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Equilibrium climate sensitivity
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Equilibrium climate sensitivity

udget equation

N = F+R (W -m?)
incoming rad. — outgoing rad. = rad. forcing + rad. response TOA
[CHARNEY et al., 1979; RAMANATHAN, 1987]
TOA : Top of atmosphere
o N : energy imbalance

o F : radiative forcing

@ R : radiative response of the Earth

All three equation terms detailed in the next slides...
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Equilibrium climate sensitivity

0000000

Radiative forcing F : greenhouse gases and aerosols

Effective radiative forcing, 1750 to 2019
co; ——
N,O o
CFC + HCFC + HFC
NOx
NMVOC + CO ——

—

Organic carbon —.—

Black carbon —I

Ammonia ’

-15 -1.0 -05 00 05 1.0 15 2.0
(W m=2)

[ARr1as et al., 2021] (lPCC ARG6 TS)

Total (2019 vs 1750) : 2.72 [1.96; 3.48] W-m~2  (5;95%)
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Earth energy imbalance : N < 10~2 visible solar flux !

s energy imbalance:

®

Emitted
infrared radiation

Earth’

Human influence on land

[VON SCHUCKMANN et al., 2016]

~ 91% absorbed in the ocean
~ 4% absorbed in glaciers and ice sheet
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Earth energy imbalance : N < 10~2 visible solar flux !

s energy imbalance:

®

Emitted
infrared radiation

Earth’

Human influence on land

[VON SCHUCKMANN et al., 2016]

~ 91% absorbed in the ocean
~ 4% absorbed in glaciers and ice sheet

95% of the ENERGY IMBALANCE

T
SEA LEVEL RISE

CHURCH et al., 2011; LEVITUS et al., 2012; MEYSSIGNAC et al., 2019 ; VON SCHUCKMANN et al., 2020 ; ARIAS et al., 2021]
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Radiative response of the Earth R : transformation of Earth surface to restore equilibrium

Main hypothesis : linearity with global mean surface temperature T
[Bubyko, 1968 ; DICKINSON et al., 1982; RAMANATHAN, 1988]

R = AT

A : climate feedback parameter
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ethods, results

Radiative response of the Earth R : transformation of Earth surface to restore equilibrium

Main hypothesis : linearity with global mean surface temperature T
[Bubyko, 1968 ; DICKINSON et al., 1982; RAMANATHAN, 1988]

R = AT

A : climate feedback parameter

Classical model of the energy budget

N = F4AT
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Equilibrium climate sensitivity (ECS) F»
X
[ARRHENIUS, 1896 ; MANABE & WETHERALD, 1967 ; CHARNEY et al., 1979] ECS = —_—

Fundamental metric of climate change amplitude and projections
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Equilibrium climate sensitivity

[e]e]e]e] Jele)

Equilibrium climate sensitivity (ECS) F
X
[ARRHENIUS, 1896 ; MANABE & WETHERALD, 1967 ; CHARNEY et al., 1979] ECS = —_—

Fundamental metric of climate change amplitude and projections

50

4f 7

3F 7
g ,
~ o T(2100) o« ECS for three IPCC socio-

2:~ economic scenarios

E Adapted from [SHERWOOD et al., 2020]
1F
O e e

ECS (K)
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Problem : ECS is still very uncertain !

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

Charney
FAR

SAR

Primarily model evidence

Equilibrium climate sensitivity (°C)
w
f

p<10%
- ré
= Very likely: 2-5 °C 5
© < w0 :
< o i H
[ < < <l Likely: 2.5-4 °C -4
- ©
i <
Q Best estimate: 3 °C -3
K
. R r2
AR combines evidence from:
+ Process understanding
H - Instrumental record
- - Paleoclimates -1
p<5% - Emergent constraints.
Also considers instrumental record and paleaclimates

T T
1980 1990

1979-2013 :
1.5< ECS <4.5 K (likely)

[CHARNEY et al., 1979; TPCC, 2013]

T T T T
2000 2010 2020 2030

Year of assessment

Recently :

23§ ECS §45 K (I|ke|y) [SHERWOOD et al., 2020]
2.5< ECS <4.0 K (likely) [arias et ar, 2021]
2.0< ECS <5.0 K (very likely) [Arias et ar., 2021]
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a) Evolution of equilibrium climate sensitivity assessments from Charney to AR6

P < 10%
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2 3 2 Best estimate: 3 °C -3
E g
5 3
£ 27 N R r2
= ARS combines evidence from:
5 - Process understanding
= H + Instrumental record
i 1+ - - - Paleoclimates -1
g Primarily model evidence p<5% . Emergent constraints
w Also considers instrumental record and paleoclimates

