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Climate change is here:
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ge Temperature 1850 - 2023

Land data prepared by Berkeley Earth and combined
with ocean data adapted from the UK Hadley Centre

Global temperature anomalies relative to 1850-1900 average
Vertical lines indicate 95% confidence intervals
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Climate change is here:
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Climate change is here:

We are used to see the climate response to
anthropogenic disturbance as an average
response, notably the increase in global
average temperature.

But climate change is above all the change in
frequency and intensity of complex physical
processes, storms, heatwaves, hurricanes,

tornadoes, plankton blooms in the ocean,
etc.

Extreme phenomena, due to their rarity and
intensity, are those which cause the majority
of impacts.
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Predicting the weather
Predicting the Climate
some physics

SCIENTISTS CAN’T
EVEN PREDICT THE WEATHER
NEXT WEEK, WHY SHOULD 1
BELIEVE WHAT THEY TELL US
ABOUT 100 YEARS
FROM NOW?




The study of climate was used to be a natural science, close to geography

Weather forecast was

produced from of observations

and “synoptic” maps

Ist 2nd 3rd Descroption Cnotenia*
A Tropical Teald>18
f - Rainforest PM.EOO
m - Monsoon Not (Af) & Pd,yz 100-MAP/2.
w - Savannah Not (Af) & Pyry < 100-MAP/2
B And MAP<10 xPgyechold
w - Desert MAP <5 xPgyreshold
S - Steppe MAP>5 x Piyreshold
h - Hot MAT>18
k - Cold MAT <18
C Temperate Thot>10 & 0<Teg<18
3 - Dry Summer Pm.<40&P,d,y< Pwwet/3
w - Dry Winter P-dry <Pswet/10
f - Without dry season  Not (Cs) or (Cw)
a - Hot Summer Thoat>22
b - Warm Summer Not (2) & Tipon10>4
c - Cold Summer Not (aor b) & 1<Tponi0<4
D Cold Thot > 10 & Tegla <0
s - Dry Summer Pm<40&P,¢’<Pm/3
w - Dry Winter Pwdry <Pswet/10
f - Without dry season  Not (Ds) or (Dw)
a - Hot Summer Thot>22
b - Warm Summer Not (2) & Tipani0>4
c - Cold Summer Not (a,bor d)
d - Very Cold Winter  Not (a or b) & Teg)g<-38
E Polar Thot <10
T - Tundra Tw >0
F - Frost Thot <0
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Koppen Classification (1900).



It was between the 1940s and 1950s that meteorology became a “hard
science”. The weather is predicted using equations. In the 70s, a new
revolution came about: the discovery of the chaotic nature of the
atmosphere. What does “forecast” mean?
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Phase space
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Climate is a dynamical system
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How big is N??

Weather / Climate models: 1010-11

Atmosphere: 104°!

(Henderson-Sclien, 1985)
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Weather forecast, climate forecast.

Weather forecasting is an initial conditions problem

Starting from an initial state of the atmosphere, we try to predict the values of a
complete set of atmospheric variables, everywhere in space and in time. We seek
the solution of a system of differential equations, given a condition at time zero.
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The main source of forecast error is poor knowledge of the initial state
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NWP chain
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weather prediction”
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Weather forecast

Weather forecasting is an initial conditions problem
Starting from an initial state of the atmosphere, we try to predict the values of a
complete set of atmospheric variables, everywhere in space and in time. We seek
the solution of a system of differential equations, given a condition at time zero.
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The main source of forecast error is poor knowledge of the initial state
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Can we make the initial error small enough to puch the predictability limit as far
off in the future as we want?
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Can we make the initial error small enough to push the predictability limit as far
off in the future as we want?

NO!
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Henri Poincaré (1854-1912)

Ed Lorenz (1917 — 2008)
The butterfly effect!

Some dynamical systems are so sensitive to a change of initial
condition, that a small error has such an impact on their
evolution that it is impossible to predict them

u(to)<u(tf)
U(to)

Deterministic Chaos.
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The atmosphere is one such ,, "
system L

Forecas! day
ECMWF Air temp
Date: 20/08/1994 London Lat: 31 5 Long: O

— el W Anales Ersembie

Degree C
- 3 > L 4
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Ed Lorenz (1917 — 2008)
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The butterfly effect! =

Credit: Tim Palmer
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Deterministic Nonperiodic Flow'
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Mecazhuetls [aatilule of Tesknoogy
(Manuscripe recedved 18 November 1962, in reviead form 7 Jamsary 1963)
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nongeriadic
The feasibility of very-Jong-range westher prediction Is examiead in the light of these resudts.

1, Introduction
Cstain hydrodynamical systeme exhibit steady-state

Thus there are occasions when more than the statistics
of irregular fow are of very real concern.

Fow patterns, while others escllinte in & regular p
fashion, Still others vary In uo frregalar, Nxfningly
haphazard manner, and, even whan etuerved for long
periods of time, do not appear 1o repest their previous
bistory.

