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PRESSURE (mb)

First estimate of the water vapour feedback

40 '
TABLE 4. Equilibrium temperature of the earth’s surface
(°K) and the CO; content of the atmosphere.
Average cloudiness Clear
107 30 CO, Fixed Fixed Fixed Fixed
3 content absolute  relative absolute  relative
4t = (ppm) humidity humidity humidity humidity
i RADIATIVE EQDILIERIUN =
‘j/, (FIXED AELATIVE BNINITY) - 150 289.80 286.11 208.75 304.40
ol §: 300 291.05 288.39 300.05 307.20
i | 3 600 202.38 290.75 301.41 310.12
L T 20
100 - }éf
; i‘x LASUIIYE .. CONVCITYE 2) Generally speaking, the sensitivity of the surface
(e g iwweim - o equilibrium temperature upon the change of various
factors such as solar constant, cloudiness, surface
albedo, and CO: content are almost twice as much :far
the atmosphere with a given distribution of relative
o humidity as for that with a given distribution of
1000 :

180 ¥ 200 | 250 | 240 | 200 | 200 300 320 340 absolute humidity.
TEMPERATURE (°K)

F16. 5. Solid line, radiative equilibrium of the clear atmosphere
with the given distribution of relative humidity; dashed line,
radiative equilibrium of the clear atmosphere with the given
distribution of absolute humidity; dotted line, radiative convective
equilibrium of the atmosphere with the given distribution of

rela

tive humidity.
[Manabe & Wetherald, 1967]



Radiative forcing-feedback (or response) framework

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.m2.K?)

Change in net radiative
flux at the TOA forcing

)’AN:A‘Q-F;ALAFTS
| \ _ 1

Change in global mean

“climate feedback parameter”
surface temperature

A Here A< 0. The opposite sign convention is also used A

AQ

The global mean surface temperature change at equilibrium: A Tg — 7



Climate feedbacks

Classical decomposition (specific humidity)

A=A+ A, + A+ A,

temper water clouds surface
ature vapor albedo
4 7N A\
| | A, + A |
Uniform vertical P L Departure from uniform
Planck lapse rate ——»

temperature change vertical temperature change




Planck feedback
(uniform temp change) .

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



Climate feedbacks

Classical decomposition (specific humidity)

A=A+ A, + A+ A,

temper water clouds surface
ature vapor albedo
4 % A\
| | A, + A |
Uniform vertical P L Departure from uniform
Planck lapse rate ——»

temperature change vertical temperature change

AT, T &~ ox oT.

radiative kernel computed by A AN response to surface
radiative codes temperature change

dN:Z(?N 0 X



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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How much individual feedbacks contribute to global warming
(year 100 after abrupt 4xCO2)

a) Global atmospheric energy inputs (W m? Global energy inputs from individual
o) . 9y inputs ) radiative feedbacks (W m?)
-20 -10 0 10 4 0 4 8
| | | | | | | 1
Effective radiative forcing - Water-vapour
Ocean heat uptake . Lapse-rate
Planck response -— Water-vapour + lapse-rate
Radiative feedbacks ~~ —= . Surface-albedo
. - Net cloud

" Global warming contributions from
individual radiative feedbacks (°C)

0 2 3 4 10 1 2 3

Effective radiative forcing - Lapse-rate
Ocean heat uptake -— Water-vapour + lapse-rate

‘ Radiative feedbacks — . Surface-albedo
| .—- Net cloud

[IPCC AR6 WG1, ch 7]

(b) Global warming contributions (°C)




Emission height and emission temperature
Flux TOA has been emitted by:

\ the surface the atmosphere
' & ) rH Y
ol'(z
F=T,B;+ ( )B(z)dz
0 @Z

where B is the Planck function, I'y = I'(0) and I'(z) is the hemispherical
transmission function between altitude z and the TOA:

[(z) =2 ] exp (= 7(2, 1))

7(z, it) is the optical thickness between the TOA and altitude 2.