T T T T T T
1980 1990 2000 2010 2020 2030
Year of assessment

1979-2013 : Recently :

1.5< ECS <4.5 K (likely)

23§ ECS S45 K (I|ke|y) [SHERWOOD et al., 2020]

[CHARNEY et al., 1979; TPCC, 2013] 2.5< ECS <4.0 K (likely) [arias et ar, 2021]

2.0< ECS <5.0 K (very likely) [Arias et ar., 2021]

Inconsistencies between methods despite recent attempts of reconciliation between methods

[ANDREWS et al., 2018; SHERWOOD et al., 2020]
@ Observational estimates : low values
o Climate models estimates : high values



Key H A(t) not constant! [SENIOR & MITCHELL, 2000 ; ARMOUR et al., 2013 ; GREGORY & ANDREWS, 2016]

@ depends on global mean surface temperature itself
°
o
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Key H A(t) not constant! [SENIOR & MITCHELL, 2000 ; ARMOUR et al., 2013 ; GREGORY & ANDREWS, 2016]
@ depends on global mean surface temperature itself
@ depends on the intrinsic internal climate variability
@ depends on forcing agents and their time variations

= effects of warming pattern on marine low clouds : « pattern effect »

[HANSEN et al., 2005; MARVEL et al., 2016 ; ZHOU et al., 2016; ANDREWS et al., 2018; ZHOU et al., 2021]

a
Remote warming
of troposphere:

b Strengthening

€ More low-level clouds

[MAURITSEN, 2016]
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Key H A(t) not constant! [SENIOR & MITCHELL, 2000 ; ARMOUR et al., 2013 ; GREGORY & ANDREWS, 2016]
@ depends on global mean surface temperature itself
@ depends on the intrinsic internal climate variability
@ depends on forcing agents and their time variations

= effects of warming pattern on marine low clouds : « pattern effect »

[HANSEN et al., 2005; MARVEL et al., 2016 ; ZHOU et al., 2016; ANDREWS et al., 2018; ZHOU et al., 2021]

a
Remote warming
of troposphere:

b Strengthening

€ More low-level clouds

——
I I P Temperature trend 1980-2005 (K per year)
08 [MAURITSEN, 2016]
Observational climate sensitivity is necessarly uncertain
and only reflects
a time-mean sensitivity calculated in a transient regime with many forcing agents
observational effective climate sensitivity (obseffCS)
# « canonical » equilibrium climate sensitivity (CO,effCS)

= Need to model the bias obseffCS— CQO,effCS
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Methods, results
[ Jelele]e}

Methods, data, results

e radiative forcing F : GHG [surrwoon et al., 2020], a€rosols [BeLiovi et al., 2020]
F2>< from [SMmITH et al., 2020]
o surface temperature T [Cowran & Wav, 2014] scaled by [Ricuarbson et al., 2016]
]
> [LOEB et al., 2018]
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Methods, data, results

o radiative forcing F : GHG [surrwoon et al., 2020], a€rosols [BeLiovi et al., 2020]
F2>< from [SMmITH et al., 2020]

o surface temperature T [Cowran & Wav, 2014] scaled by [Ricuarbson et al., 2016]
@ energy imbalance N from :

P direct radiative measurement : CERES [LoEs et al., 2018] ;
>« traditional » ocean heat content estimate (from T/S)
a) in situ global (Argo) : 2005-2018 [Loxs et al., 2021]
b) in situ global (BT, CTD, gliders, marine mammals, etc. + Argo)
(1971-2018) ensemble of 5 solutions : [GoureTski & KOLTERMANN, 2007 ; LEVITUS et al.,
2009 ; LEVITUS et al., 2012; GOOD et al., 2013 ; CHENG et al., 2017; IsHII et al., 2017]
[HAKUBA et al., 2021 ; MARTI et al., 2022]
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e A2 0.145 m-J~1 . expansion efficiency of heat
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Methods, data, results

o radiative forcing F : GHG [surrwoon et al., 2020], a€rosols [BeLiovi et al., 2020]
F2>< from [SMmITH et al., 2020]

o surface temperature T [Cowran & Wav, 2014] scaled by [Ricuarbson et al., 2016]

@ energy imbalance N from :

P direct radiative measurement : CERES [LoEs et al., 2018] ;

>« traditional » ocean heat content estimate (from T/S)
a) in situ global (Argo) : 2005-2018 [Loxs et al., 2021]
b) in situ global (BT, CTD, gliders, marine mammals, etc. + Argo)
(1971-2018) ensemble of 5 solutions : [GoureTski & KOLTERMANN, 2007 ; LEVITUS et al.,
2009 ; LEVITUS et al., 2012; GOOD et al., 2013 ; CHENG et al., 2017; IsHII et al., 2017]

