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Le rayonnement, moteur du climat

I. Bilan radiatif et température des planetes
II. Echanges radiatifs dans les atmospheres
ITI. Aspects spectraux: intéraction avec les gaz et effet de serre

IV. Accroissement de CO, et H,O a profile de température fixe

V. Aspects geometriques: intéractions avec les nuages



Climate: radiation, rotation, circulation

That drives, e.g. the vegetation

NASA




Emergence of the physics of climate

J. Fourrier: Mémoire sur les temperatures du globe terrestre et des espaces
planétaires, 1824

> He consider the Earth like any other planet

>The energy balance equation drives the
temperature of all the planets

> The major heat transfers are jose|?h
1.Solar radiation Fourrier
2.Infra-red radiation N (1768-1830)

3.Diffusion with the interior of Earth -O
Ve

> He formulates the principle of the
greenhouse effect

> He envisages that climate may change
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Equilibrium radiative temperature of Earth
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Incoﬁﬂmg solar radiation on a plan: F,=1364 W.m-?
Incoming solar radiation on a sphere: F=F /4 = 341 W.m?2

1/3 of incoming
solar radiation
is reflected

Emitted longwave radiation :
F, = 240W.m?2

Same as the flux emitted by a
black body at T .= 255K (-18°C)

AT PR 2/3 of incoming solar radiation

o, is absorbed : F, = 240W.m2

Greenhouse
effect
G=F_-F,

Global mean surface
temperature is 15°C

Emitted longwave radiation:
F. = 390W.m=2




Energy balance model (0OD)

Y
— @ Equilibrium solution:
Oy N T.=f(l, A, c,, ...
Solar’radiation =0 A e, )
TN I,: incoming solar radiation

A: planetary albedo
£_: planetary emissivity

Infrared

radiation Response to a perturbation:

_AN—AQ
AT .= -

AT_: temperature response

AQ: radiative forcing
AN: heat imbalance (ocean)
A: climate feedback parameter
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Single layer greenhouse model &> = _
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incoming solar radiation

A: planetary albedo
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ot From energy balance models
SO
/

Solar radiation

——

Infrared
radiation

Klaus Hasselmann (1931-)
Nobel prize in Physics 2021

to dynamical systems

Atmospheric circulation, water
vapor, clouds, snow, surface ocean,
sea ice, etc.

Same + ocean circulation, CO2
continental biosphere, CH4, etc.

Ice sheets, continental CO2

Geological" CO2 (continental
erosion, volcanism)

Time constant
(years)

10

100

1000

>10




Paleo climate changes
The discovery (1840-1 860)

-I - l -_
Tt
s i e

J. de Charpentier Blocs erratiques L. Agassiz

The detailed description (1970-)




lce volume change on paleo time scales

Pas de grande calotte Apparition des
dans 'hémisphére Nord cycles de 41 000 ans

Apparition des
cycles de 100 000 ans
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Radiative transfer : basis

Electromagnetic spectrum : electromagnetic waves are characterized by

their wavelength A, frequency v = ¢/A or wavenumber v = 1/A

<— Increasing Frequency (V)

19 24 19 22 1(|) 20 10 18 19 16 19 14 1(|) 12 1|0 10 1|o 8 1|0 6 1|0 4 1|0 2 1|o ° v (H2)
Y rays X rays uv IR Microwave |(FM AM Long radio waves
Radio waves
I I I I I I l

| | | | |
107 107* 10712 10710 10 8 . 510 -6 10 4 10 2 10° 102 104 106 108 A (m)

I A T N B B
400 500 600 700

Increasing Wavelength (A) in nm —

We will mainly consider two spectral domains:
» Short wave (SW) radiation, or solar radiation (0.4 — 4 um)
* Long wave (LW) radiation, or (thermal) infrared radiation (4-100 pum)



Radiative transfer : basis

Normalised spectrum

ultra v1s1ble

“Black body” emission QYiolet Sobamone T

Planck law : I / \

| 'y A5
B)«.(T) — T (ECQ/)\T L 1)

B in W.m?.um™.srt ‘7
T'inK, C et C_ are constants 2 04 0.8 e

wavelength A (um)

Stefan-Boltzmann law (integral of the Planck law over the whole spectrum and over one hemisphere).
Power F lost by emission of radiation by a body of temperature T :

F=ecoT?*

With € : emissivity (=1 black body)
o = 5,67 10® : Stefan-Boltzmann constant
FinW.m-2, TinK



