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Définitions
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o Systeme climatique: constitué par 'atmosphere, les
océans, la cryosphere (glace), la surface des continents, la
biosphere...

* Le climat =moyenne de |’état de ce systeme, en particulier
du temps sur 30 ans, + variabilité autour de cette moyenne
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Le systeme climatique terrestre
-

* Machine thermique alimentée en énergie par le Soleil
(1400 Wm™ au sommet de I'atmosphere)

* « Sphere » en rotation : dynamique des fluides complexe
* Océan=70% de la surface,

* Tres fine atmosphere (N2, Oz, H20, COy,...)

o Effet de serre

* Cycles bio-géo-chimiques
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Température moyenne planétaire observée en surface
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Global Mean Temperature in °C relative to 1850 — 1900
Graph: Ed Hawkins (Climate Lab Book) — Data: HadCRUT4 global temperature dataset

Available on http://openclimatedata.net/climate-spirals/temperature




Evolution de la température moyenne en surface 1901-2012: +0.89°C
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Trend (°C over period)

Le réchauffement du systeme climatique
est sans équivoque

(IPCC 2013, Fig. SPM.1b)



Résumé (1)
T

® C+ Oz =chaleur + CO; (inévitable)

* 80% de d’énergie mondiale viennent des combustibles
fossiles, contenant du “C” (carbone); le déboisement
contribue aussi a I’émission de CO;

* Ce gaz “a effet de serre” piege la chaleur

* De facon simplifiée : actuellement la moitié du CO2 émis
reste environ 100 ans dans "'atmosphere;
il s’y accumule: [CO2] +40% depuis 1750
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Résumé (2)
T

* Latempérature globale augmente (déja 0.85°C de 1880 a
2012) & augmentera (+0.3 a +4.8°C de =1995 a =2090;
gamme « probable » de I’AR5)

* Des impacts importants sont attendus

* Limiter 'augmentation de température a +2°C
(// pré-industriel)
= réduire les émissions mondiales nettes a =0 < 2100!
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IPCC  AR3 (2001):

THE HUMAN INFLUENCE ON ATMOSPHERE & CLIMATE
(IPCCANGT: Climate Change 2001, SPM & Chapters 2, 3, 4, 5, 9)
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Change in average sea-level change
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GIEC : Groupe d’experts Intergouvernemental

sur I’Evolution du Climat (=IPCC en anglais)
..

Créé par 'OMM et le PNUE en 1988 (rés. Nat. Unies 43/53)

Mandat : évaluer les informations scientifiques, techniques et
socio-économiques liées a la compréhension des risques
associés aux changements climatiques et aux options de
réponse (base scientifique, impacts potentiels, prévention et
adaptation)

Membres : pays membres des Nations Unies et de 'OMM
Des milliers de scientifiques contribuent aux rapports

+ Principal produit : « rapports d’évaluation » (1990, 1996,
2001, 2007, 2013-14) (Cambridge University Press)

Web: www.ipcc.ch voir notamment le document«Understanding
climate change, 22 years of IPCC assessment », IPCC, Novembre 2010




WG I (Physical science basis): 209 lead
authors, 2014 pages, 54.677 review
comments

WG Il (Impacts, Adaptation and

Vulnerability): 243 lead authors, 2000
pages, 50.492 review comments

WG Il (Mitigation of Climate Change):
235 coordinating and lead authors,
2000 pages, 38.315 review comments
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Some recent IPCC Special reports

Managing the Risks of Extreme Events and RS

Disasters to Advance Climate Change Adaptation
(SREX, 2012)

Renewable Energy Sources and Climate Change W& S,
Mitigation (SRREN, 2011) o

Carbon Dioxide Capture and Storage (2005)

Safeguarding the Ozone Layer and the Global
Climate System (2005)

Methodological and Technological Issues in
Technology Transfer (2000)

Emissions Scenarios (SRES, 2000)



Discovery of the Greenhouse ffect

Recognized that gases in the atmosphere might trap the
heat received from the Sun.

John Tyndall (1859)

Careful laboratory experiments demonstrated that several
gases could trap infrared radiation. The most important was
simple water vapor. Also effective was carbon dioxide, although
in the atmosphere the gas is only a few parts in ten thousand.

