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The first foundations of climate physics

J. Fourrier: Mémoire sur les températures 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

1.Solar radiation joseqh
2.Infra-red radiation Fourrier
3.Diffusion with the interior of Earth \, (1768-1830)

> He formulates the principle of the
greenhouse effect

> He deduced that the climate could
change, but refuted it and added an ad-
hoc hypothesis.




Paleo climate changes

The discovery (1840-1860)

J. de Charpentier Blocs erratiques

The detailed description (1970-)




Paleo climate changes

The discovery (1840-1860)

J. de Charpentier Blocs erratiques

Cause of these global temperature variations: sun or CO, ?
(1860-1900) |

James Croll Svante Arrhenius




Single layer greenhouse model

Surface temperature of an isothermal
planet at equilibrium, with an vertically
uniform atmosphere
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A: planetary albedo
€a: planetary emissivity

A
_ O"' 320 A
\

/ F

.' 14 \ P Ae ﬁ\ 300 A
Al,
(14€.)Fs IR, - 2501
—w»€,Fs 260
F

(l-A)IO Fs a 240 -
R 220 -

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
£z



From energy balance models to general circulation
models and dynamical systems
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From energy balance models to general circulation
models and dynamical systems
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“ Carbon Dioxide and Climate: A Scientific Assessment ”
(Charney et al. 1979)

- Now that the increase of the CO, concentration in the atmosphere has
been observed, what are the implications?

- The US National Academy of Sciences asked a small work group of
scientists to undertake a scientific assessment

Among the clonclusions: “We estimate the most probable warming for a
doubling of CO, to be near 3°C with a probable error of 1.5°C.”

The Equilibrium climate sensitivity (ECS) is the
equilibrium temperature change in response to a
doubling of the atmospheric CO, concentration

relative to pre-industrial levels.




Exemple of current climate model

The IPSL « Earth System Model"
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The equilbrium climate sensitivity (ECS)

The definition of ECS, of which the interest 1s apparent, raises important
difficulties:

- Fundamental: 1s there a climate in equilibrium?

- Practical:

« Computation time: as soon as coupled atmospheric-ocean dynamic
models were used: reaching a new equilibrium requires very long
simulations (several thousands of years), and therefore very expensive in
* How to make the link with observations?

* How to assess the ECS?

* How does the response to CO, changes compare to the response to
other perturbations (solar, volcanos, other GHGs, etc) ?

* How does this relate to future projections, for which the climate 1s out
of equilibrium?

... and yet equilibrium climate sensitivity (ECYS) 1s still essential in
climate change studies



Equilibrium climate sensitivity (°C)

Estimate of the equilbrium climate sensitivity (ECS)

a) Evolution of equilibrium climate sensitivity assessments from Charney to AR6

p< 10%
- - 6
= Very likely: 25 °C - 5
> 14 ¥ 14 < 1 :
g < < = = : :
- L ﬁ — g < o i Likely: 2.5-4 °C - 4
U 2 q
A
a Best estimate: 3 °C - 3
]
= .
~ - 2
ARG combines evidence from:
Process understanding
: Instrumental record
---------------------------------------------------------------------- - - Paleochimates =]
Primarily model evidence p< 5% - Emergent constraints
-ﬁlmc;;ﬁ;dersuu-l-r:rnenl al -r-.-card and paleoclimates
I I I 1 T |
1980 1990 2000 2010 2020 2030

Year of assessment
[IPCC AR6-WG1, TS]



Outlook
Part |

« A short history

- Why do we care about climate sensitivity?

» Forcing and feedback in a simple idealized model

« Radiative forcing - climate feedback analysis framework
« The various physical climate feedbacks

« How much individual feedbacks contribute to global warming



Total anthropogenic radiative forcing (Wm)

Why ECS is still used ?

Spread among model for future projections
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Why ECS is still used ?

Spread among model for future projections depend on the spread of their ECS

b. GhSAT SO-ywear trend
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Why ECS is still used ?