These modes of behavior may all be observed in the
familiar rotating-basin experiments, described by Fultz,
d ol, (1950) and Hide (1958), In these cxperiments, &
cylimdrical vessel contalnisg water is rotated about its
axie, and is beatad near its 7im and cooled near its center
in = steady symmetrical fashics. Under certain condi-
tions the resulting Sow is as symmetric and steady ws the
heating which gives rise 1o 1t, Under different conditbons
a system of regulaely spaced waves develops, and pro.
gresses at a uniform without changing its shape,
Upder s2ill different conditions an irregular flow pattern
orms, and moves and coanges its shape in an Irregular
nanperiodic manner.

Lack of pericdicity is very comumon in natural sys-
tems, snd i ove of the d’unnguldﬁng fumm of turby-
Jent flow. B ﬂw
are Jar, ton is aften fined 10 (htu!a»
tistics of turbul which, in 0 the details of
turbulence, often behave in a regular well-orgeniced
manner. The short-range weather forecastor, kowever,
i forced willy nilly to predict the details of the large-
scile turbubént wddies—1he cyclones and anticyclones—
which continually arrange themselves into new patterns.

| The sescarch reported in this work Bea Sern spomscrnd by
&qmmm«audﬂohlm C.mh-ktt
Rescwsth Center, uuuc-umw.ummuzw

%Phase space

ln thia study we éhall work with sysiems of deter-
which are idealizations of hydro-
dynummhysum We shall be interested princapally in
conpetiodic solutions, Le., solutions which ever repeat
their pas: history aacd)'. and where all approximate
ions are of fmite curstion, Thus we shall be in-
volved with the ultimate bebsvior of the solutions, as
opposed 1o the trarsient behavior associated with
arbitrary initial conditions.
A closed hydm!)mw systom o( finite mass may
ibly be treated ically as a finite collec
tiom of mobecules—umsally o very hr;z ﬂn:u collection
—in which case the governing laws are expressible as &
Emite set of oedinary differential pquations. These equa-
tioes are generally highly inu-uuue and the set of

lecules is usaally spp d by a i dis.
ubnmdmm’l’hnmwugh-:mﬁunw
a5 a set of partial diff 1 equations, Ji such

quastities as velogty, demsity, and pressure as de-
pﬂdml variables.

It is sometimes possible to obtain particalar solutions
oi lhm oqnmom anlyuully. especially when the
with time, and, In-
doed, much wock bas b-ecn devated to ohtaining such
solutions by one scheme or another, Ondinarily, how-
cver, nonpesiodic solutions cannot readily be doter-
mined except by erical p 4 Such proced:
Involve replacmg the cnnxmumu varinhles bg 2 bew
finite set of funceions of tisss, which may perhags be the
values of :hocununuom variables at & choson geid of
points, or the ooddmlamlhewmolthue
wvariables in series of or The
irag laws then become a £nite set of ondinary differential
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«The last nail on the grave
of determinism» (?)

dont la nature est ananée el la siualion respective
/LOWL sowmellre ces données vl W@, ernbrasseradt dans l
Luncvers et a%wa@/zéay@maéom e ne serad
wecertain pouur elle, et Lavenss comme /@M&é,
serau present a ses yeur.

Pierre-Simon Laplace, « Essai 3
philosophique sur les
probabilités » (1819)
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«The last nail on the grave
of determinism» (?)

ABSTRACT

It is proposed that certain formally deterministic fluid systems which possess many
scales of motion are observationally indistinguishable from indeterministic systems;
specifically, that two states of the system differing initially by a small ‘‘observational
error’ will evolve into two states differing as greatly as randomly chosen states of the
system within a finite time interval, which cannot be lengthened bv reducing the
amplitude of the initial error.

Pierre-Simon Laplace, « Essai 3

probabilités » (1819) < A(t )
& : u R =
: 0 U(ty)

philosophique sur les v u( u(t) £ :
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Deterministic predictions

Verification

Ensemble forecast of Lothar (surface pressure)
Start date 24 December 1999 : Forecast time T+42 hours

Forecast 2

Forecast 3

Forecast 4

Forecast 5

Forecast 6

Forecast 7

Forecast 8

Forecast 9

Forecast 10

Ny

Forecast 11

Forecast 14

t

Forecast 15

Forecast 17

Forecast 20

Forecast 21

Forecast 22

Forecast 25

]

Forecast 27

Forecast 30

A

Forecast 31

Forecast 32

Forecast 33

A

Forecast 35

Forecast 37

Forecast 39

Forecast 40

A

Forecast 41

Forecast 43

Forecast 48

Forecast 49
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What about the Climate then? Climate prediction is more like a boundary conditions problem

Long integrations of climate models forget the
initial conditions. Predicting the climate consists
in predicting the statistical characteristics of the
climate system, in a different equilibrium,
imposed by external conditions. We rather talk
about climate “projection”

Processes

Timescale
thousands of millions of
days years years years
hid | w| m| y[10y]|10% [ 10% | 10% | 105y | 105y | 10%
weather Hn
land surface H mE
ocean mixed layer| I || M |
sea ice HEN
volcanos HE N
vegetation (HLICICI BN BN BN BN BN
thermocline HE =
mountain glaciers B BN
deep ocean [ HE BN |
ice sheets HE B ®E | =
orbital forcing o n
tectonics H =
weathering | m H n
solar “constant” H E B B H B B B

Atmospheric Carbon Dioxide Concentration (ppm)
1

310 {
1958 1963 1968 1973 1978 1963 1958 1993 1998 2003 2008
Year

1JAN 3UAN SN 7N AN 114N

(Henderson-Sellers, 1985)



What about the Climate then? Climate prediction is more like a boundary conditions problem

Uncertainty in climate prediction is incompressible, due to the cahotic nature of the

system.

