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* Natural climate variability and impact from human activities

* Climate modelling, future scenarios and global climate change
* Sea level rise and ice sheets

* Floods and changes in the type and frequency of precipitation

* Droughts, water reserves and heat waves as well as the problem s
of urban heat islands amplifying warm waves in our cities -~ |

* Development of solar and wind potential I e

Evolution of extreme events such as hurrlcanes medlcanes "1?--'-1.-.
tornadoes.. : -

Exam: Oral exam + 2 group works:
.+ discussing the need of taking into a

their own interest fields 4
« tackling climate sceptics
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https://www.ipcc.ch/report/ar6/wg1/

1. Milankovitch cycles
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1. Milankovitch cycles

Equinox

Arctic Circle ﬁ *  March 21-22
Tropic of Cancer ——, -3 “ =N Sun vertical at equator

Equator —y/

Tropic of Capricorn —1»(

\ A

Solstice /
%L:ur;evge:t-igzl at Solstice
Latitude 23'/,° N December 21-22

Sun vertical at
Latitude 23'/,° S

Equinox
September 22-23

Sun vertical at equator
© 2013 Pearson Education, Inc.

Precession: period 26kyr
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1. Milankovitch cycles

Eccentricity

Eccentricity: period
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1. Milankovitch cycles

a Eccentricity b Obliquity ¢ Precession

Axial tilt
/

Highly Nearly Precession Precession
elliptical orbit circular orbit of axis of orbit

50 100 150 200 O

Thousands of years

Period: 100ky
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1. Milankovitch cycles e o eon

Now 200 400 600 800 1000 kyrago
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. A AR Solar Forcing
A ' ' 65°N Summer

|II Hot

Stages of
Glaciation

Cold

The North Hemisph
drives climate variability
Last Glacial Maximum (LGM): 20kyrs ago
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1. Milankovitch cycles

20000 years ago ...

06/02/26
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LGM
paleoenvironment
of Europe

lce sheets LGM
Pack-lce

— Copastline LGM
-120m

[ LGM Lakes

- | GM Rivers

Climate zones LGM

Koppen-Geiger
B-Dry

I C - Temperate
D - hot/warm
Summer
D - cold summer
very cold winter
E - Polar

Map Projection:
Europe Lambert Conformal Conic
EPSG: 102014

D. Becker, |. Verheul, M. Zickel, C.
Willmes (2015):

LGM palecenvironment of

Europe - Map.

CRCABOG-Database,

doi: 10.S880VSFEBDG.15.

www.sfbB06.de
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1. Milankovitch cycles

Growing an ice sheet with the ice-albedo feedback

Low seasonal contrast in the Northern Hemisphere, so not all

the winter snow melts away the following summer

Perturbation

More area
covered with ice
& snow

More reflective

Cooler AMPLIFYING surface area on
temperatures Earth

More incoming
solar energy
reflects back to
space. Less solar
energy absorbed

Towards a glaciation ...
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1. Milankovitch cycles

i ~420 ppm in 2023

No atmospheric CO, values like today's, over om0
~ ppmin
at least the past 800,000 years
Ice core CO, data extends back
to about 800,000 years ago
] - 300
15 1 [
g '
- 275 S
] i i &
G 13 : <
- O + (@)
3 < : - 250 9
e ] O
o3 12 - PE
1] Ll
g o i - 225 T
Q. o
B E 1 3
Q
Sy \|[ 200 &
= 10 - I N <
i : : : | [ =
9+ 175
1000000 800000 600000 400000 200000 0
YEARS BEFORE PRESENT
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1. Milankovitch cycles

Temperature and CO, — another amplifying feedback

Global temperature gets a little warmer

Perturbation

Warmer oceans
can keep less CO,
gas in solution

More outgassing

Warmer global AMPLIFYING of CO, from the
temperatures oceans

Stronger
greenhouse

. effect
Towards a deglaciation ...
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i dri
2. Energy balance of anthrgfoaggenrilx\:’?/;riability
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2. Energy balance