As a first approximation (pattern scaling): AX(space,time) = global AT(time) x pattern(space)

Local AT normalized by global AT (K/K)

(e) Mediterranean summer vs global warming
Baseline period is 1861-1900

& 1 CMIP5 (N=21)

CMIP6 (N=31)

Mediterranean summer temperature (°C)
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Why do we care about climate sensitivity?

Climate change impact scales with global temperature increase

Impacts and risks for selected natural, managed and human systems
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Global warming depends on cumulative CO, emissions
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Equilibrium temperature of an isothermal planet
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Incomlng solar radlation on a plan: [,=1364 W.m-

Average |~~r1‘com|ng_solar radiation on a sphere: I=Io/4 = 341 W.m™>

Earth : 1/3 solar radiation. .5 — 2/3 solar radiation is absorbed
is reflected, A=0.3_ RTINS

4
T= 255K oeT=(1-A)I

(-18°C)
€=1,A=03
« What happens when the incoming solar radiation | varies by 01 ?
- What is the response 0T, of the surface temperature T_



Response to a change in incoming solar radiation
Initial equilibrium state: OET?Z(I—A)I
Equilibrium state after a change 61: o €(T +6T,)*=(1—A)(I+51)

(T +S8T )'~T+4T: ST,

oeTi+4 0eT 0T, =(1-ATT+(1-A)d1

OF
—A,0T =(1—A)S8I| with | A,= 515W:—4ae:r§

S

- The change of temperature 6T, leads to a change of the LW flux at
the TOA of 16T, that compensates the change in absorbed solar
radiation (1-A)é1

- A, Is called the Planck response parameter

T ~280K;A,~—5Wm ‘K '; 6T ~0.2(1—-A)dI
T .~250K;A,~—3.5Wm K '; 6T .~0.28(1—A)dI



Response to a change in incoming solar radiation

Previously we have assumed that the albedo did not changed.
What if the albedo depends on the surface temperature?

Equilibrium state after a change 6l:

oe(T +5T.)'=(1-[ A+ a—A(ST N(1+61)
geT +40eT> ST = 1/A’f1+ 1—-A) 51—2—?51‘ [+¢(&)

. 0A OF 0A
—(Ap+2,)0T ~(1—A)S8I | with A= G—TI_aAGTS

- The change of temperature 6T, leads to a change of the albedo and
therefore the absorbed solar radiation and the surface temperature
- A, Is called the “albedo feedback parameter”



Response to a change in incoming solar radiation

(1-A)dI
Without albedo feedback: 0T p=— 7,
With albedo feedback: ST ~— (1_A)5I
) A’P+;LA
1-A)ol
ST ~— ( ) _ 5T 1

C Ap(1+4,14,) "l-g

0T ,~GoT,,  with 0T, the response with no feedback

G:L the gain
1-g
AIA ]
g=——7" the feedback gain
p

- If A,> 0 then g >0, 6T >06T_,, the feedback is positive, it amplifies
the response without feedback



Response to a change in incoming solar radiation

Increase of temperature due to the albedo feedback:
1 g
5TS,A:6TS_6TS,P:(STS,P(l_g_l)zéTs,P(l_g) IR
Ex: IfA,=-0.2*A, =>then 0.25 * 8T,
IfA,=-0.4*A,=>then 0.67 *0T_,

10

g/(1—g)

T T I T T T T
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Introducing the forcing and the response

Forcing (or perturbation): flux AQ (e.g. (1-A) 81 Heat budget : N

Surface temperature : Ts

. dN

Response of the whole system: AT = _¥ with )L:d_T
. ON
Planck response : A Ts, p=— A)LQ with )LP:a_T
p S

AQ . _ON

All feedbacks response : AT .=—=—=X with A =——

P s,f /‘Lf f O f

Feedbacks :

- increase the amplitude of the response, relative to the Planck response, if A_>0,
1.e. if the energy balance increases with temperature because of the feedbacks

- reduce the amplitude of the response, compared to the Planck response, if A <0,
1.e. if the energy balance decreases as the temperature increases due to feedbacks

» make the system unstable if g > 1, 1.e. if the energy gained from feedbacks is
greater than the energy lost through “Planck emission”
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Radiative forcing-feedback framework
(or forcing - response)

Radiative forcing aims to compare the magnitude of different perturbations
that impact climate

The radiative forcing A Q is the change in the net radiative flux (in W.m2) at
the top of atmosphere due to a change in an external forcing (a driver of
climate change) before surface temperature adjusts to this perturbation

The “climate feedback parameter” A is the sensitivity of the net radiative
flux at the top of atmosphere to a change in the global mean surface
temperature T (in W.m—2.K?)