Since the error on the initial conditions no longer counts, the error due to the formulation
of the model becomes more important

Changement de température (°C) par rapport a 1880-1919

20 e B e i e L A s A

7.0

O 6.5 === Observations
o;)’ 6.0 1 Modele IPSL - simulation 14
= 5.5 —— Modeéle CNRM - simulation 1
‘é 5.04 Modele IPSL - 32 simulations
‘8_ 4.5 Modele CNRM - 10 simulations
g 409 Modéles - SSP5 8.5
8 357 Modéles - SSP3 7.0
& gg ] Modeles - SSP2 4.5
B o Modeles - SSP1 2.6
g 1.54
‘é.’, 1.0 1
S 0.5 Losi
5 0.0 AMMRAAL

0.5+——————



What about the Climate then? Climate prediction is more like a boundary conditions problem

The evolution of the weather observed over a period is only one of the possible
evolutions in a certain climate.

anomalie globale (°C)
)

| = observations (GISS)

|
-t
v

1850 1900 1950 2000 2050
année
température été France (°C)

24

—a— observations (GISS) e 2018
22
B 1947 1976 &[‘ﬁ e\ \
- I 1 2 1 h s
18 ' ; ‘f ( : 4 l ? Y“‘)’.; ’ i'rQI.l‘ til’i
- _@Q . NY i) h”' g !F' *ﬁ ‘

1900 1950 2000 2050
année



Time series of meteorological variables => statistical characteristics

(mean, standard deviation, extremes, percentiles, etc.)

% Met Ofﬁce Source: HadCET Creation Date: 07/04/2022 13:40 © Crown copyright

40

351

30 1

Maximum Temperature (°C)

-10

Central England Maximum Temperature 2013

25 1
20 4
15 ~

10 AR

Jan 'Feb vMar vApr 'May ]un ’Jul 'Aug ’Sep 'Oct ’Nov 'Dec

— 1961-1990 lowest 5% — 10% — 90% 95% highest —— daily CET

Probability of occurrence Probability of occurrence

Probability of occurrence

Increase in mean

(a)
More
Previous
climate weather
More
Less recor;’ih hot
weather climate A/
T

Cold Average Hot

Increase in variance

(b) Previous

climate
More
more
More \ weather
weather
"ol Now ) receriho
weather climate weather

./

| T
Cold Average Hot

Increase in mean and variance

(€) Brevious Much more
climate weather
)) More
Less recor;ihhot
change \ weather
for ‘/
New
weather climate
T

Cold Average Hot



a) Synthesis of assessment of observed change in hot extremes, heavy precipitation and
drought, and confidence in human contribution to the observed changes in the world’s regions

Hot extremes <_~including heatwaves Dimension of Risk: @>— Hazard

North

; Key
America

Type of observed change since the 1950s

O O O Increase
‘ Decrease

Small
O Limited data and/or literature

Central
America

&)

O Low agreement in the type of change

Small
Islands Confidence in human contribution
to the observed change

eee High
oo [Vedium
o Low due to limited agreement

o Low due to limited evidence

America

@ Heavy precipitation , Each hexagon corresponds
North to a region
America Europe <

“‘nwi | North-Western
L _J North America

Small

Centr_al
America

Small
Islands

South
America

IPCC AR6 WGI reference regions:

North America: NWN (North-Western North
America, NEN (North-Eastern North
America), WNA (Western North America),
CNA (Central North America), ENA (Eastern
North America), Central America: NCA
(Northern Central America), SCA (Southern
Central America), CAR (Caribbean), South
America: NWS (North-Western South
America), NSA (Northern South America),
NES (North-Eastern South America), SAM
(South American Monsoon), SWS
(South-Western South America), SES
(South-Eastern South America), SSA
(Southern South America), Europe: GIC
(Greenland/Iceland), NEU (Northern Europe),
WCE (Western and Central Europe), EEU
(Eastern Europe), MED (Mediterranean),
Africa: MED (Mediterranean), SAH (Sahara),
WAF (Western Africa), CAF (Central Africa),
NEAF (North Eastern Africa), SEAF (South
Eastern Africa), WSAF (West Southern
Africa), ESAF (East Southern Africa), MDG
(Madagascar), Asia: RAR (Russian Arctic),
WSB (West Siberia), ESB (East Siberia), RFE
(Russian Far East), WCA (West Central Asia),
ECA (East Central Asia), TIB (Tibetan
Plateau), EAS (East Asia), ARP (Arabian
Peninsula), SAS (South Asia), SEA (South East
Asia), Australasia: NAU (Northern Australia),
CAU (Central Australia), EAU (Eastern
Australia), SAU (Southern Australia), NZ
(New Zealand), Small Islands: CAR
(Caribbean), PAC (Pacific Small Islands)



