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The Earth receives the 
solar flux et radiates 
back the energy to space.

I.1 Incoming solar radiation and terrestrial outgoing radiation 

Incoming solar radiation 
S0 = 1367 W m-2 

Modulation of the 
solar constant
(Froelich, 2009)

S0/4

πr2 4πr2

S0
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I.2 Budget of the solar incoming radiation
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Atmospheric diffusion
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Sky and cloud colour

Lorenz-Mie diffusion for large parcels 
(droplets) such that a > l.
The diffused power is independent of l.
(a: size of diffusing parcels)

Rayleigh diffusion for the small parcels (gas 
molecules) such that a << l.
The diffused power varies as  ~ 1/l 4
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Basic physical principles

The interaction of radiation with matter arises from the nature of 
matter composed by charged particles in motion.

The classical theory of electromagnetism says that any charged 
moving parcel emits or absorbs radiation. The quantum theory of 
electromagnetism says that atoms and molecules emits and absorbs 
during transitions during states.

Thermal agitation due to the motion of molecules and their internal 
vibrations (counted within Cp) is also coupled with radiation. 
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The black body law has been established by Planck from the observation of the radiative 
properties of matter at high temperature. The derivation of this law has needed the 
revolutionary hypothesis that matter can only absorb or emit radiation at frequency n by 
quantas hn. 

For Planck, this hypothesis was at first only an unexplained  calculation artefact. It is only 
after Einstein demonstrated in 1905 the corpuscular nature of light in his paper on the 
photo-electric effect that it was realized the deep physical meaning of this hypothesis 
which appeared afterwards as the foundation of quantum physics. 

In the Planck theory,  the perfect black-body is able to absorb entirely any incoming 
radiation whatever its frequency. 
Quantum theory says that the energies of states of matter are quantified and that the 
absorbed or emitted photons  are associated with transitions between these states.  Real 
body is absorbing and emitting over a given number (which can be very large) of frequencies 
in the spectral domain. When a large number of atoms are coupled, the peripherical 
electronic layers degenerate into of continuum of states, generating also continuum of 
transitions within some energy intervals. In a gas, the rays are widened by the motion of 
molecules and the ensuing collisions or by Doppler effect. This allows to fill the spectral 
domain and makes the perfect body law highly relevant for real matter.
The Kirchhoff law says that  a real body is able to emit radiation in the same proportion it is 
able to absorb it.

BLACK BODY LAW
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The black body law is valid  
for a system under 
thermodynamic equilibrium:
● In statistical physics, the 
macro-state that maximizes 
the number of micro-states 
(entropy)
● A macroscopic state that,  
under fixed external 
constraints, does not evolve 
spontaneously.
● Counter-exemple: laser

I Black-body law at temperature T

a) Planck law

Black-body monochromatic radiance per unit wavenumber, unit solid angle unit and unit surface

emissivity     Bl (T )d l=2 h c2

l 5[exp
ch
k l T

−1]
d l

h=6,6310−34 J s   Planck constant
k=1,3810−23 J K−1   Boltzmann constant

b) Stefan law

B (T )=∫0

∞
Bl (T )d l=σ

π T 4

σ =5,67010−8W m−2

By integrating over a 
half-shere of solid angle

∬ B(T )cosθ d ω=

∬ B (T )sinθ cosθ dθ d ϕ=
π B(T )=σ T 4
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c) Wien law

lmax T=A=2898 μ m K
at Earth surface T=288 K lmax=9,9μ m
at the top of the atmosphere T=255 K lmax=11,3μ m
at the surface of the Sun T=6110 K lmax=0,47μ m

II Kirchhoff law for the real systems

al  absorption, characteristic property of the material
For any system at thermal equilibrium, the emissivity is 

Il (T )=al Bl (T )

For a black body al=1  et I l (T )=Bl (T )
For a real system al<1  et I l (T )<Bl (T )

Any selective absorbant is a selective emettor

The emission at a given temperature is determined
jointly by the properties of the system described by al

and the temperature which determines Bl (T )
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Contributions of the molecular 
vibration modes to the 
electromagnetic spectrum

Photodissociation
Ionisation
Electronic transitions 

Vibration and rotation
 l > 0.7 μm

Rotation for

 l> 20μm

Spin inversion

 

In the UV to 
micro-wave 
domain

The smallest 
wavenumbers 
(high frequency) 
interact with the 
lighest particles 
(electrons). 

