 

● Atish Dabholkar: Director and Professor,            

Abdus Salam International Center for Theoretical 

Physics (AS-ICTP), Trieste, Italy 

● Lata Joshi: Postdoctoral Fellow,                             

University of Innsbruck, Austria 

● Corinne de Lacroix: Research Assistant, Sapenship, 

Tel Aviv, Israel 

● Swapna Mahapatra: Retired Professor,                     

Utkal University, Bhubaneswar, India 

● Sunil Mukhi: Professor, Indian Institute of Science 

Education and Research (IISER), Pune 

● Madhusudhan Raman: Postdoctoral fellow,        

Institute for Theoretical Physics, Sao Paulo, Brazil 

Marika Taylor, Professor, University of Southampton and 

actively involved with gender issues in High Energy Physics 
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in Europe unfortunately was compelled to cancel her 

participation for personal reasons. 

To begin with, Nabamita shared some statistics on gender 

representation in string theory in India. Even though 40 female 

students obtained their Ph.D. in string theory in India, when 

compared to their male counterparts it is only about 10-15 %. 

More importantly, to the best of our knowledge, among the 

faculty members there are only five permanent, two DST 

Inspire and one guest women faculty in string theory in the 

entire country. This is a very leaky pipeline. At least eight 

women scientists who worked in string theory during their 

Ph.D. have left the field. 

The panellists were then introduced and invited to speak. Each 

of them spoke briefly and brought many interesting points to 

ponder on. These range from personal struggles to suggestions 

for steps towards mitigation of the status quo. A few 

takeaways and important points are the following. 

● Atish Dabholkar acknowledged the issues of gender 

imbalance in science in general and string theory in 

particular. He mentioned that ICTP is taking slow but 

steady steps to address the imbalance. ICTP has achieved 

50 % gender parity in their MS programme. The Institute 

organizes regular workshops to address issues faced by 

women in science and how to deal with those. ICTP is 

working towards a day-care facility for the visitors. It has 

also considered one-year maternity leave for PDF 

candidates with plans to proactively recruit women 

scientists.  

● Lata Joshi talked about the imposter syndrome that 

women, especially the younger ones, often face. Efforts 

should be made so that a woman feels comfortable and 

not an intruder in an exclusive male domain. She 

strongly recommended on-campus accommodation 

especially for beginning women graduate students, 

daycare facility and flexibility in work contract. She said 

that outreach workshops for women should be given 

wide media coverage. 

● Swapna Mahapatra emphasized the importance of 

support from family and colleagues that plays an 

essential role in the life of a woman scientist. Recalled 

her journey as a pioneering woman string theorist in 

India. 
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Prof. C. V. K. Baba Award for the Best Thesis  

Presentation in Nuclear Physics 

2020 

Dr. Sandeep Joshi, BARC, Mumbai 

for his thesis entitled 

“Electromagnetic properties of neutrinos and 

phenomenology of neutrino oscillations” 

 

2021 

Dr. Pooja Siwach, IIT Roorkee 

for her thesis entitled 

“Exotic phenomena in triaxial odd-odd 

nuclei” 

Anil K. and Bharati Bhatnagar Best Thesis 

Award in Solid State Physics 

2020 

Dr. Balasubramanian S., IGCAR, Kalpakkam 

for his thesis entitled 

“Fabrication and Characterization of SiO2 Micro 

cantilevers for Relative Humidity Sensing” 

 

2021 

Dr. Manas Ranjan Panda, IITB, Mumbai 

for his thesis entitled 

“Advanced Electrodes from 2D Layered 

Materials for Li- and Na- Storage” 

● Corinne de Lacroix suggested that the society as a whole 

needs to come out of its bias related to women in science 

and that such issues should be addressed and brushed 

under the carpet. 

● Madhusudhan Raman emphasized the need to be 

proactive to work towards gender balance in Science. 

This starts with affirmative action to ensure fair 

participation of women in the intake of graduate 

programmes, instructional schools, workshops and 

conferences. 

● Sunil Mukhi shared some of the active steps that have 

been taken by the Indian Academy of Science, Bengaluru 

to promote gender equality. The Gender Policy (1) 

promotes gender equality as an explicit human right, (2) 

identifies and eliminates practices that create systemic 

and structural impediments to the advancement of 

women in science, (3) supports the empowerment of 

women to enable them to flourish in the scientific 

profession, (4) identifies potential risks and hindrances 

to women in their pursuit of science and implements 

strategies to eliminate them, and (5) engages with the 

Government of India, scientific institutions, and the civil 

society to promote and support gender equality in 

general, and in science in particular. 