Svante Arrhenius (1896)

Performed numerical calculations that suggested that
doubling the amount of carbon dioxide in the atmosphere
could raise global mean surface temperatures by 5-6°C.

(not reliable yet : errors & lack of appropriate data) | ‘

Guy Callendar (1939)

Argued that rising levels of carbon dioxide were responsible for measurable
increases in Earth surface temperatures. Estimated that doubling the amount of
CO2 in the atmosphere could raise global mean surface temperatures by 2°C.




GREENHOUSE EFFECT?

... un peu
d'analogie,
mais grande
différence
de principe
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Energie et effet de serre

Infrarouges
Rayonnement
solaire <6,
AT
%
20%

o’o




Energie et effet de serre
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Atmospheric CO3 concentration

Mauna Loa Observatory, Hawaii and South Pole, Antarctica

Monthly Average Carbon Dioxide Concentration
Data from Scripps CO 5 Program Last updated January 2017
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Atmospheric CO2 over the last 800000 years
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Consommation d’énergie primaire 1860-1990
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REPARTITION DES SOURCES D’ENERGIE
(E primaire, monde)
-

2005:

Biomasse: 9%
Hydroélec: 5%

Nucleaire : 5% Combustibles
Charbon: 25% fossiles
Pétrole: 33% —_ 80%
Gaz naturel : 22%

Autres: <1%

C+0, — CO,+ Chaleur

Source : GIEC 2007, AR4 WGIII table 4.2; valeurs arrondies (dia corrigée 2016)



Quantite de CO, emise par unite d’energie

consommeée
S

Combustibles kg CO, / Gigajoule

Charbon 95
Gasoil 74
Essence 69
LPG 63
Gaz naturel 56

Source : VITO (1991)
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Cycle du carbone Etat pré-industriel
_ GtC = milliards de tonnes de carbone

Données mises a jour AR5 (2013) 1 GtC = 3,7 milliards de tonnes de CO2
I’ARS5 utilise parfois 1 PgC =1 GtC

Atmosphére 589 GtC
Echanges Ocean-Atmosphere
60 61 Photosynthése Respirationﬂ
GtC/an GtC/an 109 GtC/an et feux de foréts
l 1 108 GtC/an

)

A

Source : AR5 chapitre 6 (figure 6.2) - adapté / simplifié

' : Sols et végétation
40000 GtC (~2000 a 3000 GtC)



CYCIG du Carbone Bleu : pré-industriel

Rouge : influence humaine (années 2000)
_ GtC = milliards de tonnes de carbone
Données mises a jour AR5 (2013) 1 GtC = 3,7 milliards de tonnes de CO:
Atmospheére 589 +240 GtC
+4 GtC/an

Flux net atm / océans

Flux net atm / continents
2.3 GtC/an

2.6 GtC/an
Combustibles fossiles
+ production de ciment

Echanges Ocean-Atmosphere 7.8 (+/- 0.6) GtC/an

Photosynthése Respiration Chg. utilisation

et feux‘de foréts des sols

1.1 (+/- 0.8) GtClan

' Sols et végétation
' 40000 GtC (~2000 a 3000 GtC)

Source : AR5 chapitre 6 (figure 6.2) - adapté / simplifié



Atmoseheric CO;2 and ocean EH

* Les océans ont absorbé ~40% du CO2 émis par les activités humaines

400 8.16
375 - - 8.14
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250 —o— PHiota - HOT > 8.04
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Formation d’acide carbonique COy,q + H,0 = H,CO,

Source : IPCC AR5 WG figure TS.5



Modeles climatiques DANS LA COLONNE

ATMOSPHERIQUE
Echanges verticaux
entre niveaux * Vecteurs vent
e Humidite
i - e Nuages
oY e Température
, . Al
A LA SURFACE Altitude
*Température au sol
*Fluxd’eauet gz L\
d’énergie &7
IR
ST
R T+  Echanges horizontaux
) entre colonnes

Résolution typique ~ 2°x 2°(modele global, atmosphére)