The lowest 
frequencies 
interact with the 
molecular 
structure 
(vibration, 
rotation).
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Vibration-rotation modes of the 
H

2
O molecule

2.73 μm 2.65 μm 6.27 μm

Leads to numerous transition and absorption lines in the 
spectrum.
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Absorption by the 
atmospheric molecules
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17μm
Transmission = 1 - Absorption

The absorption bands 
are composed of a 
multitude of individual 
rays. .

In the IR: 
Gas diffusion can be neglected
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Solar spectrum at ground level

Total absorption of the non reflected flux : ~ 30 %
(gas and clouds)
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Absorption of the 
atmosphere
and comparison of the 
terrestrial and solar 
black-body spectra 
 - disjoint domains
 - The atmosphere is 
transparent for a large part 
of the visible radiations, 
window around 10 μm in the 
IR in the absence of clouds
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Comparison of a line by line radiative model with spectroscpic 
measurements of the descending thermal flux. Clear sky case of the 
ARM Great Plains station (Utah). 

Residue with 
HITRAN96

Residue with
HITRAN2000
+ modelisation of 
the continuum 
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1
4

S0(1−α)=σT e
4

Incoming solar radiation 
S0 = 1367 W m-2 

Albedo α = 0,3

Surface temperature Te = 255 K

Without green house 
effect

We assume implicitly here 
the existence of processes 
that redistribute the heat 
at the surface.
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Green house effect

Ts

1
4

S0(1−α)=σT e
4
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Solar irradiance as 
measured at SIRTA

Descending infra-red 
flux as measured at 
SIRTA
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SIRTA IPSL Ecole Polytechnique
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First model: Greenhouse effect for a one layer isothermal atmosphere  

For the Earth:  Te=255°K, Ts=303°K =+30°C,  
The difference is due to the “geeenhouse” effect  : absorption of the emitted long-
wave radiation by the atmosphere and re-emission towards the surface which is 
heated by the atmosphere.

Let us take al atmosphere which is transparent to the solar incoming radiation  
and which behaves as a grey isothermal body for the long waves

Atmo
Surf

εσTA
4

εσTA
4

σTS
4

SO (1-α) /4 ε  absorption - emissivity of the 
atmosphere
TA temperature of the atmosphere
TS  surface temperature

Budget at the top 
of the atmosphere

Budget of the atmosphere Surface budget
ϵσT S

4−2ϵσT A
4 =0 S0

4
(1−α)+ϵσT A

4 −σT S
4=0

(1-ε)σTS
4

S0

4
(1−α)−(1−ϵ)σT S

4−ϵσT A
4=0

T S=( S0

2σ
(1−α)
(2−ϵ) )

1/4

=T e( 2
2−ϵ )

1/4
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Sensitivity of climate and retroactions

3.7 W/m2 for 
a doubling of 
CO2

3.2 W/m2/K 1.5 W/m2/K 
with Γ and RH kept constant. 

The sensitivity factor then decreases from 3.2 W/m2/K to 1,7 W/m2/
K, and the resulting heating increases from 1,2 to 2,2 °C.  