_m e, h T =2.898 x 10° mK
I e gerranrvepenc
= 7 the blac) radiainon cunre o
T8 hml 5000 K giwesameuadstreaftempera!ure. . : 2. 898 - 103
¢ [ B8\ s Wien's law: Apax = 7
8
2o
g’ (20
0o 500 / 1000 1500 2000 2500
BEE nimy (IR] Wﬂ.'r‘ﬁlﬂf'lg'“'l [mmp
“warm” Sun
e “cold” Earth
Visible Light
/ L
\ wave
Itra | Lo infrargd—m
— (3 Violet
LA Ra es
1 I | i | | | = |

| I | S | |
108 107 106 105 104 10° 102 107 109 10" 102 103 104 105 106
No impact on weather

but very dan_ge_rous Wavelangth in microns () Used by satellite
(nuclear emission) S to detect meltwater or

snow-height

0.4u 0.5u 0.6 0.7
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2. Energy balance

Wien'’s law
2,898 - 10°*

Stefan-Boltzmann’s law
I(Wup=0T*

Atmospheric
windows

Clear-Sky Atmospheric Transmission

Light from the Sun Thermal Radiation from Earth
i i ~70% Reaches the Ground j | il l\ ~20% Escapes to Space
A
1
I 1 ]
|

il

Spectral
Intensity

o ® 9o
S o o

Absorb / Scatter (%)
S
o

N
o

o

Infared

uv

| visible |

02 1 10 60
Wavelength (um)
Absorption Bands [ | "0 []co, e, JINe [ o,&0, il

l Other

Radiation Transmitted by the Atmosphere
1

Spec

0.2 10 70
é\ Downgoing Solar R?diation Upgoing Thermal R?diation
z 70-75% Transmitted 15-30% Transmitted
u
e
£
@

Infrared

Z
c
c Carbon Dioxide
o
Q
e - N . A Oxygen and Ozone
§ - A i Methane
O * .
g L l i n Nitrous Oxide
k Rayleigh Scattering
j L 1 K T T T T
0.2 1 10 20

Wavelength (um)
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2- Energy balance In the polar regions

Water Vapor and the Greenhouse Effect

Human input of carbon
| dioxide and other
greenhouse gases

e, Stronger
greenhouse effect
4 traps more heat

Atmospheric
temperatures
increase

Water vapor ¢ o
concentration <0
increases

Absorption monochromatique

— 130 ppm
— 360 ppm i
Atmospheric ) %l“‘ 2022:
windows where 420ppm
IR is not
absorbed by E i
water 9
=
Q
CO2 absorption more efficacy: 8
. . =T {] P _hl A
1. in polar regions 4 8 10 16 32
2. in high troposphere Longueur d'onde (um)

Polar regions become faster warmer thanks to the meilt-albedo,

lapse rate and water vapour feedbacks.
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2. Energy balance

From the space,
temperature is -18°C!

Energy balance = 0 =-18°C ~ 5000m
Incoming solar: 240 Wim? Infrared outgoing: 240 W/m?

The “blind” zone

T=15°C

Energy balance =0
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2. Energy balance

a) g . . . : . b)
2 08F =
° | S
o L _ o
E e i —— atm. standard E
Pt —— atm. sans H.0 -
.-; 04r — ‘;
% 02F e ——— = T g 02k | The “blindnzone
E3 ,’##-._ Present day CO2 ~ 420ppm | < | reached hlgher
O 20 S0 750 000 1m0 % I . 80 altitudes with less
Concentration de €0, Quantité intégrée de H,0 (kg/m?) HZO
= =
[2¥ (2 ¥
E 3 CO2++
<A A =
| ey N7 —
Atmospheric A I, /T
levels L, ; \ .
where infrared-___|
absorption is
saturated Ll Lone
"aveugle" 0 "aveugle"
b)
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2. Energy balance

1. Increase 1% in altitude High troposphere is

2. Increase after in surface due to the lapse rate expected to warm larger
than surface!

Altitude

As the t ° gradient is fixed ~1 ° C/100m if dry (or 0.5 ° C/100m if wet), the temperature
rise in altitude is reflected towards the surface even if the layer is “blind”.

surface warming = elevation of emission altitude x thermal gradient

06/02/26 CLIMO0026 - Xavier.Fettweis@uliege.be



2. Energy balance

At radiative equilibrium:

So _ :
(1-a)7 =0T, ‘ T, ~255 K = —18°C

Where:
e Sy~ 1361 W m 2 is the solar constant
e the factor 1/4 accounts for Earth’s spherical geometry
e « =~ 0.30is Earth's planetary albedo
e 7 is the Stefan-Boltzmann constant

e T, is Earth's effective radiating temperature

Introduce an effective emission altitude z.: If greenhouse gases increase:
T.:~=T.+Tz AT, =T Az,
Where: Example:
e T =surface temperature e Az, =+150m
o I = 6.5 Kkm™!is the tropospheric lapse rate e I'=6.5Kkm™!
e 2z, == 5 km is the effective infrared emission altitude AT, ~ +1°C
Then:

T, =255 +6.5x5~288K

—=+15°C

— Natural greenhouse effect = 33 °C
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2. Energy balance

Tropospheric warming vs stratospheric cooling

Eartn's atmosphere .. e ¢ Cooling in the lower stratosphere
—140-120-100-80 -60 -40 -20 0O 20 40 60 80 Y = Y - - — :

1’5:'_.ﬁ
E

120

110

Y
E $
= 40 E - - =
g ot | - & Warm;ng in the Mid Ito_Upper I‘E'_ruposphlere
. « 1hPa M: B S — : : '
B o ! e
o :
ﬂﬂ_

{main concentration)

N\ 855k, 5696 [
d e 3 B 10 05—
Ideal 1o] porpass — . 100hPa © : s
gas IaW “| | T T l| ] B }||-H|Hn|nu|nn| 0 1000hPa 1950 . i 1800 . 15‘90. 2000
-100-90-80-70-60-50-40-30-20-10 O 10 20 30 0O 250 500 750 1,000
PV~T temperature (“C) pressure (millibars)

& 2007 Encyelopaedia Eritannica, Inc.

Stable CO2 absorbs IR => becomes excited => releasees IR by becoming stable again

Stratosphere: no dense (captured IR no more absorbed), less ozone (ozone hole)
(absorbing UV) and warmer above (IR goes up)

Troposphere: dense (=> reabsorbed), warmer below (IR goes down)
+ absorbed most of IR emissions that do no more reach stratosphere
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2. Energy balance - feedbacks

- . 0 -CO»> (into plants, ocean
List of feedbacks: ¥ =22(P /N Greenhouse
@ | More CO5 absorbed [EEERULEEIEIE
% since more is in the air
T,
@
e
G>J -Heat (emitted to space) Global
Increasing upward % | More heat radiated warming
longwave radiation S | from a warmer planet
(it is the result in fact) >
«n | Water vapor (a greenhouse
f, gas) increases as air warms
@
There are still —-Qﬁc Changes to cloud cover
uncertainties about this 0 trap more radiated heat
e
© | Less snow and ice cover
> .
‘= | = more sunlight absorbed
0
§ Lostplant life and warmer

oceans limit CO» absorption
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2. Energy balance - feedbacks

Feedback Symbol Typical value (W m2 K™) Sign Notes

Planck (thermal IR Ag +3.1to+3.3 negative Fundamental radiative

emission) stabilization

Water vapor A, -1.5to-2.0 positive Dominant amplifying
feedback

Lapse rate A_LR +0.6 to +1.0 negative Strong in the tropics

Water vapor + lapse rate AALR -0.8to-1.2 positive Net positive

Surface albedo (snow-ice) ha -0.3to-0.5 positive Polar amplification
Clouds (net) Ac -0.2to-1.0 likely positive Largest uncertainty
&T e Fﬂ * CD-Z
)itutal
Where:

- FEKC'D:: == 3.7WI[I._2
. }‘-tutal ~= 1.0_1.5 W m_2 K_l

ECS = 2.5-4 °C, consistent with IPCC AR6.