Intervalle de temps typique : < 30 minutes
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Apercu de principe de la modeélisation

Réalité

Idéalisation

1) Validation
2) Sensibilité

432586309543950923149328932589
432509534590342950439509432324
3425439530429504329532450932454
43509342530429503249504950455%
345904305943023914364320932193
432586309543950923149328932589
432509534590342950439509432324
3425439530429504329532450932454
4350934253042950324950495049545
345904305943023914364320932193

Résolutio

Bl - el 2
—|k(S,T)—] + kRpe™"*
)z iz

Discrétisation

DO ji = kideb , kiut
ztitemp(ji,layer) = t_i_b(ji,
zspeche_i(ji,layer) = cpic + zg
MAX((t_i_b(ji,Tayer)-rtt)“(ztio
zeta_i(ji,layer) = rdt_ice

yd

END DO

DO

Tlayer = 1, nlay_s
DO ji = kideb , kiut
ztstemp(ji,layer) = t_s_b(ji,la
zeta_s(ji,layer) rdt_ice / M
ND DO

Martin Van Coppenolie (UCL)




IPCC, AR4, WG, Fig. 1.2

The World in Global Climate Models

Mid-1970s Mid-1980s

' Overturning————— . :
Rivers Circulatiog Interactive Vegetation

30



Rétroactions (Feedbacks) : principe

Forcage Réponse initiale

climatique Changement
initial climatique

(cause)

Rétroaction positive:
le changement s’‘amplifie

+)

induit un changement
supplémentaire
qui s'ajoute



Rétroactions (Feedbacks) : principe

Forcage Réponse initiale
Changement

climatique ﬁ
initial climatique
(cause) @

induit un changement
oppose qui
s'ajoute

Rétroaction négative:
le changement est réduit




Water Vapor Feedback

Initial
change Climate
warming
Increased
warming

Increased

H,0,, density at saturation (g/m?)

o0 % atmospheric

Temperature ("C)

water vapor

Increased
greenhouse

trapping
of radiation
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Ice-Albedo Feedback

Initial
change Climate
warming
Increased
warming

Decreased snow
and ice; less
reflectivity

More solar radiation
absorbed at surfac

Note : il y a d’autres rétroactions, dont I’échange
d’énergie air/océan facilité si pas de glace
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Effet des différents facteurs sur le modele 2D de
LLN

(a) Individual Responses

Temperature Change [°C]

Time [year]

Bertrand et al. 2001



A Progression of Understanding: Greater and Greater
Certalnty in Attrlbutlon

AR1 (1990) 1.0 | — 1 :
“unequivocal detection _' |l
not likely for a decade” - _ ’ A -

— ; |- f
AR2 (1995): “balance of% OB ” RIY 1|
evidence suggests - [J\A / ]
discernible human O (WAL i
: » @ AN N/ =
influence o 00 L e ‘

= AV-4 *‘ j
AR3 (2001): “mostof & vyl
the warming of the E  op L b

ast 50 years is likely _©~
P Blue Simulation with natural factors only
(odds 2 out of 3) due
e Red: Simulations with both human & natural factors
to human activities 10 | T |
AR4 (2007): “most of 1900 1920 1940 1960 1980 20qo ARA
L Year AR1

the warming is very
likely (odds 9 out of 10) AR5 (2013) «lt is extremely likely AR2
due to greenhouse (odds 95 out of 100) that human influence AR3
gases” has been the dominant cause... »

T IPCC




Que disaient les modeles climatiques,
il y a presque 40 ans ?

Scenario

4 = 1. Fast growth

2. Slow growth

- a. No coal phaseout

b. Coal phasecut beginning 2020
c. Coal phaseout beginning 2000
Fig. 6. Projections 3™ 3. No growth
of global tempera-
ture. The diffusion
coefficient beneath
the ocean mixed
layer is 1.2 em® °
sec”', as required
for best fit of the
model and observa-
tions for the period
1880 to 1978. Esti-
mataq gjo-bal mean 1 L
warming in earlier
warm periods is in-
dicated on the right. e

4T (°C)
o
I

l*alti-=f=— Eemian —=f+———— Mesozoic —*|

thermal Interglacial

" ®~— Observations

1 i i L i | i i L i

1850 2000 20560 2100
Date

Hansen et al. (1981, Science)



Les résultats des modeles sont
proches de la réalité

0.7
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0.3
0.2
0.1

Ou gl I f A R N R R I A WA

-0.1
Observations

0.2
-0.3
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Hansen et al. (1981, Science), observations ajoutées par www.realclimate.org



AR5 RCP Atmospherlc CO: concentration

Py ﬁ. -\.; 1..'\.1.