Simple case of a one-layer atmosphere σT S
4=

2ϕ
2−ϵ

with absorption ϵ=ϵCO2+ϵH2O  and ϕ=241 W m−2 , the incoming solar flux.
ϵCO2  is fixed and depends of the emissions while ϵH2O  dépends on the

temperature. We write δ ϵ=δϵCO2+
d ϵH2O

d T S

δT S

Hence
2ϕ

(2−ϵ)2 (δ ϵCO2+
d ϵH2O

d T S

δT S)=4σT S
3 δT S

2ϕ
(2−ϵ)2 δϵCO2=( 4σT S

3− 2ϕ
(2−ϵ)2

d ϵH2O

d T S
) δT S

Doing a more detailed and realistic calculation :



27 Perrehumbert, CUP, 2010

The outgoing long-wave 
radiation to space is 
reduced by the 
presence of the 
atmosphere

σT S
4OLR

Greenhouse effect
G=σT S

4−OLR
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IR radiative transfer in a gray stratified atmosphere

Propagation along a given direction
Absorption small column of air

dI=−κ I ρdz
where  κ  is the absorption coefficient per unit
of mass and length.
Hence, between O and A, the flux weakens as

I= I 0 exp(−∫O

A
κρdz)=t I 0

where t  is the transmission.
We define the optical thickness τ  between O and A .

τ=∫O

A
κρdz  hence I= I 0 e−τ

The emission is the product of the black body emissivity by
the absorption of the column E=κρ dz×B (T )  with B=π−1σT 4

The radiative transfert equation is thus
dI=− I κρdz+Bκρdz

dI
d τ

=− I +B
dz

I

I + dI

We abandon here the one-layer simplification and consider here a still 
gray but startified atmosphere.  
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We consider now the ascending and descending 
fluxes F∧  and F∧

F∧=∫upper hemisphere
I (θ)cosθ d ω

F∨=∫lower hemisphere
I (θ)cosθ d ω

It can be shown (admitted or see Salby) that the
above 1D radiative transfer law is valid if I is
replaced by F∧  or F∨ ,
dz  by 5/3 dz  and B  par π B .
(the argument is based on the ray profile and the fact
they are saturated at the center and are
transmetting by the aisles). Therefore :

d F∧

d τ
=−F∧+π B

d F∨

d τ
=F∨−π B

with

τ=∫0

z 5
3

k ρdz '

For a stationary, purely radiative, regime
F∧−F∨=ϕ,  outgoing IR flux,

is also equal to the ingoing solar flux S 0(1−A)/4.

In non stationary regime, 
dF∧

dz
− dF∨

dz
=−ρC p[

dT
dt

]
rad

θ
dω

RADIATIVE TRANSFER 
IN THE ATMOSPHERE

We define also the optical depth χ ,
which, by convention, is counted
from the top of the atmosphere :

χ=−∫∞

z 5
3

k ρdz '

By definition
χS=τ∞

χ=χS−τ
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Black body law
B(T )=π−1σT 4

Opical thickness
d τ=κρdl

Absorption (m2/kg)
Depends on ν, T, p
(here we discard the dependency 
in  ν)

Equation for upward and downward fluxes
(diffusion is neglected for the thermal IR)
using τ  as vertical coordinate and
applying the Kirchhoff law

d F∧

d τ
=−F∧+π B (T ,n)

d F∨

d τ
=F∨−π B(T ,n)

F∧(τ)=σT S
4 e−τ+∫0

τ
σT 4(τ ' )e−τ+ τ ' d τ '

F∨(τ)=∫τ

τ∞
σT 4(τ ' )e−τ '+ τ d τ '

OLR=σ T S
4 e−τ∞+∫0

τ∞

σT 4( τ ' ) e−τ∞+ τ ' d τ '

Pour la Terre τ∞≈4 , pour Vénus τ∞≈80

Solution 

Outgoing flux at the 
top of the 
atmosphere

Ground
z=0,τ =0

Top
z=∞ ,τ =τ ∞

z ,

F∧ F∨
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Emission altitude

τ
∞

al
ti

tu
de

F∧=σ T S
4 e−τ+∫0

τ
σ T 4( τ ' ) e−τ+ τ ' d τ '

