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Increase around 1o

C in 1000 years.



I was skeptical about climate change. I was cautious 

about crying wolf…But I’m no longer skeptical

David Attenborough



Klaus Hasslemann Syukuro Manabe

The Nobel Prize in Physics 2021 was awarded "for ground

breaking contributions to our understanding of complex

systems" with one half jointly to Syukuro Manabe and Klaus

Hasselmann "for the physical modelling of Earth's climate,

quantifying variability and reliably predicting global warming"

Giorgio Parisi



That vertical pattern of

change is what Hasselmann

described in 1979, as a

spatial fingerprint of change

that was distinct enough from

patterns of internal variability

in the Earth’s climate that it

could be used to detect the

greenhouse gas signal in

observations.

CO2 increase 

causes cooling

in the 

stratosphere 

and warming in 

the troposphere



Noise can lead to periodic

fluctuations in the earth’s climate !



▪ Fluctuations in 

weather

▪ Natural climate 

Variability

▪ Anthropogenic

Climate change



Maximum temperature: Bengaluru



Climate is different from weather

Weather

• Time scale

– Hours-Days 

• Spatial scale

– Regional

• Main Components

– Atmosphere

Climate

• Time scale

30 Years &Beyond

• Spatial scale

Regional-Global

• Main Components

Atmosphere, 

Ocean, Land… 

Humans

CLIMATE  IS  THE STATISTICS OF 

WEATHER AVERAGED OVER TIME





Climate 

change  

increases 

weather 

extremes



RAPID CLIMATE CHANGE FROM GREEN SAHARA TO A  DESERT









SIMPLE CLIMATE MODELS



The global mean temperature is determined

by the delicate balance between absorbed

solar radiation and emitted earth’s radiation

absorption of solar 

radiation( a function of 

temperature)

=  earth’s emission to space 

( a function of Temp)



CO2, H2O, CH4 

& O3

SURFACE 

TEMPERATURE

Four minor gases

(CO2, H2O, CH4 & 

O3) control the 

earth’s surface 

temperature by 

reducing the 

amount of 

radiation that can 

emitted to space



Svante Arrhenius calculated that emissions from

industry might someday warm the earth. In 1939,

G.S.Callendar argued that carbon dioxide causes

global warming. Arrhenius and Callendar thought

that global warming will be beneficial !



GREENHOUSE EFFECT

GHE = RADIATION EMITTED BY 

PLANET’S SURFACE –

RADIATION LEAVING THE 

PLANET

EARTH  = 390 -240 =150 W/m2 

VENUS=16100-200=15,900 W/m2



Water Vapor

Carbon Dioxide

Ozone

Methane, Nitrous

Oxide

Water
Vapor
60%

Carbon
Dioxide
26%

O3
8%

CH4
N20
6%

The  Greenhouse Effect: clear sky

WATER VAPOR CONSIDERED AS A FEEDBACK
Kiehl and Trenberth 1997



Global mean  temperature 

is controlled mainly by 

carbon dioxide
(With water vapor acting as a 

powerful amplifier)

Amount of water vapor on 

earth is controlled by CO2

through its impact on 

global mean temperature. 





SNOW AND 

ICE COVER

SURFACE 

TEMPERATURE

Snow and ice 

covered area 

control the 

earth’s surface 

temperature by 

altering the 

amount of solar 

radiation 

reflected to 

space



Absorbed  solar= emitted by earth-atmos

S/4 {1- ρ(T) }   = Emission (T, GHG)

ρ=Reflection of solar rad (called albedo)
is a function of temperature T

S



PRESENT 

CLIMATEICE AGE

SNOWBALL EARTH

SOLAR ENERGY ABSORBED

15C

EMITTED



Oscillations 

between 

ice-free and 

ice-covered

earth

Natural climate change



Paul 

Hoffman









COMPLEX CLIMATE MODELS



19 levels in 
atmosphere

20 levels
in ocean

2.5
lat 3.75 

long

1.25
1.25

THE HADLEY

CENTRE

THIRD

COUPLED

MODEL -

HadCM3
no flux adjustments

30km

-5km



Conservation equations for 

gridbox-mean quantities in a model
• Mass

• Thermodynamic energy

• Water vapour

• Momentum (acceleration = force per unit mass)
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• Condensation/evaporation
• Precipitation
• Transport by turbulence
• Transport by deep convection

• Gravity wave drag
• Transport by turbulence
• Transport by deep 
convection

• Radiation
• Latent heat release
• Transport by turbulence
• Transport by deep convection

Old fashioned division: terms 
on the left are “dynamics”, 
terms on the right are 
“physics”

Processes in italics are purely 
due to unresolved processes: 
would be unnecessary in a 
high resolution model (e.g. 
100 m)



Knutson et al., Bulletin of the American Meteorological Society, December 2017



Variable H2O

The 500-yr annual-mean time series of the global-mean surface

temperature change in the integrations where CO2 is doubled to 720

ppm relative to the unperturbed variability experiments, where CO2 is

fixed at 360 ppm.



Decrease in solar 

constant by 6%,9%, 

13% & 25%

CO2 and incoming solar radiation are

primary drivers of the past climate change









Jan. 7, 2022 416.89 ppm

Jan. 7, 2021 415.50 ppm 



CaSiO3 + CO2 CaCO3 + SiO2

The Long-term Inorganic Carbon Cycle:

0.03 

GtonC/yr

0.03 

GtonC/yr



The global temperature is

increasing ten times faster

than in the past

CO2 increased by  20 ppm in 

100 years during an abrupt 

climate change (15,000 years ago). 