P space geodesy ocean heat content estimate [Hakusa et al., 2021; MarTi et al., 2022]

1
OHC = z (ASLaki — ASLgrace)

e A 0.145 m-J~1 : expansion efficiency of heat

Earth energy imbalance at top of atmosphere (W-m~?)
1 1 dOHC
B Stoa dt

B~ 0,93 : fraction of EEIl absorbed in the ocean
Stoa = 47rr%_OA : sphere surface at TOA
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Methods, results
[e] Je]e]e]

Need for a transfer function from observationnal effective
climate sensitivity to equilibrium climate sensitivity :

two separated « pattern effects » to take into acount mo-
deled from A(t) behaviour in climate models :

o internal variability : - Variable climate feedback parameter from GCM

the real climate trajectory is only one among an 5| ]
e

infinite number
—> histeffCS :
historical effective climate sensitivity

2

1880 1900 1920 1940 1960 1980

[GREGORY et al., 2019]

[CHENAL et al., 2022]
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[e] Je]e]e]

Need for a transfer function from observationnal effective
climate sensitivity to equilibrium climate sensitivity :
two separated « pattern effects » to take into acount mo-
deled from A(t) behaviour in climate models :
o internal variability :

the real climate trajectory is only one among an

infinite number

—> histeffCS :

historical effective climate sensitivity

Variable climate feedback parameter from GCM

1880 1900 1920 1940 1960 1980

o forced variability : 00 =
A is not the same between the historical climate
evolution and the climate evolution corresponding to 05 =
the canonical definition of the ECS ) .
—> COeffCS : Lo
effective climate sensitivity to CO»
(gOOd proxy to ECS [GREGORY et al., 2019])

K

abrupt-4xCO2 (I¥

20 15 L0

5 05 0.0
historical mean realisations (IV - m~*

0
K

[CHENAL et al., 2022]
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Equilibrium climate sensitivity

EEI solution

[LoEE et al., 2021]
Geodetic [Marr et al.,, 2022]
[HAKUBA et al., 2021]
CERES [Logs et al., 2018]

Methods, results
[e]e] Jele]

CO,effCS

Median [5% ;95%)] (K)

(2005-2018)
(2002-2016)
)
)

(2006 2018

35[1.6;21.4]
3.6[1.6;208]
36[1.6;213]
33[15;19.7]

[SHERWOOD et al., 2020]

IPCC ARG [ForsTER et al., 2021]

(2006-2018)
(2006-2019)

Geodetic,

0.4 T T
. i Argo [Loeb et al., 2021]
08 geodel!c[Martletal.,2021]
T : | geodetic [Hakuba et al., 2021]
Y : ] CERES [Loeb et al., 2018]
= 0.2 [\ ! Sherwood et al. 2020 table 5 eq.21
LDL j } IPCC AR6 2021 ch.7 7.5.2.1 p.97
[T 00 S R N . R
0.0 f \ l I
—T n
—_— - = — — — 4 — — — — & -
- = - = = = = == — — —
I ! 1 !
0 5 10 15 20

CO,effCS (K)

@ validation of the space geodesy approach (first ECS estimate)

, CERES,
2020], IPCC ARG :
state base difference vs 1869-1882

43[20;161]
35[1.7;138]

[SuERWOOD et al.,
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Methods, results
[e]e] Jele]

EEI solution CO,effCS
Median [5% ;95%)] (K)

[LOEB et al., 2021] (2005-2018) 35[1.6;21.4]
Geodetic [Marm et a, 2022] (2002-2016) 3.6 [1.6;208]
[HAKUBA et al., 2021] (2005—2015) 3.6 [ 16;21.3 ]

CERES [LoEs et al., 2018] (2006-2018) 33[15;19.7]
(1971-2017) 4.4[21;245]

In situ (without volcanic eruptions effect)™ [CuenaL et al, 2022]  (1971-2017) 5.4[24;356]
[SHERWOOD et al., 2020] (2006-2018) 43[2.0;16.1]
IPCC ARG [ForsTEr et al., 2021] (2006-2019) 35[1.7;13.8]

Geodetic, , CERES, [SHERWOOD et al.,
2020], IPCC ARG :

| state base difference vs 1869-1882

, In situ (without volcanic erup-
H tions effect)” :

regression of N — F over T

E S

04 T T
. | Argo [Loeb et al., 2021]
08 geodet!c[Martletal.,2021]
T geodetic [Hakuba et al., 2021]
Y : ] CERES [Loeb et al., 2018]
~ 0.2 - ] in situ
LL | : ] in situ without volcanic eruptions
DD_ 01 k- J// Sherwood et al. 2020 table 5 eq.21 | |
N, ! IPCC AR6 2021 ch.7 7.5.2.1 p.97
0.0 T T T :
— T
——T
— I
g gy oy el i
0 5 10 15 20