OLR=σ T S
4 e−τ∞+∫0

τ∞

σ T 4( τ ' )e−τ∞+ τ ' d τ '

OLR
τ

τ
∞
-1

The upward IR radiation is emitted by 
the lowest layers is mostly absorbed. 
The exiting radiation originates from 
layers of sufficiently small optical depth 
not to be absorbed by the layers above. 
By convention, we define the emission 
level as a layer of unit optical depth :

χ=τ−τ∞=1
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Case of an isothermal atmosphere at the same 
temperature as the ground

OLR=σT S
4 e−τ∞+∫0

τ∞

σT S
4 e−τ∞+ τ ' d τ '=σT S

4

In this case, the outgoing IR emission to the space is the 
same as the one that would occur in the absence of absorption 
in the atmosphere 
There is no greenhouse effect for an isothermal 
atmosphere at the same temperature as the ground

In the real atmosphere, the temperature decreases with 
altitude in the troposhere but a conseuence of this result is 
that the concentration of absorbing gases near the ground 
does not matter. In particular, we should not be mislead by 
the domination of H2O in such layers.
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Case of an atmosphere with a temperature profile T= 
T

S
(p/p

S
)γ  and uniformly absorbing in the IR domain (gray hypothesis)

Greenhouse effect

The greenhouse effect grows with the the total optical thickness and depends of 
the temperature profile.
If the absorption varies as κ=κ

S
(p/p

S
)m (widening of the rays as a function of pressure),

Then replace  γ par γ/(1+m) in the last formula.

OLR/σ

uuuu

Using the hydrostatic equation d τ =−κ
g
dp

this, with χ =τ ∞−τ : T=T S(
χ
τ ∞

)
γ

OLR=σ T S
4 e−τ ∞+σ T S

4∫0

τ ∞

(
χ
τ ∞

)
4γ

e−χ d χ

OLR=σ T S
4 ( e−τ ∞+(Γ(1+4γ ,0)−Γ(1+4γ ,τ ∞))τ ∞

−4γ )

For τ ∞  large: T S=(
S0
4σ

(1−α ))
1 /4

Γ(1+4γ ,0)−1 /4τ ∞
γ
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Net solar radiation Net solar radiation FFss

FFirir= FFss

FFss

température T

al
ti

tu
de

Z

Outgoing long-wave radiation OLR=FFirir

FFirir

FFss

FFirir

FFss

FFirir

FFirir< FFss FFirir= FFss

température T température T

Z Z

Z1

Z2 Z2

GHG (CO2) increases, Ze 
increases, Te decreases:
Smaller outgoing long-
wave radiation

T(z) increases: 
Return to equilibrium

dT/dz fixed
by convection

Greenhouse effect in a stratified atmosphere

Dufresnes, 2010Doubling of CO2 :
+150m, -1K, -4W/m2

Doubling of CO2 :
+150m, -1K, -4W/m2



35

Emission 
spectrum of the 
Earth observed 
from space 

Total 
atmospheric 
absorption

Unit : cm-1
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Cooling of the stratosphere when CO2 concentrtaion is rising 

Hε≈ρCO2kCO2D H <<1

εσTE
4 εσTSTRATO

4

εσTSTRATO
4SO3 At equilibrium

SO3+ εσTE
4

   = 2εσTSTRATO
4

hence

T STRATO= S 03

ε
σT E

4

2σ 
1

4

If the concentration in CO2 increases, then ε≈ρCO2kCO2H increases.
Assuming : 
(1) that the concentartion in ozone does not change, 
(2) that the planetary albédo does not change (hence TE is preserved)
then TSTRATO decreases.
Greenhouse effect = Warming of the lower layers and cooling of the upper layers

The stratosphere is close to a radiative equilibrium where the shortwave 
absorption (mainly by ozone) is compensated by the long-wave emission  
upwards towards space and downwards towards the tropospher (mainly by 
CO2)
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This looks at first sight as a clear confirmation of global warming but it 
can be shown that the stratospheric temperature decay during recent 
decades is mostly due to the ozone hole.    
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If ψ=F∧+F∨  et ϕ=F∧−F∨

then 
d ψ
d χ

=ϕ et 
dϕ
d χ

=ψ−2π B .