Projected changes in extremes are larger in frequency and intensity with
every additional increment of global warming

INTENSITY increase FREQUENCY per 10 years

FREQUENCY per 10 years

INTENSITY increase

Hot temperature extremes over land

10-year event 50-year event
Frequency and increase in intensity of extreme temperature Frequency and increase in intensity of extreme temperature
event that occurred once in 10 years on average event that occurred once in 50 years on average
in a climate without human influence in a climate without human influence
Future global warming levels Future global warming levels
1850-1900 Present1°C  1.5°C 2°C 4°C 1850-1900 Present1°C  1.5°C 2°C 4°C
@
]
., . L] g -,
E. e
2
Once now likely will likely will likely will likely g Once now likely will likely will likely will likety
occurs occur occur occur o occurs. occur occur occur
28times  4.1times S5.6times 9.4 times w 48times 8.6times 139times 39.2times
(18-32) (28-4.7) (38-60) 83-9.6) £ (23-64) “3-107 (69 - 166) (27.0-414)
+6°C & +6°C
+5°C § +5°C
+4°C g +4cC
+3°C E +3°C
+2°C I El w2
+1°C I z +15C I
0°c ' Bl ‘o« i
+1.2°C +19°C +2.6°C +5.1°C z +1.2°C +2.0°C +27°C +5.3°C
hotter hotter hotter hotter hotter hotter hotter hotter
Heavy precipitation over land Agricultural & ecological droughts in drying regions
10-year event 10-year event
Frequency and increase in intensity of heavy 1-day Frequency and increase in intensity of an agricultural and ecological
precipitation event that occurred once in 10 years on drought event that occurred once in 10 years on average across
average in a climate without human influence drying regions in a climate without human influence
Future global warming levels Future global warming levels
1850-1900 Present1°C  1.5°C 2°C 4°C 1850-1900 Present1°C  1.5°C 2°C 4°C

Once now likely  will likely will likely will likefy Once now likely — will likely will likely will likely

occurs occur occur occur occurs occur occur occur
1.3 times 1.5 times 1.7times 2.7 times 1.7times  20times 24times 4.1times
(12-14) (14-17) (16-2.0} 23-36) 07-4.1) (10-51) (13-58) (1.7-7.2)
+40% #2sd
+30%
+20% +1sd

+10%
o ¥ i i . I ] I

+6.7% +10.5% +14.0% +30.2% +0.3sd +0.5 sd +0.6 sd +1.0sd
wetter wetter wetter wetter drier drier drier drier

INTENSITY increase  FREQUENCY per 10 years



28-02-2010
s 4h30
aFaute- | aiciiion. heure locale
S“"Me\: ) surMer. Niveau d’eau
. 048 (marée + surcote
atmosphérique)

en m NGF
- 45
-,
._,
.,
=— 4.1

fle d'Oléron

niveau d'eau
extréme mesuré

1°W
1

Sources : carte de simulation des niveaux d’eau établie par le BRGM (mars 2010, BRGM/RP-58261-FR, p36.)
niveau d'eau extréme mesuré dans le bourg de I'Aiguilion selon rapport CGEDD (16 sept. 2010, Mission n°007336-01, p21.)

© Géolittoner, UMR 6554 - LETG

Probability (return times y1):

+20cm (today)
+50cm (around 2060)

+1m

(2100)
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Summary:

1) Weather forecasting is a problem with initial conditions. Due to the non-
linear and chaotic nature of the atmosphere, the weather forecast is limited
in time, probably around 15 days.

2) Climate prediction “forgets” its initial conditions. It predicts probability
distributions of the state of the system in a new equilibrium.

St 3) Meteorological events can hence be forcasted deterministically up to a

few days in advance, while we can predict the changes in their statistical
caracteristics in a modified climate

¢

iy
o>

SA
mm

29



Summary:

1) Weather forecasting is a problem with initial conditions. Due to the non-
linear and chaotic nature of the atmosphere, the weather forecast is limited
in time, probably around 15 days.

2) Climate prediction “forgets” its initial conditions. It predicts probability
distributions of the state of the system in a new equilibrium.

St 3) Meteorological events can hence be forcasted deterministically up to a

few days in advance, while we can predict the changes in their statistical
caracteristics in a modified climate
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Climate

Variations in the Earth's climate result from responses to forcings on very diverse time scales.

The climate system is evolving:
it changes at all time time scales. 05’
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Climate Change

Variations in the Earth's climate
Human activities have added a 1

The climate system is evolving:

it changes at all time ti

result from respons
ew forcing.
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Changement ?

Les variations du climat de la Terre résultent de la réponse a des forcages, a des échelles de temps trés diverses.
Les activités humaines ont rajouté un nouveau forcage.

Cycle du carbone

Réservoirs : GtC Fluxes GtC/year
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Full Record ending September 19, 2021

)
{
|

_u.* Marine Bota

E 400 ey ) 39— |
E 390
g 380
L

£ 370 & Dy Ocman
8 360 37100
5 350
(&)
o 340 O Srtam woment
8 330 150

320

‘Nm’v\- = -
: P OCEAMKRAND
1 1 1 1 1 1l 1 1 'y i 1
1960 1965 1970 1975 1880 1985 1990 1995 2000 2005 2010 2015 2020

w

-

=]
-

« carbone » dans Le Systeme Périodique de Primo Levi. Albin Michel



Changement ?