Radiative transfer equation L (o HO

dL, () .
e _1\<a,V(BV(T)—L gz/) SV(fL (@', Q)de'—L,( »
emission - scattering
absorption

L : spectral radiance, at frequency v and in a solid angle Q
B (T): black body emission, at frequency v and temperature (T) (Planck function)

K

a,v’

K. . absorption and scattering coefficient, at frequency v
P(Q,Q'): phase function

The RT equation must be integrated over the entire space (Q,s) and over frequency (v)

kK_ : same coefficient for absorption and emission. Absorption and

a,v

emission properties are equals



Radiative transfer equation . no-scattering media

dL, () . :
e = ko [BU(T) =L, (Q)]+ k., @ L(2)]
Media with a black boundary in s
LV(S'Q);BV(T(SO))seir(so'S)_l_f\Bv(T(SI))Ka,ve—rﬁ(s'SI)dSI I \ >
+ So A 4 * SO S
with: r(s,s'):j" i, ds" T, optical thicknTss
|

emitted by emitted by
the boundary | the media

Transmitted from the transmitted

boundary in s, to s fromstos’




Radiative transfer equation . no-scattering media

dL, ()

e = ko [BU(T) =L, (Q)]+ k., 21T DL, (2)|
Medium with a black boundary in s,:
L,(s.2)=B, [T (s))le "+ B,(T(s")|x, & "**ds I -
s s,
with: (s, s’ f‘;K ,ds"" T, optical thickness
Lu(5,R)=B, [T (5T (50, 5)+ ] 8,(T (s1) 1422  ais

with: T (s,s")=e ~*°) transmissivity

Isotherm semi-infinite medium: L (s,Q)=B_(T,) = black body emission




* perfect absorbent
* black body emission

* [f'some scattering:
* perfect reflector
o “white” reflection
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Radiation in a stratified atmosphere

« Plan parallel approximation: horizontally infinite and homogeneous atmosphere
* It is common to separate the radiative flux into upward and downward flux

A op A A

ad B4

Pressure: P(z)=[p(z)gdz . o
0 Massic extinction coef.
Opt|ca| thickness: Tv(er ZZ,M): f kvp(Z)CZL—Z M:COS(O) Ka,v:ka,vp
P, k
TV(P]_IPz,M):J. = dP‘ TJ:(P):TV(O,P,].)
p, gu




Radiation in a stratified atmosphere

Radiative transfer equation without scattering:

dL, (L) Hydrostatic equilibrium: Massic extinction coef.
T =ka[BU(T)—L,(2)) Y a
S dP=—pgdz=—pguds K, =k, . p
dLi(w) _ Ka,
Transmission and optical thickness :
s P
: : k, (P Kk
r,=e ™ t,(s,.5,)=f x, ,(s)ds v, (P, P, w)=|[ 2. )dP‘ dr,=—r,—2Ydx,
S, ' P, g““ gM

B=— B (T)—L2 (W)

v

1
Flux: FI(P)=2xn[LI(P,u)du
(¢}



Radiation in a stratified atmosphere

vA p A A

v P LI(P. ), FI(P)

P

or,(P,P',u)

Radiance: LI(P,wW)=B,(T. T (P.,P,w)— [ B,[T(P") — dp’
FIUX: FI(P):J‘CBV(TS)I_O‘V(PS,P)_J' nBv(T(PI))ar\éi"PI)dPl

With the slab transmittance: I .(P,,P,)=2| ', (P,,P,,u)udu

E,(x):Exponential integral =2 [ e " PO ydu=E,(x(P,, P,,0)

O b O%—



Discretized two-stream scheme

MMy

b
3 ,1:7

)
R
o
~ %‘Vm\m

Diffuse TOA source 5,
Fos™  Fos

)5 5 Source terms S*, S

&

Pl

Reflection KX,

Lavyer 1
Transmission 7

\
Layer 2 B @ @
F; s F; 5 OUn /SN
&
Shortwave: Longwave.
Surface source 5;, albedo o scattering of thermal

direct solar beam emission

e Equations relating diffuse fluxes between levels take the form:

F'ye=TF . +RF . +S

e Terms /, K and S given by Meador and Weaver (1980)

0.5

[R. Hogan lecture]
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Absorption by gases

BLACK BODY
CURVES

Solar radiation

(a)

elluric radiatio
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Absorption by gases