2000 2050 2100 2130 2200 22350 2300

2000 ...............................
1 a i
—— RCP85
15001 i
> RCP 6.0
: o |
0 1000 = RCP26 [
500 — ¥

Most CMIP5 runs are based on the concentrations,
but emissions-driven runs are available for RCP 8.5

‘Note : « emission-driven » -> knowledge of C-cycle uncertainty‘ 39




Compatible fossil fuel emissions simulated by the CMIP5

models for the four RCP scenarios (detail)

S o PUSRNE “- Sl SR RN B o o e ORI o .
Les traits pleins donnent les émissions qu'il faudrait mettre dans les modeles
climatiques complexes pour obtenir la concentration de chaque RCP,
en comparaison des émissions associées a chaque RCP par les modéles simples

s e

- Fossil-fuel emissions e 0 o

25 =

L 10T - ~ , 4
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Rechauffement moyen — scen. RCP, 21s

Global average surface temperature change

. l Mean over
2081-2100
| e historical
| === RCP2.6
| w=== RCP8.5 39 ! —
e 0
— Q
' | S &
S o)
oc ~—
] 1 I
O
1950 2000 2050 2100 %é’
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Global mean surface temperature change projections
-

Increase over 21st century, from 1986-2005 to 2081-2100

mean likely range
RCP2.6 1.0 (°C) 0.3 to 1.7 (°C)
RCP4.5 1.8 1.1to 2.6
RCP6 2.2 1.4 to 3.1
RCP8.5 3.7 2.6 t0 4.8

For 1850-1900 reference : add +0.61 [0.55 to 0.67] °C
Source : AR5 WGI SPM. Note : resultats de modeles tres proches AR4



Il y a 18-20000 ans (Dernier Maximum Glaciaire)

With permission from Dr. S. Joussaume, in « Climat d’hier a demain », CNRS éditions.

I1ya
. 5[8000 ans

Niveau des mers: 120



Aujourd’hui, avec +4 a 5°C en moyenne globale

With permission from Dr. S. Joussaume, in « Climat d’hier a demain », CNRS éditions.

| Aujourd'hu



RCP2.6 RCP8.5

Change in average surface temperature (1986-2005 to 2081-2100)

[ TS (C)
2 =15 =1 =05 0 05 1 15 2 3 4 5 0 9 11

Hatching [hachures] indicates regions where the multi-model mean is small compared to
natural internal variability (i.e., less than one standard deviation of natural internal
variability in 20-year means).

Stippling [pointillés] indicates regions where the multi-model mean is large compared to
natural internal variability (i.e., greater than two standard deviations of natural internal
variability in 20-year means) and where at least 90% of models agree on the sign of change
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Projected Change in Precipitation

(b) Change in average precipitation (1986-2005 to 2081-2100)

[ [ I l | I N
20 -10 0 10 20 30 40 50 (%)

Hatching indicates regions where the multi-model mean is small compared to natural internal
variability (i.e., less than one standard deviation of natural internal variability in 20-year means).
Stippling indicates regions where the multi-model mean is large compared to natural internal
variability (i.e., greater than two standard deviations of natural internal variability in 20-year

means) and where at least 90% of models agree on the sign of change
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Extreme weather and climate events