In the 21st  century CO2 

increased by  20 ppm in  10 

years 



TO UNDERSTAND HOW 

EARTH’S CLIMATE WILL 

EVOLVE IN THE FUTURE,

WE MUST UNDERSTAND 

HOW NATURAL CLIMATE 

VARIED BEFORE 1850





An overview of climatic variability and its causal mechanisms. J. Murray Mitchell Jr. QR, 1976



PROXY EVIDENCE  FOR CLIMATE CHANGE









The book uses the full range of 

smear tactics to peddle climate 

change denial





ICE AGES



Stirations &Erratics



Milankovitch  

Hypothesis



Milankovitch Hypothesis: Polar summers with lower solar

radiation lead to the accumulation of the ice in polar regions

Incident solar radiation (Wm-2)

Deviation from present day value

115 kyr BP 125 kyr BP



• Scientists searched for the oldest ice in an ice sheet, 
drill from the top of the highest ice domes.

• Drilling is done over the summer in which it takes a few 
summers to drill completely through an ice sheet. 

• Some ice cores can be dated by counting annually 
deposited layers.









d18O

• As water vapor is transported poleward in 

the hydrologic cycle, each cycle of 

evaporation and condensation lowers the 

ratio of H2
18O to H2

16O, in a process called 

fractionation.

• This ratio is expressed as d18O.
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d18O and Global Ice Volume

• As ice sheets grow, the water removed 

from the ocean has lower d18O than the 

water that remains.

• Thus the d18O value of sea water in the 

global ocean is linearly correlated with ice 

volume (larger d18O → larger ice sheets).

• A time series of global ocean d18O is 

equivalent to a time series of ice volume. 















The change in Solar radiation   was amplified 
many times by postive feedbacks

Solar Rad 

(in polar region)

Temperature

Increases

Higher

Greenhouse 

Effect

CO2, CH4 

and Water Vapor

increases

Ice becomes

water

Absorbs more 

solar energy

POSITIVE 
FEEDBACK

POSITIVE

FEEDBACK





The stacked benthic foraminifera isotope record of the Pleistocene

(blue). The record is a proxy for global ice volume. The red curve is the

annually averaged insolation at 65N latitude

Quantification and interpretation of the climate variability record

By Anna Von der Hydet et al., Global and Planetary Change, 2021















Simulation of the last glacial cycle by a coupled sectorally averaged climate ice-

sheet model, Gallee et al., Journal of Geophysical Research, 97,1992















Abrupt Change 

in 

Atlantic Meridional Ocean 

Circulation(AMOC)











Data from Meese et al. (1994) and  Stuiver et al. (1995).

20 year running mean, d18O-temp conversion based on Cuffey et al, 1995











The AMOC tipping point in many models is around 

750 ppm of CO2 in many model simulations





Introduction to Climate Modelling by Thomas Stocker, Springer,  2011



Manabe and Stouffer (1994)



Using a global ocean model subject to freshwater forcing, we show

that a collapse of the Atlantic Meridional Overturning Circulation can

indeed be induced even by small-amplitude changes in the forcing, if

the rate of change is fast enough

Abrupt climate change as a rate-dependent

cascading tipping point

Lohmann et al., Earth System Dynamics,2021

An abrupt resurgence of the overturning circulation is induced before

a bifurcation point is reached due to the fast rate of change of the sea

ice. Because of the multi-scale nature of the climate system, this type

of tipping cascade may also be a risk concerning future global

warming. The relatively short timescales involved make it challenging

to detect these tipping points from observations

Risk of tipping the overturning circulation due to increasing 

rates of ice melt 

Lohmann and  Ditlevsena

Proceedings of the National Academy of Sciences March 2021 



Vellinga and Wood (2008)



Mulitza et al.,Paleoceanography , 2008



To explore the response of the global climate to a weakening of the

Atlantic thermohaline circulation, a perturbation experiment is

conducted in which an extra freshwater forcing of 0.6 Sv is uniformly

distributed over the northern North Atlantic (55°–75°N, 63°W–4°E) for

the entire 60-yr duration of the experiment.





Current Atlantic Meridional Overturning
Circulation weakest in last millennium
L. Caesar

After a long and relatively stable

period, there was an initial

weakening starting in the 19th

century, followed by a second,

more rapid, decline in the 20th

century, leading to the weakest

state of the AMOC occurring in

recent decades.



Rahmstorf, S., Box, J., Feulner, G. et al. Exceptional twentieth-

century slowdown in Atlantic Ocean overturning circulation. Nature 

Clim Change 5, 475–480, 2015

AMOC index = Sub-polar Gyre SST  - NH SST













PNAS,2015



Future Climate Surprises 

by Tim Lenton

Chapter 17 in
The future of World’s Climate
Ann Henderson-Sellers and Kendal Mcguffie eds, Elsevier,2012



Risk =
Probability of 
occurrence

Impact of 
eventX

A high impact event with low probability 

is as important as 

a low impact event with  high probability



CONCLUSION

• Earth’s climate can change rapidly

• A cascade of tipping points can

trigger rapid climate change

• Rapid climate change is a low-

probability but high impact event

• The 1.5 C limit proposed in the Paris

agreement is based on abundant

caution



NOBEL PRIZE IN CHEMISTRY 1995





One Dobson Unit is the number of molecules of ozone that would be

required to create a layer of pure ozone 0.01 millimeters thick at a

temperature of 0 degrees Celsius and a pressure of 1 atmosphere