1:;6 —  Line emission and absorption by transition between
E, — £k, e % states of different energy
Ha —— i adt * In the infra-red: level of energy correspond to change in
B —— o vibration and rotation of molecules
E A » Complex molecules are better absorbent
E, ——  Line broadening (collision (Lorentz), Doppler)

Large number of absorption Very wide range of absorption intensity

VVavcnurnbcr(cnfl)
200 600 1000 1400 1800 2200 2600 3000

Trr | T [ T l’ l [ | I | l T [ TT7T | T 1 I 'I T
10° E
100 E

1
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e
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0.01

Absorption coeff. (m"/kg)

= 0.0001
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Line-by-line radiative transfer model

ky (m

0.4 -

vem™)

Gas radiative Atmospheric
properties characteristics
N\ /

Radiation intensity (mWm-stricm)

Contributions to current
greenhouse effect

clouﬁ
Greenhouse HO N O+ CH,

effect 2 CO, O,
G=F_-F,

Wavelength (um)



Radiation intensity (mWm™stricm)

Spectrum of the radiation emitted by the Earth as

measured by satellites
Wavenum berfcm-1

H2C CH4 window window cO2 H2O

Computed
Hil by
ALAHEH | i I'\
a0 - 4 Measuregd
(1ASI)

60

40

20

=]

4A/OP  (LMD/CNRS) 20,7°
IASI Obs. (2014/01/01) 41 o
’

1
15

Wavelength (um)

1 J
20 100

[R. Armante, LMD, 2019]



Spectral integration: k-distribution model

P 1
Spectral radiance:  LI(P,w)=B,(T T (P, P,uw)—f B,[T(P") or, (P,P', )

Ps aPI dP
(P P ) P2 ka V(P)
Fv(PllPZIM):e_TV et TV(Pl'PZ'M):f ’ dP
P agu
AP
i - T (P, Py,un)=lk,  ——
If k_, is constant: T.(Py, Py, 1) ~ g
Frequency integral over Av:
_ e k5o d
rm(pl,pz,u):&[e (Py.P M)A_ng;e gMA—z
AP %
_f e "9"f(k)dk  f(k): probability dens. funct. of k [ flk)dk=1
1 _kn)2P . K
=fe dh h(k): cumulative dens. funct. of k h(k)= [ f(k)dk
(0]

hAP

N (h)2Z
Nze gMAhi



Absorption Coefficient (cr'n2 molec_t)

k-distribution model

1077

ul A& L
LRELL) B
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S R G iy SR WO WA [SREE] NESENY Kl B —te e B
630 640 650 660 670 680 690 7000.0 0.2 0.4 0.6 0.8 1.C
Wavenumber (em™") Cumulative Probability g

[Mlawer e.a.,1997]



How do we integrate across the spectrum?

Wavelength (um)
(o]0} 30 15 10 9 8 7 6 5 4
0.3

290 K
210 K |

0.4

Consider first just one gas
e Line-by-line model predicts
spectrum (e.g. HITRAN)
e Need ~10° monochromatic
radiation calculations

. . |

500 1000 1500 2000 2500
Wavenumber (crm™! )

0.3

0.2

0.1

Planck function

Speciral irradiance (W m™ (em™")™)

o

—28 L 1 L L

Water vapour spectrum
Molecular absorption cross-section [cmg)

500 1000 1500 2000 2500
Wavenumber (cm_1) [Hogan lecture]



Divide into bands
Wavelength (um)

o]0} 30 15 10 9 8 7 6 5 4
0.3

e Divide into the 16
longwave bands of well
validated RRTM model
(Mlawer et al. 1997)

\\\‘*————-’—____ )

o) 1 1 L —_—

500 1000 1500 2000 2500
Wavenumber (cm_1)

Planck function

Speciral irradiance (W m= (cm'1)'1)

—28 ] 1 L L

Water vapour spectrum
Molecular absorption cross-section [cmg)

500 1000 1500 2000 2500
Wavenumber (crn_1) [Hogan leCtuI‘e]



The correlated k-distribution (CKD) method

Wawvelength (um)