Equilibrium Climate Sensitivity (ECS)
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3. Climate models and human activities

Schematic for Global
Atmospheric Model

Horizontal Grid (Latitude-Longitude)

Vertical Grid (Height or Pressure)

—
]

) 1%
P
]

aw

\ A

aetls

e
2 pl
s ou Ou_Ou op u *u u
-~ - —+_H+T\ +—W =—T ﬂ = +—.>-|'ﬁ +pgx
= ox Oy 2z Ox Oox~ 0Oy oz
— [
Comit Crasmtes, Sea i - 2
~ ov 0 op v v o
—F—U+—V+—W [= -+ U| S +—+— [+pg,
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2 y )
ow ow oOw Ow op ?*w 'w dw
—+—H+_\—\ +—~'|1 =——+}J 8 :+ 2+6~2 +pgz

6t 6.\’ cy 2

The impact of the sub-grid processes

are parametrised but not resolved.
fluid (atmosphere + ocean) motion are explicitly

Eg: convection, turbulence, ... simulated by numerically resolving/approximating
the Navier-Stokes equations
in Fortran or C
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. Climate models and human activities

Improvements of the climate models ...

Mid-1970s Mid-1980s

Clouds

SAR = AR2 (1995)
TAR = AR3 (2001)

AR4 (2007)
AR =
assessment report  SA
from IPCC T e
A

ivers Overturning——
Rivers Circulatioﬁ Interactive Vegetation
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3. Climate models and human activities

- Global atmospheric carbon dioxide compared to annual emissions (1751-2022)
H.0 = 1/1000 of air -
ppm = parts per million of air ? :ZZ I :32 5
ppb = parts per billion 2 0 - s 3
A heri . 28/01/2025 8‘9 340 - 20 A
tmospheric concentration (428 ppm) g - s f
400 g 280 - Ls -
co, /_/ i 0
E 3001 .—u.,m-.”.J veer Data: NOAA, ETHZ, %OAﬁvCllE tebgt
5 -, !g 1 . . . .
200.\"4 \,M‘ * “""»\f Residence time (half time live): ~100yrs
800k 600k 400k 200k 1000 1900 1940 1980 2020
1800 )
CH, (Agriculture)
= 1300
e L Residence time: ~10yrs
,'&, A _‘wm’kwww but 12 x stronger than CO2
30000k 600k 400k 200k 1000 1900 1940 1980 2020
%1 'N,O (Agriculture)
3001, S g ,/
T asopatty U TaNE 1% RN ) Residence time: ~120yrs
. YRR but 300 x stronger than CO2
20000k 600k 400k 200k 0 1000 1900 1940 1980 2020
1k of years Years
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3. Climate models and human activities

1.2 410
“Global warming” is 400
1 used for the 1 time |
AVAAAS K 390
U4
380
—~ 0.8 ,’I
O A4 / =
N Climatie Change: Are We on the Brink of a Pronounced Global Warming? ,’~\~ /A I, 370 g
> Author(s): Wallace S. Broecker R & Qo
< Source: Science, New Series, Vol. 189, No. 4201 (Aug. 8, 1975), pp. 460-463 ’ 360 —
- 0.6 FPublished by: American Association for the Advancement of Science ’ g
o Stable URL: http://www jstor org/stable/] 740491 ,’ =
c ©
I~ 350 =
D) c
5 04 340 2
@ S
) o
Qo 330 «
= O
@) 0.2 O
2 320
310
0
300
-0.2 290
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Temp (Broecker 1975) ====-- Temp (Copernicus)
CO2 (Broecker 1975) =====- CO2 (NOAA)
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3. Climate models and human activities

Changes in global surface temperature relative to 1850-1900

(a) Change in global surface temperature (decadal average) (b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
OC OC
r 2.0 2.0
Warming is unprecedented
in more than 2000 years
= 1.5 15
Warmest multi-century observed
/ period in more than .
100,000 years { simulated

- 1.0 1.0 human &

natural

= 0.5

- 0.2 simulated
natural only

B 00 Foaees v as 777 e (solar &
volcanic)

reconstructed
- -0.5 -0.5
- -1 T T 1 I ] [ T \ T T T \ \ \ T T ]
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020

ARG (2021) : It is unequivocal that human influence has warmed the atmosphere, ocean and land.
Widespread and rapid changes in the atmosphere, ocean, cryosphere and biosphere
have occurred.
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3. Climate models and human activities

IPCC : Global warming is due to human activities ?