Les variations du climat de la Terre résultent de la réponse a des forcages, a des échelles de temps tres diverses.
Les activités humaines ont rajouté un nouveau forcage.

Cycle du carbone

Réservoirs : GtC Fluxes GtC/year

(:02 Concentration (ppm)

September 19, 2021
Ice-core data before 1958. Mauna Loa data after 1958.
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Changement ?

Les variations du climat de la Terre résultent de la réponse a des forcages, a des échelles de temps tres diverses.
Les activités humaines ont rajouté un nouveau forcage.

Cycle du carbone

Réservoirs : GtC Fluxes GtC/year

September 19, 2021

Ice-core data before 1958. Mauna Loa data after 1958.
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Changement ?

Les variations du climat de la Terre résultent de la réponse a des forcages, a des échelles de temps tres diverses.
Les activités humaines ont rajouté un nouveau forcage.

Cycle du carbone

Réservoirs : GtC Fluxes GtC/year
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Changement ?

Les variations du climat de la Terre résultent de la réponse a des forcages, a des échelles de temps tres diverses.
Les activités humaines ont rajouté un nouveau forcage.

Cycle du carbone perturbé

Le carbone est émis par la combustion des fluides
fossiles et par la déforestation. Environ la moitié

reste dans I'atmosphere. \T\r | o7 165
02 119.61f0 28 009

Le reste traverse les océans et les sols peu M.',n-ng\fm—,a,,ﬁ”:#

profonds, qui échangent des flux importants avec o [

I'atmosphére. \ 3?00”01‘140 i

Le flux de stockage dans les sédiments est tres
faible par rapport au flux anthropique. Un an de "3 Do G
production <=> 30 ans de stockage. o

Surface sediment
150

exces de carbone restera dans I'atmosphere
pendant des siecles.

« carbone » dans Le Systeme Périodique de Primo Levi. Albin Michel






Et comment on connait tout ca? o

Les GCM physiques
simplifiées

L . ”5® .
ﬁi Discrétisation
/]

General Circulation Models
Global Climate Models

Systéme Terre

Super-calculateur



Et comment on connait tout ca?

Les GCM
Comment utilise-t-on les Global Climate Models ? futur
Scenarios => Emissions
passé Emissions de CO, (Gt/an)
°C Carbon dioxide (GtCO,/yr)
2.0
140
tres élevées
1.5 120

observé

simulé avec 100
facteurs
humains

et naturels 80 élevées

60
simulé avec
facteurs
naturels 40
uniquement
(solaire 20
& volcanique)

-0.5
0
basses
i , 20 trés basses
1850 1900 1950 2000 2020

2015 2050 2100



Quelques prévisions climatiques a partir des scénarios, tirés du dernier rapport du GIEC (2021)

(a) Global temperature change 5 (b) Global land precipitation change
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(a) Changement de la température moyenne annuelle
° - ” . °
(°C) pour un réchauffement planétaire de 1 °C ChangementimulEpour 156
Changement observé pour 1°C de réchauffement planétaire de réchauffement planétaire

Tous les continents sont affectés par le
réchauffement de 1 °C, généralement plus
prononceé au-dessus des terres émergées
que de l'océan, tant dans les observations
que les modeéles. Les structures des
changements observés et simulés sont
cohérentes pour la plupart des régions.

(b) Changement de la température moyenne Quelque soit le niveau de réchauffement, les terres émergées se réchauffent
o N " davantage que les zones océaniques, et I'Arctique et I'Antarctique se réchauffent
annuelle (°C) par rapport a 1850-1900 Cartago tse s Hopi es:

Changement simulé pour 1,5 °C Changement simulé pour 2°C Changement simulé pour 4°C
de réchauffement planétaire de réchauffement planétaire de réchauffement planétaire

O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 -
Changement (°C)

R —
Plus chaud
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FREQUENCE sur 10 ans

INTENSIFICATION

Extrémes chauds au-dessus des terres émergées

Evénement décennal Evénement cinquantennal
Augmentation de la fréquence et de l'intensité d’'un événement Augmentation de la fréquence et de l'intensité d’'un événement
de température extréme qui se produisait une fois tous les 10 ans de température extréme qui se produisait une fois tous les 50 ans
en moyenne dans un climat sans influence humaine. en moyenne dans un climat sans influence humaine
Niveaux de réchauffement planétaire futurs Niveaux de réchauffement planétaire futurs
1850-1900 Présent1 °C 1.5°C 2:°C 4°C 1850-1900 Present1°C 15°C 2°C 4°C
wv
o
g °°:o
° ° ° o n 0e? 0et0ey’
oW W % W GRE GEN GEr E 3ES
w 4 :‘.0..
O o %0
Z
w
Une fois seproduit seproduira seproduira seproduira c:y Une fois se produit seproduira seproduira se produira
maintenant probablement probablement probablement ‘L maintenant probablement probablement probablement
probablement 4,1 fois 5,6 fois 9.4 fois g probablement 8,6 fois 13,9 fois 39,2 fois
2,8 fois (2,8-4,7) (3,8-6,0) (8,3-9,6) 4,8 fois (4,3-10,7) (6,.9-16,6) (27,0-41,4)
(1,8-32) (2,3-6,4)
+6°C z +6°C
+5°C g +5°C
+4°C < +4°C
+3°C : 2 43°C ._
¥2°C : I g 2 | I
+1°C | I +1°C I
O °C " E o °C “
+1,2°C +1,9°C +2,6 °C +5,1°C - +1.2°C +2,0°C +2.7°C +5,3°C

