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“Weather describes the conditions of the atmosphere at a certain 
place and time with reference to temperature, pressure, humidity, 
wind, and other key parameters (meteorological elements) ” 

“The presence of clouds, precipitation, occurrence of special 
phenomena e.g. thunderstorms, dust storms, tornados and others” 
defines weather  

Weather & Climate

Cubasch et al., 2013
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•Climate is usually defined as the average of weather. Typically, the 
period for averaging is 30 years (WMO- World Meteorological Organization)  

• Temperature 
• Precipitation 
•Wind

Climate & Weather

Climate is what you expect. Weather is what actually happens
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Climate system

In 1992, the United Nations’ Framework Convention on 
Climate Change (UNFCCC) defined the climate system 

as ‘the totality of the atmosphere, hydrosphere, 
biosphere and geosphere and their interactions’.
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Climate system

Atmosphere 
Gases, aerosols

Hydrosphere 
oceans, seas, rivers, 
lakes, underground 

water, etc

Cryosphere 
sea ice, lake ice, river 

ice, snow cover, 
glaciers and ice 

sheets

Lithosphere 
Land, sea/ocean 

beds

Biosphere 
ecosystems and 
living organisms, 

dead organic matter, 
soil organic matter

Perturb the system Response of the system

NASA

★The key point is 
that when we 
perturb any of the 
components of 
the climate 
system we 
ultimately affect 
the planetary 
energy budget

Cubasch et al., 2013
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IPCC AR6, Chen et al. 2021Datasets and baselines used are: (i) CO2: Antarc6c ice cores (Lüthi et al., 2008; Bereiter et al., 2015) and direct air measurements (Tans 
and Keeling, 2020) (see Figure 1.5 for details); (ii) precipita6on: Global Precipita6on Climatology Centre (GPCC) V8 (updated from 
Becker et al., 2013), baseline 1961–1990 using land areas only with la6tude bands 33N–66N and 15S–30S; (iii) glacier mass loss: Zemp 
et al. (2019); (iv) global surface air temperature (GMST): HadCRUT5 (Morice et al., 2021), baseline 1961–1990; (v) sea level change: 
(Dangendorf et al., 2019), baseline 1900–1929; (vi) ocean heat content (model–observa6on hybrid): Zanna et al. (2019), baseline 
1961–1990.

Climate change (since 1850…)
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IPCC AR6, Chen et al. 2021

ΔTS
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History

In 1827, Fourier formulated the question of what 
determines Earth’s temperature and developed the idea of 

the planetary energy balance 

Jean-Baptiste Joseph Fourier

Further read: Pierrehumbert 2004Svante August Arrhenius

Arrhenius 1896 calculations suggesting that changes in 
carbon dioxide would induce changes in the surface 
temperature 

Fourier, J.-B. (1827) Mémoires de l’Académie des sciences de l’Institut de France.



Arrhenius 1896



IPCC AR6

Energy 
flows in 
the climate 
system



IPCC AR6

Energy 
flows in 
the climate 
system



Stefan-Boltzmann Law

The blackbody flux density/irradiance obtained 
by integrating the Planck’s function over all 
wavelengths is given by the Stefan–Boltzmann 

law,  

Planck’s function which led to the development 
of theory of quantum physics 

Intensity of radiation emitted by a blackbody —> 

  

eb = σT4

eλb =
2πhc2

λ5[ehc/λkT − 1]

From Wallace and Hobbs

How much is Earth’s 
surface temperature?
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Sun

Earth

Energy balance (N)

Radiation incident  –

S = 1365 Wm-2

reflected back  = 
radiation 

radiation emitted by 
Earth because of its 

temperature 
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Sun

MS-E

𝑅𝑆 = 6.96  ×  108 𝑚

𝑀𝑆−𝐸 = 1.496  ×  1011 𝑚

𝑇𝑆𝑈𝑁 = 5778 𝐾

𝑆𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =
4𝜋𝑅2

𝑆𝑈𝑁 .  𝜎𝑇 4
𝑆𝑈𝑁

4𝜋𝑀2
𝑆−𝐸

Solar constant

Blackbody

(𝑆 )

= 1365 𝑊𝑚−2

. .
. 

Earth

S
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Sun

𝑇𝐸 = 255 𝐾

Currently, the global mean temperature of earth is around  
Ts = 289K

Ts − TE = 34K

Energy balance (N)

𝑆  = 1365 𝑊𝑚−2

𝛼 = 0 . 29

Radiation incident – reflected back radiation – radiation emitted by Earth = N 

Setting N = 0 we can solve,                                𝑆 𝜋𝑅2
𝐸  −  𝛼 𝑆 𝜋𝑅2

𝐸  −  𝜎𝑇 4
𝐸 4𝜋𝑅2

𝐸 = 0

Greenhouse effect

Here, TE is the effective 
radiating temperature of Earth 
or emission temperature.  

Assuming a single uniform 
temperature. 

S

Earth

S

𝑆
4

(1 −  𝛼) =  𝜎𝑇 4
𝐸
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Greenhouse effect and greenhouse gases

Greenhouse effect 
𝜎𝑇 4

𝑆 −  𝜎𝑇 4
𝐸  = 150𝑊𝑚−2

Currently, the global mean surface temperature 
of earth is around  

, Ts = 289K TE = 255K

The major gases like the Nitrogen, Oxygen, Argon 99.9% but the minor gases H2O, CO2, CH4, N2O,… As these 
gases have strong absorptions.  

How do we get to  ? 
So, we need to develop our simple model. Perhaps we can start with a model with single layer atmosphere. 

But let’s see at the maps of the quantities we just derived at the top of the atmosphere.

