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Le pape Francois éreinte les climatosceptiques

(www.lemonde.fr, 4 octobre 2023)

« Je me rends compte au fil du temps,
écrit-il, que nos réactions sont
insuffisantes alors que le monde qui
nous accueille s’effrite et s‘approche
peut-étre d’un point de rupture. »
« Nous avons beau essayer de les
nier, de les cacher, de les dissimuler
ou de les relativiser, poursuit-il, les
signes du changement climatique
sont la, toujours plus évidents.




Tipping points and Earth’'s history
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Earth’s history : a succession of tipping points
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Period — one word but several meanings
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What 1s a tipping point ?

Paleocene-Eocene transition Multiple equilibria
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What is climate ?

Lovejoy (2015):

Based on the spectral slope of T « Bo’th de:'term.m/st/c Gc.eneral ) Circulation f)ﬂodels
(GCM’s) with fixed forcings (“control runs”) and
stochastic urbulence-base models  reproduce

(@) tochastic  turbulence-based del d
105 4— weather and macroweather, but not the climate. »
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Climate change (IPCC)

Temperature anomaly relative to 1861-1880 (°C)
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Dansgaard-Oeschger and Heinrich events
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Dansgaard-Oeschger and Heinrich events

Paillard and Labeyrie (Nature 1994) | A A % A i

Iceberg flux (Sv)
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Tipping points

IPCC (2001):
The rapid forcing of a non-linear system has a high prospect of producing surprises.

The climate system involves many processes and feedbacks that interact in complex
non- linear ways. This interaction can give rise to thresholds in the climate system
that can be crossed if the system is perturbed sufficiently. There is evidence from
polar ice cores suggesting that atmospheric regimes can change within a few years
and that large-scale hemispheric changes can evolve as fast as a few decades. For
example, the possibility of a threshold for a rapid transition of the Atlantic THC to a
collapsed state has been demonstrated with a hierarchy of models.

Changes in vegetation, through either direct anthropogenic deforestation or those
caused by global warming, could occur rapidly and could induce further climate
change. It is supposed that the rapid creation of the Sahara about 5.500 years ago
represents an example of such a non-linear change in land cover.
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Ice ages — the archetypal climatic change




Two theories of climate change since the 19" century

(J. Fourier, 1824)
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Causality of 1ce ages

“Naive theory’:

}Obal (John Herschel, 1830)

Insolation
(eccentricity)

Astronomical theory:

Local seasonal
temperature

Insolation /

Ice sheets
(mostly obliquity) Global ’

climate

Geochemical theory (CO,):

Global
climate
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Hays et al., 1976
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1 — A clear signature of astronomical
periodicities (19ka, 23ka, 41ka)

2 — The dominant cycle (100ka) is not
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the 100,000-year climate cycle is driven in some
way by changes in orbital eccentricity. As before,
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Benzi et al., 1982

In this section we shall present the model used
here to study the effect of changes in the annually
averaged solar radiation on the global earth x
temperature 7. Our starting point is the usual,
deterministic energy-balance model

dTr
szle(T)_Roul(T)' (l)

average of incoming solar radiation. The
dimensionless parameter # will allow us to intro- y
duce an explicit variation in the solar input.

Stochastic resonnance

~
"
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Here C is the thermal capacity of the earth, R, is C
the incoming solar radiation and R, the outgoing t = 50000
radiation. The parameterizations for R, and R, - y
are:
Ryw(T)=Qu (2a)
R, (T)=a(T)Qu + &(T) (2b) D

. t=75000yr
where ¢(T) is the long-wave surface radiation, a(T) 000y
the globally averaged albedo and Q is a long period
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Fig. 4. Computer simulation of eq. (5) for heat-budget
model with two observable climates at 280 and 290 K.
The variance of the noise was about 0.15 K?/year.
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Causality of 1ce ages

“Naive theory’:

}Obal (John Herschel, 1830)

Insolation
(eccentricity)

Astronomical theory:

Local seasonal
temperature

Insolation /

Ice sheets
(mostly obliquity) Global ’

climate

Geochemical theory (CO,):

Global
climate
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Rétroaction glace - albédo

On introduit empiriquement un coefficient € = effet de serre:

(1-a) S/4 = Tg*=(1-¢) o T* avec £¢=0,4

On suppose que I'albédo est grand (o = 0,7) quand la Terre est gelée; petit (o = 0,3)

quand elle est bleue:
W/m2 e=04

(1-a(T)S
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Calder (Nature, 1974)
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« Meteorological processes are so notoriously nonlinear that my assumptions are almost frivolous »

i(t) (W.m™) insolation june solstice 65°N

(Laskar, 2004)
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Calder (Nature, 1974)

Ice volume
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Calder (Nature, 1974)

dV . .
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Calder (Nature, 1974)
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The 100-kyr cycle

is arising from the amplitude modulation of precession by the eccentricity
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Normalized insolation

ODP 659 8'80

The ice age problem

Thresholds and hysteresis can explain :

- the 100,000 yr cycles
- the Mid-Pleistocene Transition
- the shape of the oscillations
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Volume (1075 m3)

The ice age problem
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Temperature anomaly relative to 1861-1880 (°C)

Durée de I’ Anthropocene = temps de relaxation du carbone ?
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CO, as a trigger for deglaciations

The key (robust) result:
Deglaciations are « triggered »

by glacial maxima.

LGM | s | deglaciation

The key (robust) obervation:

CO, leads sea-level rise

(deglaciation) by a few millenia

CO, rise | mmmm | deglaciation

If you posulate that CO, has some key
role in the deglaciation:
CO, release is « triggered » by

glacial maxima.
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Conceptual model for ice sheet volume and CO,

insolation

model ice volume

atmospheric pCO;
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The triggering mechanism : brines sinking
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What about 13C 9-Ma cycles ?