Assessment
Assessment that of a human Likelihood of further changes
:?E";{me';??r:"g changes occurred | contribution
rection n (typically since 1950 unless to observed Ear'y 21st
otherwise indicated) omeszi century Late 21st century
Warmer and/or fewer
cold days and nights Very likely Very likely Likely Virtually certain
over most land areas
Warmer and/or more
frequent hot days and ’ 4 ; 3
rionis over moatland Very likely Very likely Likely Virtually certain
areas
Warm spells/heat Medium confidence
waves, Frequency |on a global scale Likely
and/or duration in large parts of Likely ROt oy Very likely
increases over most Europe, Asia and assessed
land areas Australia
Heavy precipitation . Very likely
events. Increase in the | Likely more land areas Medium Likely over over most of the mid-
frequency, intensity, with increases than manv land |atitude land masses
confidence y
and/or amount of heavy decreases areas and over wet tropical
precipitation regions
o B, Low confidence on a Likely (medium
global scale Likely Low confidence) on a
mwu;,:::ﬂm = changes in some confidence Low confidence regional to global
regions scale
| o%?fef::ﬁggﬁ:;?\ i';” More likely than not
Increases in intense changes Virtually Low . T in the Western North
tropical cyclone activity | .. i-in in North Atlantic| confidence Pac'fft; ﬁ?iynnh
since 1970
Increased incidence
and/or magnitude of | Likely (since 1970) Likely Likely Very likely

extreme high sea level

IPCC, AR5,
Table SPM.1
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© IPCC 2013

1.0 i T

0.8

0.6

(m)

0.4

0.2

L) Ll T l Ll T L l T T T l Ll Ll T l T T Ll

0.0 . 1

Global mean sea level rise

2000 2020

2040

- 2060

RCP2.6

Mean over
2081-2100

RCP8.5

RCP4.5
RCP86.0
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Ocean Acidification, for RCP 8.5 (orange) & RCP2.6 (blue)

2000

Year

2050

2100
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Oceans are Acidifying Fast ..........

Changes in pH over the last 25 million years

o <& o000 4D “Todgy is a rare
2050 AD—> event in the history
=~ 2100 AD of the World”

Oceanic pH 2150 AD—

-25 -20 -15 -10 -5 0 5]

time (million years before present)

* It is happening now, at a speed and to a level not experienced by marine
organisms for about 60 million years

» Mass extinctions linked to previous ocean acidification events

» Takes 10,000’s of years to recover

Turley et al. 2006

Slide courtesy of Carol Turley, PML 50



Principales sources d’incertitudes
..

* Microphysique des nuages

» Effets radiatifs des aérosols

* Interactions biosphere-atmosphere
» Stabilité de la circulation océanique
 Stabilité des calottes glaciaires

* Distribution des effets sur les pluies

* Fréquence & intensité des événements
extrémes (en partie)

51



Principales « certitudes »

°* Les gaz a effet de serre d’origine humaine
vont continuer a réchauffer le climat global

* Méme les modeles « optimistes » montrent
un réechauffement sans précédent au cours
des 10.000 derniéres années

°* L’inertie du systeme est grande, en
particulier pour le niveau des mers

* La stabilisation du climat requiert
d’importantes réductions des éeémissions.
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Publié chez De Boeck
supérieur,

octobre 2015
Broché: 16 euros
E-book: 13 euros

Jean-Pascal
van Ypersele

Une vie au coaur
des turbulences
climatiques

Entretien avec Thierry Libaert,
avec le concours de Philippe Lamotte

Préface de Yann Arthus-Bertrand
Postface de Brice Lalonde




Pour en savoir plus...
-

? lwww.ipcc.ch :IPCC
? lwww.climatechange2013.org : IPCC WGI AR5

? lwww.climate.be/vanyp : slides and other documents

? lwww.skepticalscience.com: excellent responses to
contrarians arguments

?|0n Twitter: @JPvanYpersele & @IPCC_CH
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Useful links:
T

www.climate.be/desintox,
/demontage,

/pendules: rebuttal of some climate disinformation
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IPCC WGI in video:

Can be found with the following Google keywords:
Working group | IPCC (9 minutes): youtube climate change 2013 IPCC

Direct link: http://www.youtube.com/watch?v=6yiTZm0Oy1YA&feature=youtu.be

IGBP (4 minutes): youtube climate change 2013 IGBP

Direct link: http://www.youtube.com/watch?v= EWOQOrZQ3L-c
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