After the presentations, the floor was opened for discussions, 

Q&A, and suggestions for the way forward. The audience took 

an active part in it. The following are some highlights of what 

emerged. Vandana Nanal (Professor, TIFR) emphasized the 

need for training on gender sensitization for everyone in 

academia. Riddhi Shah (Professor, TIFR) shared her 

experience and involvement with Indian Women and 

Mathematics (IWM) and talked about the workshops 

organized across the country. The curious fact that an 

experimental science like biology that requires committed 

time in the laboratory attracts and retains more women 

researchers compared to string theory was pointed out by 

Debashis Ghoshal. In this context the myth of mathematics 

and theoretical physics being “hard for girls” was also 

mentioned by him and Abhijit Gadde (Professor, TIFR), 

Somdatta   Bhattacharjee and Binata Panda (Professor,         

IIT-ISM Dhanbad). Rajesh Gopakumar (Director and 

Professor, ICTS) mentioned summer programmes for women 

in science as a way to bring more women into science 

research. The Vigyan Vidushi programme of TIFR was also 

mentioned in this context. Srubabati Goswami (Professor, 

PRL) said that all institutes should provide gender statistics on 

the web and must proactively hire qualified women scientists 

without any bias. 

Even though much remained to talk about the session had to 

be wrapped up. The recording of it is available on YouTube 

at: https://www.youtube.com/watch?v=DBgAjSAurwE 
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The Department of Earth and Climate Science at Indian 

Institute of Science Education and Research (IISER), Pune, 

aims to promote education and scientific discovery about the 

Earth as a complex dynamic system. Our research focuses on 

understanding the natural processes that shape the Earth at 

various spatial and temporal scales. We are especially 

interested in understanding the interaction between the solid 

Earth, water, atmosphere, and life through time using modern 

analytical and computational approaches.  

The Department of Earth and Climate Science at IISER Pune 

began its journey in 2014 from a small room in the IISER 

guesthouse with two faculty members, Prof. S.S. Rai and  

Prof. B.N. Goswami. In the last eight years, the department 

has grown substantially. Presently, we have ten regular faculty 

members, two emeritus professors, two Postdoctoral fellows, 

more than twenty graduate students, three non-teaching staff 

members, and more than 13000 sq ft of space stretched over 

two buildings. 

Our department is committed to practising and propagating 

the modern view of Earth and Climate Science as a 

multidisciplinary quantitative science. Our faculty members 

and Ph.D. students come from diverse academic backgrounds, 

including backgrounds in physics. Unlike many of our peers 

in other branches of science, research is invariably a 

combination of fieldwork, laboratory experiments, and 

computer simulation for most of us. Many among us are 

essentially solving various problems in classical physics 

problems related to relevant earth-system components. Our 

research related to river water, glaciers, earthquakes, climate 

and weather phenomena, and ecosystem is driven by curiosity 

and societal needs. A recurring theme of the research at ECS 

is the change and variability of climate over subseasonal to 

multi-million-year time scales, their effects on various earth-

system components, and their interactions. 

Teaching programme 

The department offers both major and minor (tracks/options) 

degrees in Earth and climate science through the five-year BS-

MS programme. We designed the curriculum (major) to 

provide a broad foundation in physical sciences relevant to 

Earth and Climate Science through lectures, laboratory 

training, and field trips. The final year of the program is 

devoted entirely to research and contributes to the MS thesis. 

The BS-MS students also can join the International Master in 

Solid Earth Science (IMSES) at the Institute de Physique du 

Globe de Paris (IPGP). We started a two-year MSc (Geology) 

programme in 2022. We take students from diverse academic 

backgrounds, including Physics, Mathematics, Engineering, 

and Geology, for our Ph.D programme. For the mandatory 

coursework requirement of the Ph.D. programme, we provide 

modular courses designed to cover fundamental aspects of 

Earth and climate science that the students did not learn in 

their previous academic training. In addition to that, we also 

conduct a weekly seminar series where the students listen to 

external speakers and present their work regularly. 

Research themes  

The research focus of the department is to understand the 

natural processes that shape the Earth at a range of spatial and 

https://www.iiserpune.ac.in/research/department/earth-and-climate-science
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temporal scales. Research questions span over the interacting 

spheres that make up the earth system, from the deep-earth 

processes to atmospheric dynamics. The following are the 

main research domains that are represented by the department. 

Earth Structure and its Evolution 

The researchers in this group aim to understand the structure 

of the Earth and the processes operating at the shallow 

subsurface and deep crustal level using geophysical imaging, 

earthquake seismology, and geodynamic modelling.  