= 00 320 15 10 Q 8 7 6 5 4
T O.% T T T T T T T T 1
o
g £ oal "ﬁ__ e In each band, sort
S a absorption spectrum
2 £ sl and average the
S % ' Planck function
e .
A S 5ol | e More conducive to
e~ g numerical integration
o = 01k | e Lacis & Oinas (1991)
o £
Q
S [ |
[N 0O 1 1 L 1
@ 500 1000 1500 2000 2500
Wavenumber (crn_1)
—
= _
E © 10 e T T T 1
s S .
9 5 10 -
wl
h E
g g 10727 F -
o B
[y S 10 — -
- =
5 = 107°F
- 3
[~ D 10—28 1 1 1 1
; § 500 1000 1500 2000 2500

Wavenumber (crn_1) [Hogan leCture]



Planck function

Water vapour spectrum

The correlated k-distribution (GKD) method

Wavelength (um)

— %OU 30 15 10 9 8 7 5] 5 4
0. T 1 1 1 T T I T ]
'e Discretize sorted absorption
2 oar T coefficients into 2-16
= intervals in each band
= 03 Numerical integration now
8 B needs ~120 monochromatic
S 0.2 calculations for longwave
= — ] when all gases considered
TE 0.1 -
o I—|
(% D 1 1 1 1

500 1000 1500 2000 2500
Wavenumber (crn_1}

€

o 10_18 T T T T

S

5 10 °f 7

]

E."nl” 10—20_ |

o

c 10722} .

S

S 102} .

(7]

% —28

E 10 —

=

E 10_28 1 1 1 1

% 500 1000 1500 2000 2500

Wavenumber l.’crn_1'}

[Hoean lecturel



Typical LW flux and heating rate profile
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[Mlawer e.a.,1997]



Pressure (hPa)

1000 800 600 400 200

LW heating rate profiles

(a) ECMWF LW clear-sky heating rate (K/day)

-90 -30 0 30 90
Latitude (deg)

Pressure (hPa)
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600 400 200

1000

(b) Heating rate profiles

= ECMWF mean |
- = RFM1D !
Gray 1D -

| | | |
~6 -4 =2 0

H (K/day)
[Jeevanjee & Fueglistaler, 2020]
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Typical heating rate profile
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[Peixoto, 1992]



The concept of emission height

s
=
20 =
=
] <
~
~ 151
N
: R e S
X
= \ — 7. =001
= N\
S N" """ " — =iy
;] =20
Y
— n=80 Temper
S -
Y000 002 004 006 008 010 issi ___ ature
| | R | emission surface
Probability density function (km™) that a photon temperature temperature

reaching space has been emitted at altitude z for
different optical thicknesses of the atmosphere [Dufresne et al., 2020]



Analogy between emission height
and visibility distance

visibility I
distance

visibility ¢
distance




emission height
w10 A

Juiy |
o

30 ' l 7z
20 f

: o

(km)

g

[Dufresne et al., 2020] 500 1000 1500 2000 25
v (em— 1)



Radiation intensity (mWm™str'cm)

Spectrum of the radiation emitted by the
Earth as measured by satellites
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[R. Armante, LMD, 2019]



Water vapor channel

UesUeA0E 151001

(& EUMETSAT

Brightness temperature: White: warm. Black: cold

TE a
[F pﬁ%mc% = EUMETSAT
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Change in net radiative flux in response to
change in GHG concentration

2xCO2 1.2xH20
LW LW
TOA 2.80 3.78
200hPa 5.48 4.57
Surf 1.64 11.52

Net flux: positive downward

[Collins et al. 2006]



Change in net radiative flux in response to

change in GHG concentration

2xCO2 1.2xH20
LW SW LW SW
TOA 2.80 0.12 3.78 0.75
200hPa 5.48 -0.77 4.57 0.51
Surf 1.64 -0.96 11.52 -5.87

Change in net flux (Wm-2), positive downward

[Collins et al. 2006]



Change in flux and emission

height: 2xCO,

40 20 1\ (pm) g 8 7
30 7

— 20 1

E Emission height

e 10 _

3.0 AZ.

— 2.0 1 Change in emission

= .