[Dufresne et al. 2020]



Emission height and emission temperature
Flux TOA has been emitted by:

v the surface the atmosphere
' & ) rH -
ol'(z
F =T,B, +f ( )B(z)dz
o 0=z

May be rewritten as:

F = I,B,+(1-T,)B,

B, = /0 B(z)w(z)dz
1 oI
w(2) = 177 85)

[Dufresne et al. 2020]



Emission height and emission temperature

Flux TOA has been emitted by:
v the surface the atmosphere

' & )

0z

Tl
F—T. B +f €N B2y
0

May be rewritten as:

F = I,B,+(1-T,)B,

B. = AHB(Z)M(Z)dZ

1 0I'(z)
1-TI, 0z

MLS atmospheric profile with a
uniform mass absorption
coefficient k (m2/kg)

altitude z (km)
= 5 8y g Qb

o
T

05 0.2 0.4 0.6 0.8 1.
10~

®(z) : optical exchange factor between z
and the TOA. Also the conditional
probability that photons emitted at z
reach the TOA

[Dufresne et al. 2020]



Emission height and emission temperature
Flux TOA has been emitted by:

v the surface the atmosphere
“ ST g T ( ) T MLS atmospheric profile with a
o < uniform mass absorption
F=1:5s+ /{; Oz B (Z ) dz coefficient k (m2/kg)

May be rewritten as:

F = I,B,+(1-T,)B,

B. = AHB(Z)M(Z)dZ

altitude z (km)

Emission temperature Te: B(Te) = Be

05 0.2 0.4 0.6 0.8 1.
x1074
A common approximation: ®(z) : optical exchange factor between z
Emission height Ze: altitude where the optical and the TOA. Also the conditional
thickness between Ze and the TOA is 1 probability that photons emitted at z

Emission temperature Te: temperature at altitude Ze reach the TOA
[Dufresne et al. 2020]



Outlook

« Water vapour feedbacks in idealized cases :The “Simpson law”



Idealized clear sky tropical atmospheres with
constant relative humidity

Moist adiabatic temperature profiles
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Idealized clear sky tropical atmospheres with
constant relative humidity

Emission Temperatures

= : .
g — window region
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e
v (cm ) [Jeevanjee et al., GRL, 2021]



For idealized clear sky tropical atmospheres
with constant relative humidity

Emission Temperatures

g — , optically thick window region  optically thick
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Altitude (km)

Vertical profile of the column integrated
amount of water vapour
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Altitude (km)

Vertical profile of the column integrated
amount of water vapour

Humidity (kg/kg) N’ (kg/m2)
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If the relative humidity RH i1s verticaly uniform in the tropsophere (here 0.7), the
column integrated amount of H,O from the TOA to a given altitude is an increasing
function than only depends on the temperature at that altitude



Vertical profile of the column integrated
amount of water vapour
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If the relative humidity RH i1s verticaly uniform in the tropsophere (here 0.7), the
column integrated amount of H>O from the TOA to a given altitude 1s an increasing
function than only depends on the temperature at that altitude

T=-255K=>LWP =1 kg.m? T =280K =>LWP = 10 kg.m™



Absorption coefficient of H>O  yayelength A(um)
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Simpson’s law

[Simpson 1928, Ingram W. 2010, Jeevanjee et al. 2021]

In spectral regions where gases are highly absorbent of an atmosphere whose
properties vary continuously and smoothly with altitude and pressure...
F, F.>F, F,

A
TOA

altitude z
optical thickness T

-
T
surface

of

Emisgion height A warmer atmosphere A warmer atmosphere with
with fixed GHG profile  fixed relative humidity profile

=> the emission temperature (the flux emitted) does not change with a uniform increase
in temperature if the relative humidity remains const

=> [f these conditions are met over the entire infrared domain, the feedback is infinite,
we have a runaway effect



Simpson’s law

[Simpson 1928, Ingram W. 2010, Jeevanjee et al. 2021]

In spectral regions where gases are highly absorbent of an atmosphere whose
properties vary continuously and smoothly with altitude and pressure...
F, F.>F, F,

A
TOA

altitude z
optical thickness T

-
T
surface

of

Emisgion height A warmer atmosphere A warmer atmosphere with
with fixed GHG profile  fixed relative humidity profile

=> the emission temperature (the flux emitted) does not change with a uniform increase
in temperature if the relative humidity remains constant

Key hypothesis:

 Spectral domain with H,O strong absorption, no other GHGs, no clouds
 Relative humidity is verticaly uniform, as is the temperature change

» The gas absorption properties do not depend on temperature and pressure



Outlook

« Clear-sky water vapour feedbacks in realistic cases



Climate feedbacks

Classical decomposition (specific humidity)