Surface Processes 

The focus of this group is to understand the processes at or 

near the Earth's surface, involved in the chemical alteration of 

rocks/sediments and physical changes in the landforms. The 

research is supported by trace-element & stable isotope 

geochemistry, field mapping, space-based imaging, and 

numerical modelling.  

Paleoenvironment and Paleoclimatic Evolution 

The focus of this group is to reconstruct the past environment, 

develop an understanding of how the climate has evolved in 

the past, and evaluate its effect on the biosphere. The 

methodologies include outcrop studies, geochemical analyses, 

seismic data analysis, paleontological investigation of fossils 

and living organisms, paleoclimate reconstructions, and 

modelling.  

Climate Dynamics 

The researchers in this group aim to develop an understanding 

of the dynamics of climate phenomena ranging from clouds to 

monsoon systems and their interaction with glaciers and 

rivers. The methodologies include field experiments over 

Himalayan glaciers, climate data analysis, and numerical 

modelling. 

Present status 

The faculty members of ECS are distinguished researchers, 

recognized nationally and internationally for their research 

activities and contributions in frontier areas of Earth and 

climate science. The faculty members include recipients of 

several recognitions, including the INSA Young Scientist 

Award (Gyana R. Tripathy), the Shanti Swarup Bhatnagar 

prize (S.S. Rai), fellows of national and international scientific 

societies and academies. More than 100 peer-reviewed articles 

have been published from the various research groups in peer-

reviewed scientific journals, including high-impact journals 

like  Nature   (Ecology  and  Evolution),   Earth   and   Planetary

Science Letters, Geophysical Research Letters, and Scientific 

reports. The faculty members routinely give plenary/invited 

talks at national and international conferences based on their 

research work and serve on the editorial board of reputed 

journals. Many of us actively participate in outreach activities 

organized by IISER Pune and other organizations. 

The research is primarily supported by extramural funding 

received from various national funding agencies, including 

DST, SERB, and MoES. In 2019, the department received 

FIST grant for the infrastructural development. Extramural 

funding, along with support from IISER Pune enabled the 

establishment of several high-end research facilities which 

include facilities for isotopic and geochemical analyses 

(Isotope ratio Mass spectrometer, X-ray Fluorescence, Q-ICP 

MS, Ion Chromatograph, CHNS/O Analyzer), Geophysical 

survey (broadband seismograph, engineering seismograph, 

DC resistivity meter), and computation (clusters).  

Our Ph.D. alumni are successful in securing Post-doctoral 

fellowships in India and abroad. The majority of the BS-MS 

students who graduated with a focus on Earth and Climate 

Science successfully secured Ph.D. positions in national and 

international institutes. Others pursued different career paths, 

including science communication. 

Our department is still young. In this growing phase, we are 

actively strengthening our infrastructure by building 

operational laboratories, procuring instruments, and 

developing the core research groups with the recruitment of 

faculty members and research scholars. We are initiating 

newer research programmes and forging national and 

international collaboration to address large-scale questions of 

global importance. We are also trying to inculcate the culture 

of scientific interaction through the departmental seminar 

series, where talks are presented by reputed scientists 

alongside the budding research scholars. We try to integrate 

research and education in synchrony with the motto of IISER 

by involving undergraduates and Ph.D. students. Over the next 

phase of our development, we are confident that we will 

emerge as an important site for the newest interdisciplinary 

research in Earth and climate science – a goal we are getting 

closer to every day. 

Devapriya Chattopadhyay 

chair.earth@iiserpune.ac.in  

Argha Banerjee 

argha@iiserpune.ac.in  

 



Meet the Scientists  

  

Vol.52(1-2)  56 

Meet the Scientists! 

We profile 4 enthusiastic scientists who work in diverse areas related to climate science across the country. 

 

  

Narendra Ojha 
Reader, Space and Atmospheric Sciences Division, Physical Research 
Laboratory, Ahmedabad. 
Area: Atmospheric Physics, working for 14 years. 
My research: I perform modelling of physical and chemical processes 
in the Earth’s atmosphere to study the links between air pollution and 
climate with focus over the Indian subcontinent.  
What I like about my field of research: The knowledge of physics 
combined with high performance computing empowers us to solve 
complex problems related to air pollution and climate change, and to 
answer questions of wider scientific and societal relevance. 
 

Devapriya Chattopadhyay 
Associate Professor, Department of Earth and Climate Science, IISER Pune. 