pluschaud pluschaud pluschaud plus chaud pluschaud pluschaud pluschaud pluschaud



ﬁ-]" CANICULE - FIN JUIN 2019

e & La canicule de juin 2019 : mise en
; - contexte en climat se réchauffant

39a42°C

RECORD NATIMAL ABSOLU

34339°C

30a34°C

<30°C

Probabilité de l'aléa :

 +1.1°C (aujourd’hui) : 1 sur 50
« +1.5°C(avant 2040): 1 sur 10

+2°C (vers 2050-60) : 1sur4d

Source: Météo-France



Sur la France, un réchauffement encore plus prononcé

Température sur la France p/r [1900-1930] : scénario tendanciel {seénario-dultaisserfaire}

Annuel

Anomalies

W

Eté (Juin-Juillet-Aout)

L'été 2022 sera la norme
autour de 2050-2060

2000 050 2100

Source: Ribes et al. (2022)




Le niveau des mers — IPCC SROCC 2019

Les projections pour 2100 ont été revues a la hausse (jusqu'a 110 cm
pour le scénario a forte émission) - mais plus limitées dans un monde a
«2°C».

metres

metres

| (e) Greenland ice sheet mass loss _ \
aal | aeseswaleilen _ Les tendances a la hausse se
change relative to 1986-2005 . . . I
0.1 poursuivent apres 2100 (jusqu'a+5m
V4 . \ V4 . . /7 V4
0- dans le scénario a émissions élevées).
0.3-
(f) Antarctic ice sheet mass loss e
0.2- as sea level equivalent, I 5
change relative to 1986-2005
0 primary drivers I
‘1 /
ol i -4
0.3- - A T AP | [ 1T T -
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2010 high tide

2050 projected high tide

2050

1880 floodplain Flood plain

rojected high tide
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- 2100
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Amplification Factor of historical 1-in-100 year extreme sea level event




28-02-2010
La Faut 4h30
araute- | ajguillon- heure locale
“Me
= \r ke Niveau d’eau
948 (marée + surcote
atmosphérique)

en m NGF
- 45

-
=

-4

LA ROCHELLE

42

W niveau d'eau
| extréme mesuré
Sources : carte de simulation des niveaux d’'eau établie par le BRGM (mars 2010, BRGM/RP-58261-FR, p36.)
niveau d'eau extréme mesuré dans le bourg de I'Aiguilion selon rapport CGEDD (16 sept. 2010, Mission n°007336-01, p21.)

© Géolittoner, UMR 6554 - LETG

La tempéte Xynthia de Fev. 2010

mise en contexte en climat se
réchauffant

Probabilité de l'aléa :

1 sur 200
1 sur 50

+20cm (aujourd’hui) :
+50cm (vers 2060) :
+1m (2100): 1 sur?2






Emissions etc



Les activités humaines sont responsables du réchauffement planétaire

-

20 §°C

+1.1°C 1.5 , A . . .
’ La conséquence de plus d’un siecle de combustion de combustibles fossiles
et d’'une utilisation inégale et non soutenables de I'énergie et des terres

5 Emissions -
GtCO,-eq /an
-1.0

CO, issu
des changements
d’usages des
terres

Gaz a effet de serre

Réchauffement observé
Influence humaine totale
Variabilité interne

Autres facteurs
Activité Soleil et volcans

CO, issu des

énergies fossiles
et de l'industrie

Le réchauffement lié aux émissions de GES est
partiellement masqué par le refroidissement du
aux aérosols de pollution

L)

1950 2000 20

Les émissions de gaz a effet de serre issues des activités humaines
continuent d’augmenter



Une distribution inégale des émissions de gaz a effet de serre

Cumul historique des émissions nettes de CO, Emissions nettes tous gaz a effet de serre en 2019
par région (1850-2019) par personne et par région
North America
North America & Australia, Japan and New Zealand
Europe -‘g Eastern Europe and West-Central Asia
Eastern Asia s Middle E
Latin America and Caribbean = 15 \ddie kast
__ 600 739 Eastern Europe and West-Central Asia i Eastern Asia
~ ; i ga @
S Soutt-East Asky'and Padiric S Latin America and Caribbean
) Africa “ Europe
- 16% Australia, Japan and New Zealand E South-East Asia and Pacific
-3 0 Southern Asia k=)
f: 12% oo, =
- » 0% Mlddle East A Afnca
e 8% o International QE, '
S 7% shipping and aviation W Southern Asia
) 4% 49 -
m N l W >

2000 4000 6000 8000
Population (millions)

CO, issu des changements d’usages des terres

_ 10% des ménages a I'empreinte C la + élevée : ~40% des émissions mondiales
50% des ménages a 'empreinte C la + faible : ~14% des émissions mondiales

CO, issu des énergies fossiles et de |'industrie
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Summer 2023



Bonus (malus)

What happened this summer, eand in particular this last september?