A=A+ A, + A, + A, + A,
Planck  lapse water clouds  surface
rate vapor albedo

Relative humidity decomposition (Held & Shell, 2012)

AW — \)LQP + )LQLJ+ )LR < Change in relative himidity

Y
water At constante relative humidity, change in humidity du to change,
vapor in verically uniform temperature (Aop) and lapse rate (Ao.)

k *
A= A+ A + A, + AL + A,
Planck lapse relative clouds surface
“ rate \,  humidity albedo

Y

/ at constante relative humidity

Ap = Apt Agp Ap = A+ Ay




Press (hPa)

For a mean tropical atmosphere (ERAS)
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For a mean tropical atmosphere (ERA5)

Change in brightness temperature

in response to a verticaly uniform +4K increase of the troposphere

GHG: Only H0

BT ki e T A ey

0 250 500 750 1000 1250 1500 1750 2000
v (cm™1)

at constant specific
humidity



For a mean tropical atmosphere (ERA5)

Change in brightness temperature

in response to a verticaly uniform +4K increase of the troposphere

GHG: Only H,0

LW““W
) -
0
—2 -
iy
0 2_‘;0 5(|)0 7_%0 10I00 12I50 15IOO 17|50 20I00

v (cm™1)

at constant specific
humidity

at constant relative
humidity

due to change in q to
keep relative
humidity constant



AFIX (MW m~—2 cm)

For a mean tropical atmosphere (ERA5)

Change in brightness temperature
in response to a verticaly uniform +4K increase of the troposphere

GHG: Only H0

Flux at the TOA Brightness temperature
0.2 - — Tot 4 -
— Temp
T WV 2_
0.1 o — Tot
; 0 — Temp
0.0- S ST
—2 -
_01 .
_4-
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
v (cm™1) v (em™)

For a mean tropical atmosphere with only H,O, the increase in water vapour to keep
the relative humidity constant reduces by 60% the increase in outgoing radiative
flux due to the increase in temperature 1f the specific humidity would remain constant.



ATb (K)

For a mean tropical atmosphere (ERA5)

Change in brightness temperature
in response to a verticaly uniform +4K increase of the troposphere

CH{Ck()nh/PbO-%(XDz+-Ck

4 -
at constant specific
, | humidity
0 -
— 2
—4 -

0 250 500 750 1000 1250 1500 1750 2000
v (cm™1)



For a mean tropical atmosphere (ERA5)

Change in brightness temperature

in response to a verticaly uniform +4K increase of the troposphere

CH{CE(DDLYI{ﬂ)+‘CX)2+‘Ch
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— Jemp
—_— WV

250

500

750 1000 1250 1500 1750 2000
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at constant relative
humidity

due to change in q to
keep relative
humidity constant



AFIx (mW m~—2 cm)

For a mean tropical atmosphere (ERA5)

Change in response to a verticaly uniform +4K increase of the
troposphere

GHG: Only H20 + COz + 03

Flux at the TOA Brightness temperature
0.2 — Tot 4
— Temp

— WV 2 i

0.1 - g — Tot

2 0 — Temp

0.0 d — WV

-2 4
-0.1 -
T T T T T T T T _4 ]
0 250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
v(cm™) v(cm™)

For a mean tropical atmosphere, the increase in water vapour to keep the relative
humidity constant reduces by 56% the increase in outgoing radiative flux due to the
increase in temperature if the specific humidity would remain constant.



Multimodel analysis (50 CMIP6 models)

Clear sky, whole globe

Sensitivity of TOA flux to water vapour
change to keep the relative humidity constant

»=-0.86 i
1.70 sloge = -7.00E-Ql +/- 5.94E-02

° |
~ |
L 1.65 i
* On average, the increase in water vapour X | oo
to keep the relative humidity constant s :
reduces the Planck response by 47% = 1.60{ T T T T C R
|
» This partial cancelation 1s also present % e
when looking at the spread among models ~ 1.55 :
|
|
1.501 L e
—-3.5 —-3.4 -3.3

/\p|Q (Wm‘ZK_l)

Sensitivity of TOA flux to vertically
uniform temperature change at constant
specific humidity (Planck response)