Area: Paleontology, working for 19 years.  
My research: I study fossils to understand how marine organisms respond to their 

physical and biological environment. 
What I like about my field of research: As a kid, I was an avid nature enthusiast, 
curious about the process that shapes the Earth and life every day. The thrill of 

knowing the past world that shaped today's ecosystem drew me to paleontology. I 
still enjoy being out in the field, sometimes in the world's remote corners, to 

reconstruct the long-lost ecosystem using a multidisciplinary approach.  
The training to observe and analyse also helps me to introspect as I navigate 

through spheres of life. 

R. Krishnan 
Scientist G, Indian Institute of Tropical Meteorology, Pune. 
Area: Climate Science with focus on Climate Change and Monsoons, working for 
35 years.  
My Research: Numerical modeling and analysis of Climate Change and Variability 
on different scales, with focus on the Indian monsoon. 
What I like about my field of research: Interconnectedness of Climate Science 
with different components of the Earth System viz., Atmosphere, Ocean, Land, 
Cryosphere and Biosphere; and the interdisciplinary nature of the subject having 
strong links to other branches of sciences, Computational Sciences, Social 
Sciences, Economics, Philosophy, history among others. 

Debasis Sengupta (extreme right) with students 

and research team onboard Ocean Research 

Vessel Sagar Nidhi, north Bay of Bengal. 

 

Debasis Sengupta 
Professor, Centre for Atmospheric and Oceanic Sciences (CAOS),  

Indian Institute of Science, Bangalore. 
Area: Ocean physics and climate variations, working for 40 years. 

My research: We study ocean currents and waves, as well as 
temperature and salinity variations from seconds to decades, and 

meters to planetary scales. 
What I like about my field of research: I enjoy going to the sea on 

research ships to gather observations. The low-salinity water from the 
Bay of Bengal rivers can be traced far across the Indian Ocean, 

reaching the shores of Africa in a few months - we are studying the 
role of river water in air-sea interaction, e.g., in cyclone 

intensification. 
 



With training under the tutelage of Sir C.V. Raman on X-ray diffraction in liquids, Kalpathi

Ramakrishna Ramanathan joined the India Meteorology Department (IMD) in 1926. As the Director

of the Colaba and Alibag Magnetic Observatories and subsequently as the Director of the Kodaikanal

Solar Physics Observatory, he had a role in their later conversions to the Indian Institute of

Geomagnetism and the Indian Institute of Astrophysics. He was the first Director of Physical Research

Laboratory (PRL) (1948–1966) and was active as an Emeritus Professor (1966–84) till the end. His

tenure at IMD and PRL was a golden period in the history of India’s Atmospheric Science, when Prof.

Ramanathan led India to become a leader in atmospheric observations unraveling the general

circulation of the atmosphere. The election of Prof. Ramanathan as the President of the International

Union of Geodesy and Geophysics (IUGG, 1954–1957) was a recognition in that direction.

His contributions in the thermal structure and movements of upper air, as well as in the field of

atmospheric ozone are outstanding. He was the first to publish the diagram showing the distribution of

upper air temperatures over the world up to 25 km in summer and winter (1929), at a time when upper

air observations were handful across the world. As the Director of PRL, his major contributions to the

study of atmospheric ozone were: (i) the discovery of the quasi-biennial oscillations of total ozone in

the tropics, (ii) the dependence of ozone distribution on meteorological phenomena such as jet streams

and their location, tropopause discontinuities and inter-latitudinal air exchange, and (iii) its relationship

with the general circulation of the atmosphere, on the whole. These studies led to a large number of

theoretical investigations worldwide, on the behavior and transport of ozone in the upper atmosphere

and his international recognition as “Mr. Ozone”. He was also connected with studies of night airglow,

ionospheric and space physics and solar and galactic influences on the ionosphere. He established the

nocturnal and seasonal variations of the green and red lines of oxygen, and the effect of solar flares on

the green emissions. The contributions of Prof. Ramanathan and his students at PRL to ionospheric

physics over a period of nearly thirty years, have been outstanding.

An institution builder, Prof. Ramanathan sowed the seed at PRL in the group studying the upper

atmosphere, Ionosphere and Cosmic rays that eventually bloomed into the Indian Space Research

Organization (ISRO).

(This biosketch is largely based on inputs received from Prof. B.N. Goswami. We are grateful to Dr.

Anil Bhardwaj (Director, PRL) for permission to print the photograph from PRL records.)

K. R. Ramanathan (1893–1984)

(FNA, FASc, FIAS, Hon. FRMetS)
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