AN =AQ+ AAT,

A SLdN
- | _ d T,
Change in net radiative

flux at the TOA forcing

Change in global mean

“climate feedback parameter”
surface temperature



Radiative forcing-feedback framework
(or forcing - response)

_ Change in global mean
7A N = AA Q+ Av‘ A I surface temperature
|
Change innet  radiative forcing . )
flux at the TOA climate feedback parameter
A
When a new equilibrium is reached, AN=0 | A Ts — },Q

If A is constant, AT is proportional to the radiative forcing

Equilibrium climate sensitivity (ECS)

is the equilibrium change in global

and annual mean surface air —A Q (2 xCO 2)
temperature after doubling the ECS= 1
atmospheric concentration of CO2

relative to pre-industrial levels.




Climate sensitivity and climate feedback parameters

5 — T T T—T—T—T— T
% Equilibrium Climate Sensitivity
Definition and ranges (warming for sustained 2xC0O2)

.

Equilibrium climate sensitivity
(ECYS) is the equilibrium change in
global and annual mean surface air
temperature after doubling the
atmospheric concentration of CO2
relative to pre-industrial levels.

Global surface warming (K)
L]

)

123 4567 8 9101112131415161718
AR4 GCMs

At equilibrium: ATe = - AQ/A =S’ AQ (in K)

AQ : radiative forcing (in W.m?)

A : climate feedback parameter (in W.m2.K") ; range [-0.9 ; -1.8]

S’ = -1/A : climate sensitivity parameter (in K.w"'.m?); range [0.55 ; 1.1]
ECS = - AQ(2xCO,)/A : climate sensitivity (in K) ; range [2 ; 4.5]




Radiative forcing: evolution of the definition to improve
the proportionality between AQ and AT

a Stratospheric b
’ Tadjust/ ¢
Climatological IRF- Net 7/ RF: Net Flux
TerDanSE ’--t Flux ] 1rghgng.?lsaet
1 change lv- pop
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forcing tries — y Temperature Tropospheric
to modity fixed temperature
original \ everywhere fixed
temperature
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e ma ma ng

Calculation Methodology

Online or offline pair of
radiative transter
calculations within one
simulation

Difference between
two offline radiative
transfer calculations
with prescribed surface
and tropospheric
conditions allowing
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temperature to adjust
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¢ Net Flux
change at
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7/

Ground
temperatufe
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Difference between
two full atmospheric
model simulations
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surface conditions
everywhere or
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Ocean
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two full atmospheric
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Hansen 2005, updated IPCC 2013)



Radiative forcing from 1750 to 2019

Emitted Compomnents
co, | ——
CHy
-_ Climate effect through:
| Carbon dioxide (CO>)
CFC + HCFC + HFC ——
NO, B CFC + HCFC
NMVOC + CO S HrC
B Methane (CHy)
so; - m= Ozone (0s)
Organic carbon —[ B H0 (strat)
0 Aerosol-radiation
Black carbon ' B Aerosol-cloud
Ammonia 4 Sum

15 -10 -05 00 05 1.0 15 20

(W m™2)
[IPCC AR6-WG1, TS]
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Climate feedbacks

On Earth, Planck parameter )\p = -3.2 W.m2K

For a doubling of the CO, concentration, AQ = 3.7 W.m™, the temperature
Increases by = 1.2 K, if nothing change except the temperature

But feedbacks exist:

* Snow and sea ice reflect solar radiation; if they decrease, more solar
energy will be absorbed = positive feedback

* Water vapour is the main greenhouse gas; if it increases, the greenhouse
effect will be enhanced = positive feedback

* Clouds reflect solar radiation and contribute to the greenhouse effect; if
they change, the energy budget will be modified = positive or
negative feedback

AT =R A=A+ Ay + Ao+ A,

temper water clouds surface
ature vapor albedo
'd % A\
| | A, + A |
Uniform vertical P L Departure from uniform
< Planck lapse rate ——»

temperature change vertical temperature change



How to compute feedbacks ?