> AR1 (1990): nothing confirms it > AR4 (2007): very likely 9/10

> AR2 (1995): discernible > AR5 (2013): extremely likely 9.5/ 10

> AR3 (2001): likely 2/3 > ARG (2021): unequivocal 10/10
5 (b)
o]
© 50 | AllHuman Influences Observed
=4 ' Greenhouse Gases
o)
> -
Z 15 | §
= \ AR
S  10- (A S

YA WY
§ 0e “ A 1\\} 3 gII_Human
1 | \ SN rvers

o ASRAL \s&\.g;@\\gig‘\\%\\: il
2 oo DA A NN N
0 R N O N T T T PO SRR AN
© N “& '
5 " Land Cover
= -05 -
©
o Aerosols
Q.
- -1.0 | 1 | l I l
o 1880 1900 1920 1940 1960 1980 2000 2020
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Change in Temperature (° C)

Change in Temperature (° C)

Change in Temperature (° C)

Change in Temperature (° C)

3. Climate models and human activities

Near-surface air temperature

North America

Change in Temperature (° C)

}

»
o
L

°
L

Asia

Change in Sea Ice (10° km?)

1850

0.5

-05

E - v PMA M 4
1 v

— 77—
1900 1950 2000

Central and South America

Change in Temperature (° C)

T
1950

Australasia

————
2000
Antarctic

T T
1900 1950

T
1950

1850 1850
Europe and North Africa Antarctic
3
g
g
5
= 004
8
S -05
1.0 4 o
1.0 o
—_——— —_——
1850 1900 1950 2000 1850 1900 1950 2000
Africa
— Anthropogenic + natural
Natural
051 ’ A === Qbservations
0.0 3 Vﬁ-ﬂ
0.5
—
1850 1900 1950 2000

Change in Precipitation (mm/day)

Attribution studies

R Simulated and observed global mean sea level change due to thermal expansion
E
2 £ 100 Observed .
) € Anthropogenic + Natural
8 5 751
e = Aerosols
g 40 ] g 50 1 Natural
0] T 251
T — T T T T [}
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8 0 ~ Ny —
(%] b
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S 501
£
[
£ 7571  Reference Period
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1860 1880 1900 1920 1940 1960 1980 2000 2020
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Precipitation 4-
60°N-90°N CMIP6 Snow cover extent (NH)
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Brown-NOAA Mudryk Pre-industrial
2 setal. (2020) control (30):
&~ 5th-95th percentile
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o
o
2
>
f_n 0 A T T T LT T T T T T T T T T T T T — S N T
£
o
=
]
0.20 4— —— w
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shading: shading: Observations
5th-95th percentile range 5th-95th percentile range
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3. Climate models and human activities

Attribution science

Researchers have published more than 170 studies” examining the role
of human-induced climate change in 190 extreme weather events.

® More severe or more ™ Less severe or ® No discernible Insufficient data/ Attribution studies

likely to occur likely to occur ~ human influence  inconclusive
Heat :
Climate change is already affecting every inhabited region across the globe,
Drought with human influence contributing to many observed changes in weather
Rain/ and climate extremes
flooding (a) Synthesis of assessment of observed change in hot extremes and

confidence in human contribution to the observed changes in the world’s regions
Type of observed change

in hot extremes North — N

America [
‘ Increase (41) J
Decrease (0)

O Low agreement in the type of change (2)

Oceans

Cold/ice/
SNow

7\

Storms

O Limited data and/or literature (2) Cential

America

0 10 20 30 40 50 60
Confidence in human contribution SN Small
Number of extreme weather events inheiohseniel chiais | s

eee High
“Studies from 2004-18 collated by Nature and CarbonBrief. 'Heat includes heatwaves and ®e Medium sy

enature Oceans includes studies on marine heat, coral bleaching and marine-ecosystem di @ Low due to limited agreement
O Low due to limited evidence

Y 3 N
J/ Africa q
AN 44

o

Type of observed change since the 1950s

(b) Synthesis of assessment of observed change in heavy precipitation and
confidence in human contribution to the observed changes in the world’s regions

s
@ ‘ e |

Type of observed change
in heavy precipitation

‘ Increase (19)
O Decrease (0)