Outlook

« Implication for the clear-sky lapse-rate feedback



k, (m2 kg_lj
=

Absorption coefficient of H,O

wavelength A(um)
10.0 6.7

o
=

optical thickness
Tau=k * MH20

4.0

500

1000 1500

wave number v (cm ™)

2000

2500

water amount
for optical
thickness tau=1

1 kg.m?(255K)
10 kg.m(280K)

100 kg.m (310K)



ATb (K)

For a mean tropical atmosphere (ERA5)

Change in brightness temperature
in response to a change in vertical temperature
gradient (lapse rate):
0 at surface, +4K at the tropopause, H,O+CO,+0;

0 250 500 750 1000 1250 1500 1750 2000
v (cm™1)

Zu

at constant specific
humidity Q



ATb (K)

For a mean tropical atmosphere (ERA5)

Change in brightness temperature
in response to a change in vertical temperature
gradient (lapse rate):
0 at surface, +4K at the tropopause, H,O+CO,+0;

2_
1_
0_
—1 -
— Tot
-2 - —— Temp
— WV

0 250 500 750 1000 1250 1500 1750 2000
v (cm~1)

Zu

at constant specific
humidity Q

at constant relative
humidity

due to change in Q
to keep relative
humidity constant



AFIx (mW m~—2 cm)

For a mean tropical atmosphere (ERA5)
LYoy -

Change in brightness temperature
in response to a change in vertical temperature
gradient (lapse rate):
0 at surface, +4K at the tropopause, H,O+CO,+0;

> T
Flux at the TOA Brightness temperature
— Tot
0.04 A —_— Temp 2
— WV
0.02 1 1 1
<
0.00 1 a 04
|_
<
—0.02 1 -1
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~0.04 1 74 — Temp
— WV
_0'06 ] I I I I I I I I I I I I I I I I
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v(cm™?) v(cm™?)

For a mean tropical atmosphere, the increase in water vapour to keep the relative
humidity constant reduces by 90% the increase in outgoing radiative flux due to
change 1n lapse rate 1f the specific humidity would remain constant.



Multimodel analysis (50 CMIP6 models)

Clear sky, whole globe, temperature lapse rate

Sensitivity of TOA flux to water vapour
change to keep the relative humidity constant

= -1.0 |
pe = -8.79E-01 +/- 1.03E-02

i
* On average, the increase in water vapour X
to keep the relative humidity constant IE
more than compensate the lapse rate =
-4

>

r<

feedback (110%)

* A strong cancelation 1s also present
when looking at the spread among models

0.2+

—0.8 -06 -04 —0.

* The clear sky lapse rate feedback at A Wm-2K-1
fixed relative humidity in the LW is tig (Wm )

almost nul Sensitivity of TOA flux to change in

temperature lapse rate at constant
specific humidity




Outlook

 All sky multi-model results



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]



Multimodel analysis (50 CMIP6 models)
All sky, whole globe

Sensitivity of TOA flux to water vapour change to keep the relative humidity constant

Change in temperature lapse rate Vertically uniform temp. change (Planck)

¢ =-0.99 | »=-0.83_ |
e =-6.61E-01 +/- 1i.32E—02 1.45 - sloge.= —6.10E=|01 +/- 5.89E-02
v 0.8 - ' )4 |
T T
$< (|§< 1.40
& -
= =
< x 1.35
—~ Q.
(@3 (@3
~ ~<
1.301
—3.35 —3.30 —3.25 —3.20 —3.15

—~1.00 —0.75 —0.50 —0.25

Ao (Wm—2K-1) Apjo (Wm—2K~1)
2y "

Sensitivity of TOA flux to temperature change at constant specific humidity

* On average, the increase in water vapour to keep the relative humidity constant
reduces the Planck response by 40%, and the lapse-rate feedback by 90%

* This partial cancelation is also present when looking at the spread among models




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)



Multimodel analysis (50 CMIP6 models)

Climate feedbacks

absolute humidity

decomposition
Xw || Apjl@  Arig  Age | QSum
mean -1.95 || -3.28 -0.50 1.83 -
std. dev. among models | 0.10 0.05 0.19 0.16 0.25




Multimodel analysis (50 CMIP6 models)

Climate feedbacks

absolute humidity relative humidity
decomposition decomposition
Aaw || Ario Arjg  Age | QSum || Apjr Apjr Agje | QSum
mean -1.95 || -3.28 -0.50 1.83 - -1.91 -0.05 0.01 E
std. dev. among models : 0.05  0.19 0.16 | 0.25 0.03  0.07 0.10