CO,effCS (K)

El Chichon (1982), Pinatubo (1991)

@ validation of the space geodesy approach (first ECS estimate)

@ with longer time series : state difference vs time series regression
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. | Argo [Loeb et al., 2021]
08 geodet!c[Martletal.,2021]
T geodetic [Hakuba et al., 2021]
Y : ] CERES [Loeb et al., 2018]
~ 0.2 - ] in situ
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——T
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El Chichon (1982), Pinatubo (1991)

@ validation of the space geodesy approach (first ECS estimate)

@ with longer time series : state difference vs time series regression

@ contribution to the reconciliation between observational and models estimates
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Methods, results
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Some results ( nfluence of the mean epoch and duration of observations on the estimate
of parameter \

We extend our in situ EEI solution on 1957-2017 from [MevssioNac et al, subm ] :

@ thermosteric component of [Freperiksk et al., 2020] sea level reconstruction by GMSL - GMBSL
(low-pass filter, 15yr)

@ in situ solutions (5-solutions ensemble + ARANN [BacxeLL & pE Vries, 2021]) (low-pass filter, 10yr)

Radiative forcing and temperature : low-pass filter, 10yr
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results

Some results (2) : influence of the mean epoch and duration of observations on the estimate
of parameter \

We extend our in situ EEI solution on 1957-2017 from [Mevssicnac et al., subm ] :

@ thermosteric component of [Freperiks et al., 2020] sea level reconstruction by GMSL - GMBSL
(low-pass filter, 15yr)

@ in situ solutions (5-solutions ensemble + ARANN [BacxeLL & pE Vries, 2021]) (low-pass filter, 10yr)

Radiative forcing and temperature : low-pass filter, 10yr

For all durations longer than 25 years and all possible time-span, we regress N — F over T

3

60 —

gth (vears)

Period len

30 —

25
1990
Mean epoch (years)

3.2 —20 77126 4
W-m—2.K 12/14



Methods, results

[e]e]e]e] ]

25-yr duration (median, 17%-83%)
Variables non corrected from the effect of major volcanic eruptions
+ two regressions of short time series

—4 = ESA CCI SLBC v2.2 GMSL-GMBSL
Allan et al. 2014 DEEP-C EEI |
—_— Feedl‘nack paramel?rwithoul volt‘:anic years cc|>rreclion

1975 1980 1985 1990 1995 2000 2005

Central date (years)

o visible variations of parameter X from long OHC time series (1957-2017) for D < 35 years

@ recent \ observed by regression with other observation systems with short time series
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Methods, results

[e]e]e]e] ]

25-yr duration (median, 17%-83%)
Variables corrected from the effect of major volcanic eruptions
+ PDO index (low-pass filter, 15 years cut) NOAA ERSST V5 [Bovi et al., 2017; HuaxG et al,, 2017]

PDO index

A Ww.m—2.k— T

|
1995 2000 2005

| |
—6
1975 1980 1985 1990

Central date (years)

@ variations of A possibly due to the pattern effect from the Decadal Pacific Oscillation (see
also [Znou et al., 2016 ; CEPPI & GREGORY, 2017 ; ZHOU et al., 2017 ; ANDREWS & WEBB, 2018 ; DESSLER, 2020 ; LOEB et al., 2021])

13/14



Conclusions
(]

Conclusions

o Based on robust regressed recent data and rigorously handling uncertainties due to climate
variability in climate sensitivity estimate :

> Low ECS (< 2.4 K) are very unlikely
P Reconciliation of observational and models estimates
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o Based on robust regressed recent data and rigorously handling uncertainties due to climate
variability in climate sensitivity estimate :

> Low ECS (< 2.4 K) are very unlikely
P Reconciliation of observational and models estimates

o First observational time series of \(t) : constraint for climate models simulations
@ On the role of space geodesy in climate sciences :
P First estimate of climate sensitivity with space geodesy data
P Outlook for of a space geodetic observing system for A(t)
i.e. the response of the Earth to GHG emissions : needed for climate change mitigation policies
P needs for geodesy to improve sea level budget closure :
today +0.3 mm/yr on 20 years (+0.14 W-m~2 on EEI on 20 years)
need +0.10 W-m ™2 on EEI on 10 years (0.2 mm/yr on 10 ans)
= stability of the terrestrial reference frame (ITRF) with improvement of geocenter
= better consistency of deg. 1 of geoid (geocenter) with the ITRF origin

@ Need to update actual climate projections (needed for adaptation policies),
including sea level rise projections, with

P updated ECS with a constrained lower bound at 2.4 K (translated into A upper bound)
P time variations of parameter \

Thanks for your attention
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