In stationary regime: 
dϕ
d χ

=0 ,

hence ψ=2π B  avec B=ϕ
2 π

χ+cste

at the top of the atmosphere , F∨=0
(neglecting the incoming long wave flux).

→ ψ(χ=0)=ϕ  et B= ϕ
2π

(χ+1).

Similarly :

F∧=
ϕ
2
(χ+2)  et F∨=

ϕ
2
χ ,

and the temperature of the atmosphere is 

T=( ϕ
2σ

(χ+1))
1/4

At ground level (χ=χS)

F∧(χS)=
ϕ
2
(χ S+2)=π B(χS)+

ϕ
2
=πBS

où πBS=σT S
4  is the ground emission.

F∧

F∨

 B

 B S 
 BS

z=∞
=0

z=0
= S



Greenhouse effect

π BS=
ϕ
2
(χ S+2)=σ T S

4

χS=0  : no greenhouse effect.
Earth χS=4 → T S≈336 K
for z→∞ , T  tends to T e=215 K ,
which is the skin temperature
Notice
- the ground temperature is larger than the
surfcae air temperature.
- the skin temperature is smaller than 255K,
the Earth black-body temperature

Greenhouse effect in an atmosphere in pure radiative equilibrium
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Radiative convective 
equilibrium calculated by 
including CO2, H20 and ozone

The stratosphere is (almost) in radiative 
equilibrium (basically: UV absorption by 
O3 and IR emission IR by CO2). In the 
whole troposphere, the radiative budget 
produces a net cooling. It is compensated 
by heating due to convective transport.

From Manabe & 
Strickler, JAS, 
1966
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Contribution of the main GHG  
to the radiative budget

Emitted 
IR 

Solar visible 
and UV 
radiation

troposphere

K/day
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The temperature profile in the troposphere is not 
determined by the radiative exchanges.  It is 
governed by the vertical stirring and mixing 
performed  the meteorological perturbations and 
cloud convection.
 
The temperature at the surface is determined by 
teh radiative flux at the tropopause rather than 
by the radaitive flux at the surface.

The net radiative flux at the surface (absorbed - 
emitted) determines the exchanges between the 
surface and the atmosphere  it controls and →
limits the evaporation and as such fixes the 
relative humidity near the surface.
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A few considerations on the spectral distribution of CO2 absorption  

κ=10 m2 kg−1  leads to
an absorption depth
of 200m at 1000 hPa

Widening of the rays 
by collision and 
Doppler effect
Lorentz and Voigt 
profiles

 → Absorption bands
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Pour 300 ppmv 
de CO2, 
uniformément 
distribué, on a  
3kg/m2

Good news :
The growth of 
CO2 absorption is 
logarithmic as a 
function of 
concentration.

Effect of the 
stratification and 
the shape of the 
bands

Good news :
The growth of 
CO2 absorption is 
logarithmic as a 
function of 
concentration.

Effect of the 
stratification and 
the shape of the 
bands

Note: for minor gases like CFC and CH4, where saturation is not reached, 
the growth is linear  much larger impact per added molecule→ .  

Note: for minor gases like CFC and CH4, where saturation is not reached, 
the growth is linear  much larger impact per added molecule→ .  
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Radiative budget of the Earth

red: incoming radiation at the top of the 
atmosphere
blue: absorbed solar radiation
green: rIR radiation emmitted to space

Excess in the low latitudes and 
deficit in tha high latitudes  -> need 
for a compensating heat transport 
from low to high latitudes
[Malardel, 2005; Gill, 1982]

Energy transport by the 
geophysical fluids

red: total transport 
blue: transport by the atmosphere
The oceanic transport is shown by the 
area between the blue and red curves.