= 1.0+ height for a

0 | doubling of co,

. concentration

= A Flux
C.\:_’l () oo 'l 1 -~

I ! : Change in radiative flux
E -15 - — adj at the top of the

o=t —_——- g atmosphere

E 30 4 std |

250 200 o0 1000 1250 1500

v (em 1)

[Dufresne et al. 2020]



Change in flux and emission height: 2xCO0,

40 20 A (pm) g ] 7
3(] L L I é(f L L I |
—, 21[:} T 5:-’
=2 1.0 5 A
0 = oo
= f"‘l A Flux
S 0o \ L S,
i ! | . | ]
200 220 240 260 280
= qr
= =15 T(K)
— —_———-- atd
= 301 %

250 500 750 1000 1250 1500
v (cm™ 1) [Dufresne et al. 2020]



Pressure (hPa)

200

400
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800

1000 [

Change in heating rate profile

2xCO,

CO,: 287-574 ppmv (LW) COy: 287574 ppmv (SW)
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[ { 400} ]
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S . 800: — -
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I 10000 . . v ..
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[Collins et al. 2006]



Change in ﬂux and grmssmn helght 1.2xH.0

Emtssmn helght

AZe fgr 2X 02 ¥, ___________ M. LI TR |
: AZe for i 2XH20

B

i

v ol |

b AF
= 4} —_

=0 vy — AF;

8 I ] ] 1 | 1 ]
200 400 600 800 1000 1200 1400 1600
v (cm™) [Dufresne et al. 2020]



Pressure (hPa)

Change in heating rate profile
1.2xH.,0

H,0: 100%%120% of MLS (LW)
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1000 [ _ .
-0.3 -0.2 -0.1 -0.0 0. 0.2 0.3
oQLw (OK/dOy)

Pressure (hPa)
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[Collins et al. 2006]




Greenhouse effect in a stratified atmosphere

|_:solar radiation (SW)
ir . OUtgoing infrared (LW) radiation

T .

r
A:emission height
at equilibrium
F.= |

ir_ S

E.

ir

aItituda@I

N

temperature

a) dT/dz constrained
by convection

The concentration of greenhouse
gases is vertically uniform.

Visible zone (photons emitted
upwards reach the space)

Hidden zone (photons emitted
upwards are absorbed and do not
reach the space)



Greenhouse effect in a stratified atmosphere

Vertically uniform increase of the
GHG concentration

an Zy Zy
% at equilibrium out of equilibrium
>
= I:ir_ J; I:ir< ;J:
©
F- neogn
Z, Z,
Ze
temperature temperature temperature
b) CO, increases, c) Tsand T, increases, Fir
a) Reference value of the Z.increases, ) increases
=> response to forcing

CO, concentration
T, decreases,
Fir decreases

=> radiative forcing
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Clouds are the signature of the atmospheric circulation

. ..mertuming circulation

.....

—60 -30 0 30 60 e b 3ﬁ'

| ' 3
Cloud fraction (%) 30 50 70 Equator subtropic:

[ Pincus & Chepfer, 2020] [ Nuijens & Jacob, 2020]







Geometrical aspects: interactions with clouds

Spectral variation of the radiative properties of particles much less
abrupt than for gases

Difficulties come from:

- Radiative properties of cloud particles
« Clouds geometry
« Scattering



Radiative properties of
cloud particles:

liquid water droplets
Resolution of Maxwell's

equations:
Spheres: Mie theory
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Shape of the ice crystals

Polycrystalline Heglme—pl ate-like .-.
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Habit diagram of Bailey and Hallett (2009) from laboratory observations.
[ Pawlowska & Shipway, 2020]



Vertical structure reconstruction of cloudy scenes
from averaged quantities

Single column with a
coarse vertical grid grids
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Vertical structure reconstruction of cloudy scenes
from averaged quantities

LES output on high
resolution vertical and
horizontal grids
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Monte-Carlo computation of 3D cloudy scenes

'l.
i Vo

]

A

Sun / Camera < a) Schematic illustrating the rendering algorithm
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b) Example of a radiance field produced by the renderer

[ Villefranque et al., 2019]



Monte-Carlo computation of 3D cloudy scenes

c¢) Null-collison
a) Path tracking b) Null-collision + adaptative grid

) . A B
Access data @ True collision @ Null collision [ Villefranque et al., 2019]



Monte-Carlo computation of 3D cloudy scenes

a) Liquid water mixing ratio [g/kg
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b) Hierarchical grid

[ Villefranque et al., 2019]



Monte-Carlo computation of 3D cloudy scenes

¢) ARMCu 2



Monte-Carlo computation of 3D atmosphere with sampling
of molecular transition (line-by-line)

* Top of the atmosphere
¢ Absorption event

* Scattering even t

+ Absorption at ground
+ Refection at grounnd
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Monte-Carlo 3D line-by-line model:
insensitivity to the integration domain
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