During the Cenozoic (Boulilah et al. 2012)
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Simple view of Earth’s carbon
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Simple view of Earth’s carbon

Silicate weathering is an increasing function of carbon (and climate)

Carbon fluxes
A

dC/dt=V-P(T(C))—B

one stable
equilibrium

Net organic carbon burial

Net inorganic carbon release V-P

>
Surface carbon ~ Temperature

« The Earth’s thermostat (Walker et al, 1981) »




13C 400-ka cycles over the last few million-years
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13C about 9-Ma cycles from eccentricity ?
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13C about 9-Ma cycles from eccentricity ?
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13C about 9-Ma cycles from eccentricity ?
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13C about 9-Ma cycles from eccentricity ?

Phase locking to eccentricity
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Discussing the ultimate fate of Antarctica
from a coupled climate ice-sheet model
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a consequence not a cause |

Fresh water fluxes
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A strong structure of DO events

2000

Relative age (yrs)

Capron et al. CP (2010)
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Conceptual models to discuss mechanisms

y '
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Thank you !



Coral depth corrected
for subsidence (m.b.s.l)

Coral depth corrected
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ice volume

Caloric sea%

The ice age problem

Simple linear dynamics... but with « tipping points »: (relaxation oscillator)
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Legrain et al., Communications Earth & Environment, 2023

The MPT is likely caused by a gradual change

9WN|OA 321
>

. L . L - . . .
N
H o
- i B
Y 1 =2
13
. i Elo
—mm I al3
< |2
]
719
| _
i
||||| i =3
-~ H Fo
Se—— H ~
s 1
PR i
1 3
[4 ]
i X
~ o
= i Eto
-~ 1 m
t ! ©
== == | «©
_S <
- 1
- 1
== i o
H Fo
i <
==r~"
H 3
H X
—_—— i
< ! =3
Sy ' L =4
> wn
<o H @
H e
_ i o
T |
e i o
- 1 F O
T T 2 —~|©
Sy S
" 8
- N
-
-7 s
o i 8= )
— - ! P S
==n, | 1
= “
F, ! °
La="" 1 H
P __ 4
! “ (=]
=1 2o
= H c| ®
-2 1 m
—— ! “
e i 7]
i 3
=
' i
~T 2le
1 010
Tt S| @
||||| H @
< - : o
= 5le 2
-~ 1 ©° m =
p—— H >0 w
o ol =
-, | 3 <
! 2
||||| 7 :
H
<= H =3
-~ i | ©
o 1 -
= ' —
/2d !
—c !
- 1
i
e} =3
o | ©
g H ~
-y 1 ~
. 1
== i
- i
- 1
== i o
== i R
< ]
~ i -
- 1
Y Lo '
H
S
= I
5= i o
) L ©
o T <
-z T -
. i
- == 1
Foye—
- ]
1 ]
~ =3
. | ©
|||||| 0
Dy i —
—
- 1
£ i
i
i 8
- H s
’ ! -
7 1
=~ 1
i
- 1
< i o
= 1
e |m
H —
]
= T
=1
- i
fy i
H o
1 | ©
i D
1 -
1 1
Z i
nd H
i
P 1 [=3
~—1 | S
P i a
- H —
[/ 1
e
1
ol i
9 == H S
¥ T <1
©o o © 9o 9o ©° I

-
(Is w) awnjop 33|

uonenwis g40

Best-fit « linear model with a hysteresis »

© © © 9o o
N § © ©

(15 w) awnjoA 33|

uone|nwis yav

-
(1S w) awnjop 33|

uone|nwis Avy9

=]
N ¥ © ©® O N
-

Vs. GRAD
simulation

ion

lat

Vs. ABR
simu

12.1

lation

0
49.6
61.7

Vs. ORB

ORB simulation
ABR simulation

GRAD

ABIC criteria

simulation



The 1ce age problem

'
Magnetic reversal
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sub-Antarctic island reconstructions
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We have seen that the present burning of pit-coal is so great that in one year it gives back to the
atmosphere about 1/1000 of its present store of carbonic acid. If this continues... it will undoubtedly
cause a very obvious rise of the mean temperature of the Earth.

Further, it might perhaps be possible for Man to diminish or requlate the consumption of carbonic
acid by protecting the weathering layers of silicates from the influence of the air and by ruling the
growth of plants.

Thus it seems possible that Man will be able efficaciously to regulate the future climate of the earth
and consequently prevent the arrival of a new Ice Age. By such means also the deterioration of the
climate of the northern and Arctic regions depending on the decrease of the obliquity of the ecliptic

may be counteracted.

| cannot help thinking that it will afford to Mankind hitherto unforeseen means of evolution.



Nils Ekholm,

Quaterly Journal of the Royal Meteorological Society,
January 1901

« The present burning of pit-coal is so great that ... it will undoubtedly
cause a very obvious rise of the mean temperature of the Earth ... »
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Nils Ekholm,

Quaterly Journal of the Royal Meteorological Society,

January 1901

The present burning of pit-coal is so great that ... it will undoubtedly
cause a very obvious rise of the mean temperature of the Earth ...

« By such means also the deterioration of the climate of the northern and
Arctic regions, depending on the decrease of the obliquity, may be

counteracted. »
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Nils Ekholm,

Quaterly Journal of the Royal Meteorological Society,
January 1901

The present burning of pit-coal is so great that ... it will undoubtedly
cause a very obvious rise of the mean temperature of the Earth ...

By such means also the deterioration of the climate of the northern and
Arctic regions, depending on the decrease of the obliquity, may be
counteracted.

«Thus it seems possible that Man will be able efficaciously to regulate the
future climate of the Earth and consequently prevent the arrival of a
new Ice Age. »
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