Ts

Wallace and Hobbs
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A small blackbody satellite is orbiting the Earth at a distance far enough away 
so that the flux density of Earth radiation is negligible, compared to that of 
solar radiation. Suppose that the satellite suddenly passes into the Earth’s 
shadow. At what rate will it initially cool?  
The satellite weighs 1000 kg and a specific heat  1000 J/kg/K. It is spherical 
with a radius r = 1 m, and temperature is uniform over its surface. 

Before going ahead solve this

Answer: 15.5 K/hour



From Wallace and Hobbs

Atmospheric Science: An introductory survey


2005

How many Gigatonnes 
of carbon ?


Does COVID-19 
pandemic has an 

influence on the rise in 
CO2 concentration? 

Let’s take peek at “the Atmosphere”



The Keeling curve

https://keelingcurve.ucsd.edu/

http://doi.org/10.6075/J08W3BHW

http://doi.org/10.6075/J08W3BHW


Energy balance (N)

S
4

(1 − α) − σT4
E = N = 0
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Model (MPI-ESM) simulated  
TOA incoming solar radiation

.

March-April-May 
2004-to 2015

𝑆
4

Wm-2

Mean = 
338.1 Wm-2
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𝑆
4

𝛼 March-April-May 
2004 to 2015

.

Wm-2

Mean =  
99.6 Wm-2

Model (MPI-ESM) simulated  
TOA albedo
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March-April-May 
2004 to 2015

.

%

Mean =  
62.9 %

Model (MPI-ESM) simulated  
Total Cloud cover 
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𝑆
4

(1 − 𝛼) March-April-May 
2004 to 2015

.

Wm-2

Mean = 
238.5 Wm-2

Model (MPI-ESM) simulated  
TOA net shortwave radiation

Created by 
Angshuman Modak



March-April-May 
2004 to 2015

𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠
𝜎𝑇 4

𝐸

.

Wm-2

Mean = 
237.0 Wm-2

Model (MPI-ESM) simulated  
TOA outgoing longwave radiation
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March-April-May 
2004 to 2015

𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠
𝑆
4

(1 −  𝛼)  −  𝜎𝑇 4
𝐸 = 0

Wm-2

Mean =  
1.5 Wm-2

.

Model (MPI-ESM) simulated  
TOA net radiation
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Piexoto and Oort 1991NHSHCreated by 
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Piexoto and Oort 1991NHSH

JJA
DJF
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Curry and Webster

NHSH

NHSH Piexoto and Oort 1991
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• A slab of perfect greenhouse gas  

• Atmosphere is perfectly transmissive 
to sunlight but a blackbody absorber 
in the infrared 

• Ts = (
S(1 − α)

2σ
)1

4

The perfectly absorbing slab atmosphere
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• 2-layers 

• A slab of perfect greenhouse gas  
• Atmosphere is perfectly transmissive to 

sunlight but a blackbody absorber in the 
infrared 

•  

• For n-layers what would be Ts ?

Ts = (
3S(1 − α)

4σ
)1

4

The perfectly absorbing slab atmosphereThe perfectly absorbing slab atmosphere
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• Atmosphere is transparent to 
SW


•  - fraction of energy that is 
absorbed


• How Ts and Ta are related?


• For Ts = 288K,  


• what is the value of  ?

f

α = 0.3

f

The partially absorbing slab atmosphere
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Radiative equilibrium

Radiative convective equilibrium (RCE)



https://www.nobelprize.org/prizes/physics/2021/popular-information/

Nobel Prize in Physics 2021

https://www.nobelprize.org/prizes/physics/2021/popular-information/


Source: https://www.nobelprize.org/prizes/physics/2021/popular-information/ 

https://www.nobelprize.org/prizes/physics/2021/popular-information/


Manabe & Strickler 1964



Coming back to Manabe & Strickler 1964



1.Radiative equilibrium 
2.Thermal equilibrium with convective 

adjustments 
3.Atmospheric absorbers 
4.Influence of clouds 
5.Stratospheric water-vapor 
6.Not just vertical but latitudinal 

variation of temperature

Coming back to Manabe & Strickler 1964

Good example to understand 
how models developed



Coming back to Manabe & Strickler 1964

Radiative equilibrium With clouds



Modified from  
Murphy et al. 2009Time 

Forcing

Change in the atmospheric 
composition

Global mean TS
Near equilibrium state 

ΔTS

Energy 
heating Earth Outgoing LW radiation in 

equilibrium state

Climate system changes and OLR 
is returning to its initial state



Time 

Forcing

Change in the atmospheric 
composition

Global mean TS
Near equilibrium state 

ΔT

Energy 
heating Earth Outgoing LW radiation in 

equilibrium state

Climate system changes and OLR 
is returning to its initial state

Climate feedback & sensitivity

F

λΔT

C
dT
dt

= F + λΔT

C - Global heat capacity
F - external forcing
 - climate feedbackλ

Modified from  
Murphy et al. 2009



Equilibrium Climate Sensitivity (ECS)

ΔT =
−F
λ

ECS =
−F2xCO2

λ
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𝜆

Gregory et al. (2004)

Central problem in climate 
science is to estimate the 

climate sensitivity
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Climate feedback

 =  +  + + 𝝀 𝝀𝑷𝒍𝒂𝒏𝒄𝒌  𝝀𝑾𝒂𝒕𝒆𝒓 𝒗𝒂𝒑𝒐𝒓 𝝀𝑳𝒂𝒑𝒔𝒆 𝒓𝒂𝒕𝒆 𝝀𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒍𝒃𝒆𝒅𝒐 + 𝝀𝑪𝒍𝒐𝒖𝒅𝒔

S
4

(1 − α) − ϵσT4
s = N = 0
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From IPCC AR6, Forster et al. 2021 
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Block & Mauritsen 2013

MPI-ESM-LR

abrupt4xCO2

IPCC AR6 chapter 7
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