Conclusion

* In spectral ranges where H,0 1s the main absorber and the atmosphere
is optically thick, a change in atmospheric temperature does not induce
a change in LW fluxes at the top of the atmosphere if the relative

humidity remains constant

* This result 1s based on the fundamental laws of radiation

 The lapse rate feedback at fixed relative humidity in the LW 1s almost
nul (clear-sky and all sky)

 This allows a simple physically based estimate of the water vapour
feedback

* The relative humidity feedback decomposition is much more relevant
than the specific humidity decomposition

* Interest of using temperature as “vertical coordinate” instead of
pressure (altitude)



This presentation is mainly based on:

e Simpson, G. (1928). Some studies 1n terrestrial radiation. Memoirs of
the Royal Meteorological Society, 2(16), 69-95.

 Jeevanjee, N., Koll, D., & Lutsko, N. (2021). Simpson’s law and the
spectral cancellation of climate feedbacks. Geophys. Res. Lett..

 Ingram, W. (2010). A very simple model for the water vapour feedback
on climate change. QJRMS, 136 (646), 30-40. doi: 10.1002/qj.546

« Held, I. M., & Shell, K. M. (2012, April). Using relative humidity as a
state variable in climate feedback analysis. J. Clim., 25 (8), 2578-2582.
doi: 10.1175/JCLI-D-11-00721.1

* Ongoing work with M. Zlinka, S. Bony, R. Armante, etc.

Thank you for your attention



Thank you for your attention



* Dans les domaines spectraux ou H20 est le principal absorbant et
I’atmopshere est optiquement €paisse, un changement de la temperature
de ’atmosphere n’induit pas un changement des flux au sommet de
I’atmosphere s1 I’humidité relative reste constante

 [’utilisation du couple température — humidité relative (T-RH) est
plus pertinente celle température — humidite spécidique (T-q)



Analyse multimodele:

* Analyse des différences: recherche de problemes, des
origines des désaccords

* Analyse des ressemblances: plusieurs planéetes
légeremment différentes mais obéissant aux mémes lois
physiques



Conclusion

 Dans les domaines spectraux ou H20 est le principal absorbant et
I’atmopshere est optiquement €paisse, un changement de la temperature
de ’atmosphere n’induit pas un changement des flux au sommet de
I’atmosphere s1 ’humidité relative reste constante

 [’utilisation du couple température — humidité relative (T-RH) est
plus pertinente celle température — humidite spécidique (T-q)

 Ces proprietés se retrouvent dans un contexte multi-modele pour des
changement du gradient vertical de temperature et pour un chanagement
verticalement uniforme de la température

* Les incertutudes les plus importantes proviennent de ’humidité
relative aussi bien en terme d’état moyen que de variation lors d’un
changement climatique



optical thickness
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Emission height

w(z) : conditional probability that
photons emitted at z reach the TOA

B 1 0I'(2)
wia) = 1—-I', 0z

€2(z): Probability that photons emitted by
the atmosphere and that reach the TOA
have been emitted at altitude z

B 1 ol'(2)
- (1-T,)B. 0z

The mean altitude where these photons
have been emitted is then:

Q(z) B(z)

B H
D= / 2Q(z)dz
0

[Dufresne et al. 2020]



Press (hPa)

For a mean tropical atmosphere (ERAS)
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For a mean tropical atmosphere (ERA5)
LYoy -

Change in brightness temperature
in response to a change in vertical temperature
gradient (lapse rate):
0 at surface, +4K at the tropopause, H,O only

> T
Flux at the TOA Brightness temperature
— Tot
0.04 - —_— Temp 2 -
£ — WV
Y 0,021 1-
| —_—
© 0.0 = 0 W
s 0
S 00 )
0.02 - -1-
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_0'06- T T T I I I I T _3 I I I I I I I I
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
v(cm™) v (cm=Y)

For a mean tropical atmosphere with only H»0, the increase in water vapour to keep
the relative humidity constant reduces by 107% the increase in outgoing radiative
flux due to change in lapse rate 1f the specific humidity would remain constant.