Diagnostic of feedback parameters through the Kernel approach

= _ Z ON Ox
Ox 0T,
radiative kernel computed by Pl \ response to surface
radiative codes temperature change
eg.forx=T:
Temperature _ON 0T
Temperature kernel —— Temperature change feedback parameter T 51 AT

oT

0 1 2
W/m?/K/(100hPa) K/K (approximate)

W/m?/ K/(100hPa)
Soden et al., J. Climate, 2008



Planck feedback
(uniform temp change) .

Temperature feedback

T T T
—-45 -35 -25 -15 -05 05 1.5 2.5 3.5 4.5
wW/m/K

te feed

e

Lapse-r ack ros

[courtesy of M. Zelinka 2021]
(https://doi.org/10.5281/zen0do.5206851)



Water vapour feedback

oR dQ,(P)
0Q,(P) dT,

W/m?/K/(100hPa)

Soden et al., J. Climate, 2008

o

c) Water Vapor [1.82]

[courtesy of M. Zelinka 2021]
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Climate feedbacks

Classical decomposition (specific humidity)

A=A+ A+ A, + A+ 4,

Planck lapse water clouds surface
rate vapor albedo

Relative humidity decomposition (Held & Shell, 2012)

A=A+ A + A, + A+ A,

Planck lapse relative clouds surface
“ rate,  humidity albedo

.V

at constante
relative himidity




Climate feedbacks with the absolute and relative humidity
decompositions

CMIP6 Multi-Model Mean Feedback Maps
a) Planck [-3.28] b) Lapse Rate [-0.5] c) Water Vapor [1.82]

[courtesy of M. Zelinka 2021]
(https://doi.org/10.5281/zen0do.5206851)



Cloud feedbacks

FAQ 7.2: What is the role of clouds in a warming climate?
Clouds affect and are affected by climate change. Overall, scientists expect clouds to amplify future warming.

Altitude (Warming) Amount (Warming) CDmpOSitiOH (Coaling)
Higher clouds Fewer (low level) clouds More water droplets
IMore outgoing energy Less incoming energy More incoming ensrgy
trapped by clouds reflected back to space reflected back to space

Incoming
solar
energy

Incoming
solar
enarg
sis ..j ;. .!

Outgoing

enarg
9y Surface

Global warming 1s expected to alter the altitude (left) and the amount (centre) of clouds, which will
amplify warming. On the other hand, cloud composition will change (right), offsetting some of the
warming. Overall clouds are expected to amplify future warming.

[IPCC AR6 WG, ch 7]



Cloud feedbacks

-
T Major advances since AR5
R

ising of Tropopause * Comprehensive assessment of feedbacks in
Rising High Clouds (+) different cloud regimes (cf. Table 7.9)
* Increased confidence of the positive low-cloud
amount feedback
* Improved understanding of the cloud phase
change feedback

T'\._ -

Rising of Tropopause

er Anvil Clouds |

' .-
- Enhanced Stability

Enhanced Stability

Fewer Low Clouds (+)

G?ﬁ'm

Destabilization

Schematic cross section of diverse cloud responses to surface warming. Thick solid and dashed
curves indicate the tropopause and the subtropical inversion layer. Thin grey text and arrows
represent robust responses. Text and arrows in red, orange and green show the major cloud
responses assessed with high, medium and low confidence, respectively, and the sign of their
feedbacks to the surface warming is indicated in the parenthesis.