This year there has been a stunning increase in
global mean temeperature.

Multiple factors seem to explain this large
increase. The quantitative role of each remains
disputed. El nifo, high SST, internal variaibility,
aerosol pollution reduction, Honga Tonga eruption

Ll

Difference from the 1850-1900 average
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Bonus (malus)
What happened this summer, eand in particular this last september?

This year there has been a stunning increase in Berkeley Earth - Global - September
global mean temeperature.

15

Multiple factors seem to explain this large
increase. The quantitative role of each remains
disputed. El nifo, high SST, internal variaibility,
aerosol pollution reduction, Honga Tonga eruption

05

I s

Difference from the 1850-1900 average www.BerkeleyEarthorg | -0.5

1860 1880 1900 1920 1940 1960 1980 2000 2020

Global Warming by Month

— 1921 -1950 2001 - 2020 — 2023
— 1891-1920 1981 - 2000 — 2022 i
— 1850- 1890 1951 - 1980 — 2021 05

Data from Berkelay Earh Difference from the 1850-1800 average
| |

1 |
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“Cw.r.t a 1991-2020 baseline

Is it « out of control », « going bananas », Faster than expected?

Well, not really. Good news, bad news?

Climate Models (CMIPS) and Obsewations (1979-2050)

20

— Model Mean
0 Model 5th-95th Percentile

= Observations (ERAS)

1980 1990 2000 2010 2020

2030

2040 2050



IPCC generic



ipcc e

: s = The Ocean and Cryosphere
Global Warming of 1.5°C in a Changing Climate

Oct. 2018 Sept. 2019

Une multitude rapports
entre 2018 et 2022...

~iPCC

Climate Change and Land

Aout 2019

e PEC
Climate Change 2021
The Physical Science Basis

Sonmmary kr Poleymaters

Aout 2021

Mars 2022

Avril 2022
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R 5 The Ocean and Cryosphere ' . g
Global Warming of 1.5°C in a Changing Climate Climate Change and Land Climate Change 2021 Climate Change 2022
The Physical Science Basis

Sonmary kor Islcymaters

Rapport
o [

Une multitude rapports synthese ... et un rapport de synthése
entre 2018 et 2022... prévu pour Septembre 2022




Evaluer I'information scientifique, technique et socio-économique pertinente :

* pour comprendre les bases scientifiques des risques du changement
climatique da a I'influence humaine

e sesimpacts potentiels

* |es options d’adaptation et d’atténuation



Quel est le mandat du GIEC?

Evaluer 'information scientifique, technique et socio-économique pertinente :

pour comprendre les bases scientifiques des risques du changement
climatique di a I'influence humaine

ses impacts potentiels

les options d’adaptation et d’atténuation

Une évaluation
pertinente pour éclairer les choix politiques,
neutre, non prescriptive



Quel est le mandat du GIEC?

Evaluer 'information scientifique, technique et socio-économique pertinente :

pour comprendre les bases scientifiques des risques du changement
climatique di a I'influence humaine

ses impacts potentiels

les options d’adaptation et d’atténuation

Le GIEC ne fait pas de recherche
mais stimule la production de connaissances nouvelles et la

maturation des connaissances scientifiques
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Report preparation steps

Publications
cut-off submission date

Expert
review

Expert and

review

Goverment
review of
SPM
Publications

cut-off acceptance date

SPM = Summary for Policy Makers

https://enb.iisd.org/climate/IPCC/IPCC-54-WGI-14

Chaque rapport est
une co-construction

Chaque conclusion issue de I’examen
des éléments de connaissances est
associée a un degré de confiance

IDCC

INTERGOVERNMENTAL PANEL oN Climate chanee




EH®
e Auteurs

234 scientifiques de 65 pays Eléments probants de 14,000
28% femmes. 72% hommes publications scientifiques examinés

63% nouveaux auteurs -

R

Processus de relecture ‘
1¢re approbation virtuelle

78,000+ commentaires

186 heures zoom
1890 experts relecteurs de 92 pays

46 gouvernements sur la derniére version



'influence humaine sur le climat est
sans équivoque

[Credit: NASA]




Résultats

Mais:

Le systeme climatique n’est pas a
I’équilibre. Et I'incertitude sur la
hausse de température n’a pas
diminué depuis le début des
estimations dans les années 80-
90.

Une conséquence encore de la
non-linéarité du climat.

More on Hannart et al, Climatic Change 2013

Changement de température (°C)

Changement de température (°C) par rapport a 1880-1919

7.0 ’
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Pour chaque fraction de réchauffement planétaire supplémentaire,
les changements sont amplifiés dans chaque région

Changements de température moyenne annuelle ...

00531 15 225 3 3.5 4 45 5 55 6 .65 7 =2

changement (°C)



Pour chaque fraction de réchauffement planétaire supplémentaire,
les changements sont amplifiés dans chaque région

Changements de précipitations en moyenne annuelle ...