For mean mid-high latitude atmosphere

Change in brightness temperature

in response to a verticaly uniform +4K increase:

fmt era5 2015 MO _mh_lat p4k (0.35)

— Tot
i —— Temp
—_— WV

250 500 750 1000 1250 1500 1?50 2000
v (cm™1)

at constant specific
humidity

at constant relative
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due to change in q to
keep relative
humidity constant



For mean mid-high latitude atmosphere

Change 1n brightness temperature

in response to a change in vertical temperature gradient (lapse rate):

0 at surface, +4K at the tropopause

fmt era5 2015 MO _mh lat [4k (0.65)
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— WV

/ A

A

250 500 750 1000 1250 1500 1750 2000
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keep relative
humidity constant



AFIX (MW m~—2 cm)

AFIx (mW m~2 cm)

fmt_era5 2015 MO tropical p4k (0.56)
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AFIX (mW m~2 cm)

AFIX (mW m~2 cm)

fmt_era5_2015_MO_mh_lat p4k (0.35)
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For idealized clear sky tropical atmospheres
with constant relative humidity

Clear sky transmitivity

FH=12.5% 25 %o e B 100 o
1.0
a) 275 K b) 300 K
0.8}
0.6

[ H,0Window closes,
surface emission blocked

041 H,0 Window [ \_}
stays open

02} ysop i

0.0 : - : . : :

200 400 600 &00 1000 1200 1400 200 400 600 800 1000 1200 1400

v (cm~1) v (em™1)

[McKim et al., GRL, smi]
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Analyse multimodele

Clear sky, constant RH

For 50 CMIP6 models
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Awv

Feedback parameters for CMIP6 models

water-vapor vs
temperature feedbacks

Awv - BH

water-vapor with no RH change vs
temperature feedbacks




Climate feedbacks with the absolute and relative humidity
decompositions

due to change in temp.
due to change in specific humity vert. gradient

(kg/ke) [1.82] at consant specific humity (-0.5]

due to change in relative humlty [0.0) at consant relative humity -o.0s)

[courtesy of M. Zelinka 2021] o SUEENNSS
(https://doi.org/10.5281/zenodo.5206851) || TR R S e B ER eEe M3

W/m2/K




Simulated RH Change [%/K]

Water vapour feedback

Little change of the relative humidity with temperature at inter-annual time scale

_ v ..
31 3 e
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. & @ MERRA2
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— 7 -
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Predicted RH Change [%/K]

[Po-Chedley et al., GRL,2019 ]
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[Dessler etal., 2013 ]



LATITUDE

Water vapour feedback : The last saturation paradigm

Upper (300-100 hPa

Mid (700-300 hPa)

Entrainment
Detrainment

Low (850-700 hPa)

harizontal

subsidence

DRY

% Local evaporation <

| % evaporation

Extra-tropical
dehydration

ﬁntmprc

mixing

Boundary
layer

Tropics

Subtropics

[Sherwood at al., 2010]

6.3 um brightness temperature (~ relative humidity)
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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
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(Dufresne & Bony, 2008)



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



Contributions te temperature change: Multi—model mean (K)
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Decomposition of CMIP5 climate sensitivity estimates

Multi-Model Mean
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Cloud feedbacks still constitute a leading source of uncertainty.

Wv+LE ALE

Vial et al., Clim. Dyn., 2013
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let’s assume that

Revised Framework

R=R(p, T, X)

AR =

:

Instantaneous
radiative change +

oR N OR aX
Dy T.X aX o T Dy

adjustments

Ap +

.

to ¢

(

m) . (8}?) 0X
0T, ) ,x  \0X) 5 0T,

]

f f

Planck radiative
response n feedbacks

ATy

radiative forcing
(named « effective radiative forcing » in AR5 )

climate response




Water va

por + lapse rate feedbacks

RH = constant

decrease of moist

Clausius Clapeyron 7 adiabatic lapse
theor rate
v
increase of WV v
\|, decrease of lapse
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greenhouse effect |
A%
\'/ increase of OLR
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Awy

Feedback parameters for CMIP6 models

water-vapor vs
temperature lapse rate feedbacks

Awv - BH

water-vapor with no RH change vs
temperature lapse rate feedbacks




Climate Feedback (Wm~=2°C™1)

Climate total feedback

Net Feedback

-— —

Global Mean = —0.98 W m—2 K™

Assessment of Climate Feedbacks
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[IPCC AR6 WG1, ch 7]
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