O Low agreement in the type of change (8)

Central
O Limited data and/or literature (18) America

Confidence in human contribution
to the observed change

eee High
ee Medium
® Low due to limited agreement
O Low due to limited evidence

America
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3. Climate models and human activities

Observed warming Contributions to warming based on two complementary approaches

(a) Observed warming (b) Aggregated contributions to (c) Contributions to 2010-2019

2010-2019 relative to 2010-2019 warming relative to warming relative to 1850-1200,

1850-1900 1850-1900, assessed from assessed from radiative
°C attribution studies °C forcing studies °C
2.0 2.0 2.0
1.5 1.5 1.5
1.0 1.0 1.0
0.5 0.5 0.5

_I.
i
.

0.0 1 + 00 o ol i

== 00
T *
-0.5 -0.5 -0.5
o 5 o) o 3 0O T Z I Z 8< v O » W ¥pF » O
s =
g 5 2 ¢ 3 * £ §F 2 F23% £ 4 3 g§ 33 3
- - [} = 3 8- =3 o] 0‘% =] 0o =T L 3 ~ =% o
3 3 3 B S 8 5§ 8 % 85 & 2 S g 3¢ 8
s ¥ £ 2 ¢ o 8 ¢ 3 3 8o a o ¥ 2 €8 3
3 @ 3 < B 5 X = 9o Sz & & ¥ T =5 3
s 3 3 5 & : 2 8 23§ ¢ 3 g 53 §
=. ®m =] 5 o a o & g 335 & 7 5 32 =
2 3 2 3 = ® ® 3 3% 7 S 2 3
=. =5 = w0 o =
§ 3 5 3 < 8 28 g0
3 o A =3 a3 2
m & < ]
o]
[¢] 2 c
3 ’ =
- 3 | J 1 J
Some human activities T T
- - Mainly contribute to Mainly contribute to
induce a cooling! changes in changes in
non-CO, greenhouse gases anthropogenic aerosols
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3. Climate models and human activities

Aerosols have a _Iarge cooling impact but (a) Surface air temperature response due to aerosols
they are decreasing a lot due to smog and

direct impact on the human health.

Aerosols residence time is very low.

Simulated temperature contributions in 2019 relative to 1750

Ve ry unce rtai n. Carbon dioxide

Other well-mixed
greenhouse gases

Ozone

Stratospheric

oluabodoliyjuy

| Light absorbing particles

Ibedo Land use on snow and ice

Contrails & aviatio
induced cirrus |\

Aerosol Aerosol-cloud Aerosol-radiation
Solar P z 472 -28 -14 0 14 28 42 56
recnvcinas | £
V I 1 sensitivii O e i s
oleanie = Attributing changes in global surface temperatures from 1850
Totall [FEEE 15H—=co5+ ‘ ! ' ' ' ’ '
20 o5 00 05 10 15 20 CH
“C —— Aerosols
1.0

o
v

Warming from 1850-1900 (“C)
o
o

o *,
. .
e® o °
® o ° .. . . o (] .. ) °
o °\* ° ® O c®ee0® o 0.5
O IRRNENNNEN] [ R It
NN RN g5 8 4 5
INENRNNNEN] g o oog
IRRRNNNNNN] 5§ 6§ 4 4 -1.0} 4
Aerosol direct effect Aerosol indirect effect -1.5 18'60 18.80 1§00 19'20 19'40 1gl50 19180 20'00 20|20
Scattering and absorption Decrease of cloud droplet size, increase of droplet number,
of solar radiation increased scattering of solar radiation, decrease of precipitation
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3. Climate models and human activities

Land cover change impacts on climate: very uncertain and complex

B Reflected sunlight
B Evaporation (Latent heat) .
B Transmitted heat (Sensible heat)

bA S

Less forests => albedo ++ (cooling effect)
=> latent heat flux — + clouds -- (warming effect)
=> |ess absorbed CO2 (warming effect)
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3. Climate models and human activities