The atmosphere and the ocean share 
 almost equally the transport up to 
60°.



47

Cloud effect:
During daytime, the dominating effect is to reflect the incoming 
radiation by the upper surface of clouds (-> cooling effect); during 
nighttime, only reamains the blocking of IR emission by clouds (-> 
warming greenhouse effect).

Visible channelTotal radiative budget
(outgoing  - incoming)



48

Radiative effect of the different type of clouds

LW radiative budget

Th: cloud top temperature
Tb: cloud bottom temperature
ϵ : cloud emissivity

Cloud radiative forcing at the top of the 
atmosphere

CRFir     =    Lwclear – LWcloud
LWclair =  σ Ts4

CRFir     =  ϵ σ (Ts4 - Th4)

Low thick clouds (Cumulus, Stratus) : large IR emission and large albedo   ->  
cooling effect
Thin cirrus :  low albedo but significant absorption in the IR, low emission due to 
their low temperature  -> warming effect
Thick convective clouds: large albédo and low IR emission -> neutral or small 
effect



49

Radiative budget of the Earth from space
Directly measured from a radiometer (ScaRaB,LMD) on board a satellite
Notice, in the tropics, the behaviour of convective zones (small absorption and emission), the 
ocean (stron absorption and emission) and the deserts (small absorption and strong emission)
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Radiative budget of the Earth from space (cont’d)

Notice the compensations between LW and SW in the tropics
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Evaluation of the radiative forcing of clouds

• LW radiative forcing of clouds

CRFir = - LWclear  +  LWcloud

LWcloud:   IR outgoing flux for a cloudy sky as measured by a satellite
LWclear: IR outgoing flux for a clear sky as measured by a satellite or as 
calculated with radiative model.

• SW radiative forcing of clouds

CRFsw   =   SWcloud – SWclear
             =   [αcloud – αclear] Eo

                         
SWcloud:   net incoming solar flux in a cloudy sky 
SWclair:   net incoming solar flux in a clear sky
Eo    :      Incoming solar flux at the top of the atmosphere
αnua :      cloudy sky albedo
αclair :    clear sky albedo 
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Cloud radiative effect  
(calculated on each pixel: <average of cloudy cases> – <average of clear sky cases>, 
Positive flux counted in the descending direction)

Average in winter 
1999 (JFM)
in W m-2 

data ScaRaB LMD

Long waves
(infra-red)

Short waves
(visible)

Budget 
(summing LW 
and SW )

In the areas of high and cold 
clouds, the low emissivity of 
clouds induces a positive effect 
on the budget (lowering the loss). 
This effect does not play in the 
areas of low clouds which emit at 
a temperature close to the 
ground temperature.
The reflexion of incoming 
radition by clouds generates a 
negative contribution to the 
budget. The high iced clouds are 
the more reflective. At mid 
laitudes the clouds limit the 
absorption by the ocean 
(negative role) and limit the 
reflection above the continents 
(positive effect). In the total 
budget the positive and negative 
effects  almost compensate in 
the tropical region. The negative 
effects dominate at higher 
latitudes.

 

CRF ~ - 20 W/m2
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Radiative forcing of clouds in July 2000
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Influence of El Nino on the radiative budget at the top of 
the atmosphere

Radiative forcing positively counted in the upward direction

Anomalies: January 1998 (El Nino) – mean de January (1985-1989) 
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Indirect effect of aerosols

For a fixed amount of 
water, decrease of the size 
of droplets

Costantino et Bréon, 2010

Two cooling effects: 
- Increase of the cloud 

albedo
- Increase of the life 

time of clouds
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Climatology of the energy transfer  in the atmosphereClimatology of the energy transfer  in the atmosphere
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Increase of the concentration in greenhouse gases

The anthropic origin of these variations is fully established



59 IPCC AR5 - TS
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Calculation of the additional radiative forcing implied 
by a variation of teh concentration in greenhouse gases
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