[IPCC AR6 WG, ch 7]



Cloud feedbacks

Global Mean = 0.56 W m 2 K™’

SW (solar

Global Mean = 0.61 Wm™2 K™’

Global Mean = 0.05 Wm ™2 K"

[Zelinka et al., 2012]



Surface albedo feedback

Global Mean = 0.27 W m™2 K™

Climate total feedback

- -

Global Mean = —0.98 W m™ K™




(a) Feedbacks in the climate system

Negative feedbacks diminish the Positive feedbacks amplify the
initial climate response to radiative forcing initial climate response to radiative forcing -
) Mean [very likely range
< - ‘ - » [very likely range]
Total -1.16 [-1.81 to -0.51]
Planck =3.22 [-3.39 o -3.05)

Water vapour and lapse rate
Surface albedo

Clouds

Biogeophysical and

non-CO, biogeochemical
(Total from panel (b))

1.30[1.13t0 1.47)
0.35[0.10 to 0.60]
0.42 [0.10 t0 0.94]

-0.01 [0.27 10 0.25]

-35 =30 -25 -20 -15 -10 -05 00 05 10 15 20 25 30 35
Climate feedback parameter (Wm? °C')

(b) Biogeophysical and non-CO, biogeochemical climate feedbacks Mean [5-95% range]

Total (without permafrost feedback) i -0.01 [-0.27 to 0.25]
— Permafrost feedback

CH, source response fo climate = 0.03[0.01 to 0.05)

Atm. CHj lifetime response to climate =0.03 [-0.12 to 0.06]

N20O source response to climate
Other non-CO; biogeochemical

Biogeophysical

-0.4

Climate feedback parameter (Wm? °C"')

0.01 [-0.01t0 0.02)
-0.17 [-0.36 t0 0.02)
0.15[0.00 to 0.30)



(a) Feedbacks in the climate system

Negative feedbacks diminish the Positive feedbacks amplify the

P initial climate response to radiative forcing initial climate response to radiative forcing . e very el e
Total =1.16 [-1.81 to -0.51]
Planck =3.22 [-3.39 to -3.05]

Water vapour and lapse rate
Surface albedo
Clouds

Biogeophysical and
non-CO, biogeochemical

1.30[1.13t0 1.47)
0.35[0.10 to 0.60]
0.42 [0.10 t0 0.94]

-0.01 [0.27 10 0.25]

(Total from panel (b))
=35 =30 =25 =20 -15 -10 =05 00 05 10 15 20 25 30 35
Climate feedback parameter (Wm? °C')
(c) Carbon-cycle climate feedbacks Mean [5-95% range]
Land carbon response to COs =0.78 [-1.28 to -0.28]
Ocean carbon response to CO» Parmafrokt feadback -0.68 [-0.98 to -0.39]
[
Land carbon response fo climate 0.25 [-0.03 to 0.54]
Ocean carbon response fo climate 0.08 [0.04 t0 0.12)
-35 -30 -25 -20 15 -10 -05 00 05 10 15 20 25 30 35

Climate feedback parameter (Wm? °C")
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How much individual feedbacks contribute to global warming

Equilibrium temperature response to a CO, doubling

Problem: The feedback parameters are additive, no the gains.

AT=ATp+> AT,

x#P

(Dufresne & Bony, 2008)



How much individual feedbacks contribute to global warming

J

2.9

AT (K)

multi-model mean

Equilibrium temperature response to a CO, doubling

Direct response to the forcing
Planck response

(Dufresne & Bony, 2008)



How much individual feedbacks contribute to global warming

£ Rl

25"

AT (K)

1.5¢

E-

Equilibrium temperature response to a CO, doubling

Climate feedbacks: Indirect
response to the forcing

clouds

snow and ice (surface albedo)

water vapor

Direct response to the forcing
Planck response

multi-model mean

(Dufresne & Bony, 2008)



How much individual feedbacks contribute to global warming

Equilibrium temperature response to a CO, doubling

Oriagine of inter-model differences in climate sensitivity :

4.5

3.5F

AT (K)

AT

41

I PLANCK
I WV + LR
[ ISFCALB
I CLOUDS

3_

2.5F

2_...

15F-

"I

05F-

0

1T 2 3 4

GCM number

9 10 11 12

| Cloud feedback

Surface albedo feedback

Water vapor +
lapse rate feedbacks

Planck response

(Dufresne & Bony, 2008)



How much individual feedbacks contribute to global warming
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How much individual feedbacks contribute to global warming

(a) Global atmospheric energy inputs (W m?)
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Thank you for your attention
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