... pour 1,5°C

-10 0 10 20
changement (%)




GH effect
Radiation



The radiative balance of planet Earth

—— " — | s —

’ area=na

v

terrestrial l,
flux

The planet is a blackbody

Stephan-Boltzmannlaw: W = g T?




The radiative balance of planet Earth

Solar radlafion Terrestrial radiation Let’s com pute somet hin g,
S aS to strech our legs...
A
A
|
oTd |
|
Surface T

S1—a)=oT

T, = [5(10‘“)]% = 255 °K = —18°C



The radiative balance of planet Earth

Solar radlafion Terrestrial radiation Let’s com pute somet hin g,
S aS to strech our legs...
A
A
|
oTd |
|
Surface T

S1—a)=oT

1
e o)
o "oo



The radiative balance of planet Earth

Solar radiation Terrestrial radiation

S aAS als
|
A I
oTd : oT?

atmosphere T,

Surface T

Radiative balance at the top of the atmosphere %(l -a) = (7Ta4

Radiative balance at the surface of the Earth %(l —a)+ ol =oT"

1

hence 7;4=2%(1—a) = T =2% 255 K= 303 K



The radiative balance of planet Earth

Solar radiation Terrestrial radiation

S aAS als
A I : atmosphere T,
Ty : oT2
Surface T
. S
Radiative balance at the top of the atmosphere Zo(l -a) = (7Ta4
Radiative balance at the surface of the Earth i(l —a)+oTl ' =oT’

1
hence ];4=2i(1—a) = T =24 255 K= 3Q§‘e‘K
4 \‘\,
\°



The radiative balance of planet Earth

Solar radiation

Terrestrial radiation

2 aAS 0T
Aang ' !
o i A I : \4
A oY
¥ oTg : oT, :IV

Surface T

Latitudinal and vertical structure
of the atmosphere

200

400

Pressure [mb]
600

1000

™ el i
—_—
solar —d
flox 2 L
e
4 ——N———
terrestrial l

flux




The radiative balance of planet Earth

The thermal engine of Earth fluid motion : The dynamics of the atmosphere and the ocean

net net net
radietive radlathva radialive
e loss gain loas
£
S
2
§ dynamical dynamical
g tranapart transport
E *= >
high : high
Latitude latitudes topics latitudes



GCMs,
dynamics
Parametrizations



...Au plus compligué: modeles de circulation générale

« briques » de 100 km x 1 km
lvaleurde P, T,v

et composition moyenne
(vapeur d’eau...)

> Etat de 'atmosphére
instantané




Evolution : « Coeur dynamique » -- équations primitives

* Mouvement horizontal: d_v + f k AD = —1/pVp
dt
.. - dp
* Equilibre hydrostatique: 0_ = —pg
Z

* Conservation de la masse: a_p + div(,m?) =0

ot
* Equation d’état (gaz parfaits) P =R,T
p
dl 1dp .
* Conservation de I'énergie C,—————=(



Méthode : différences finies

dv
dt

Accélération Coriolis

— +fkAD=—1/pVp

Force pression

,.-C/

——

v(i)

Calcul tous les pas de temps de quelques secondes



Advection de température (ou humidité...)
oT

at
Evolution de T : transport par le vent

=—v-gradT + -

"""" T(i-1) - | i)
v(i-1) v(i+1)

Calcul tous les pas de temps de quelques secondes



2) Un example: les parameterization physiques des modeles de climat

| 233323333233333383 ¢

Impact des processus sous-maille sur sur les valeurs moyennes de la maille
La statistique entre en jeu.



Exemple: formation de nuages

On connait: les valeurs moyennes pour chaque maille de:
température T, humidité g.

1. Hypothése de base : condensation si § > g4+ (T)

Modéle « tout ou rien »




» Hypothese 2: distribution sous-maille de I’humidité autour de g
Condensation de la fraction qui dépasse g4 (T)

Modéle « tout ou rien »

Modéle statistique




Different hypotheses possibles sur la PDF:
- Uniform or Log-normal
- constant or varying sigma

Ou des choses plus complexes:

- bi-normale ou multinormale

- Couplage avec des schémas de convection profonde ou peu profonde, et/ou de
turbulence



Name: Molecular Micro Meso Synoptic Global
'Q. @ “\1 .,f '{ T
Examphs: ‘ ‘%.i“ ‘-“-..,l;.
et ———.] <h
Size range: Microscopic Millimeters 2-2000 1000-5000 2500-25,000
or smaller to a few kilometers kilometers kilometers kilometers
Typical duration: Microseconds, 1 second Minutes Days Weeks
milliseconds to minutes to hours or longer
Examples  heat conduction wind gusts thunderstorms cyclones ITCZ, SPCZ
molecular dispersion  rain drops fronts air masses El Nifo
Error growth ... t; = minutes t, =1 days t; =5 days

N, t;>T pourN— o

Limite théorique a la previsibilité

C’est dans la nature de I'atmosphere, de ne pas etre previsible.

Est que c’est vrai? C’est lié a un des « milennium mathematical problems! »

93