Arctic is warming 4 x faster than Equator due to the albedo feedback, water vapour
feedback and lapse rate feedback

Annual sunshine duration anomalies
for European land

T T T T T —T—
995 2000 2005 2010 2016 2020

Europe =
aérosols

Antarctica was
“protected” by the
ozone hole until a

couple of years
+ |t iS a |and VS ocean Trend from 1973 tO 2023

In Arctic 1.0 -05 -0.2 +0.2 +0.5 +1.0 +2.0 +4.0°C

I
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4. Anomalies of 2023-2025

2 . 5 / .
o co Températures moyennes dans le monde ,,/I
o (écart par rapport 2 1850-1900) oo e
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@ )(Q:f?‘ l\\\ S
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1,20 / .
= ./ mod€ls -
0,90 Ny -
0 2023.2025;| ¥/~
—~ o o +1. (-} =~ /'
OL) 1 . 5 0,30 ASE T 5 ? = ’"”“\‘v’,'l
\; | Source des données : site du Met Office
) 0,00
1
CU 870 1580 1550 2000 2010 2020 2030 2040 2050
S
o 4
S Out of range !
o nT . 1.5°C expected
% ' in 2030-2040
©
o
S
o
)
'©
@)
o
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4. Anomalies of 2023-2025

2.5

LATITUDE

LONGITUDE

Global temperature anomaly (°C) vs 1850-1900

LATITUDE

ERA5
----------- Percentile 25%

JRA-3Q GISTEMP
Percentile 50% ---------- Percentile 75%

LONGITUDE
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4. Anomalies of 2023-2025
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b A 90 . 3 . 5 X -
ks - i A .t . : | N
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I 1.

[ | | |
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LATITUDE

NINO 3.4 index ' :-

15 La Nina

LATITUDE

El Nino can not explain the current ongoing anomalies!

LONGITUDE
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Temperature (°C)

4. Anomalies of 2023-2025

26

25

24

23

22

21

Daily SST, North Atlantic (0—60°N, 0-80°W)

Dataset: NOAA OISST V2.1 | Image Credit: ClimateReanalyzer.org, Climate Change Institute, University of Maine

Aerosols

residel

ined ~0.5°C ir

1 2023-

2024

May Jun

Jul

Ship pollution decrease can not explain the current
ongoing anomalies!

=
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e
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4. Anomalies of 2023-2025

Signal from aerosols ?

Annual surface air temperature anomalies in 2025

Warmer than average

. >

-1°C +1°C +2°C +4°C

Cooler than average

<=

-2°C
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4. Anomalies of 2023-2025

" Carbon (CO,) Budget Atmosphere

991+ 2795

Average increase 5.1+0.02

Net land flux Net ocean flux
01 03 19 34+09 1.5 16107 94105 0.6 25%0.6
f
! (. |
Ocean-atmosphere gas exchange
111.1 Total respiration and fire 25.6 54.6 23

g

54.0 255

113 Gross photosynthepis 29

2.5 0.2

Volcanism  Rock Ex from FréshWatér Net Fossi fuels :
weathering  soils to land-use (Coal, oil, gas) 'Vt')?é't';e

rivers Burial change Cemen

production 3.0
Permafrost

@ Vegetation  Fossil 20

: i d soil fuel
Vegetation Solls aNG SIS HEs Dissolved@

Surface

ocean
000 ik

27

organic

Flux: Billion tonnes of Carbon per year (PgClyr) i Intermediate
Mhatral W Anthropogenic degg(éea

Stocks: Billion tonnes of Garbon (PgC) Coal Ol Gas Ocean floor 37,100
(O Stocks £+ Anthropogenic change Reserves sediment 0.2 +173 +23

Until recently, the oceans and vegetation absorbed ~50% of our emissions.
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4. Anomalies of 2023-2025

Parasol effect vs Greenhouse effect

Warm low level cloud Cold upper level cloud
with a high albedo with a low albedo
Decrease in the net downward radiative
Hux at the top of the atmosphere
Low albedo :
I.I_I'L". CTITSS10HD
* wmpoerature
|
I

High emission

..L"|-||“.:- ature "y
ey

High albedo

[ncrease 11 the nel dowtrward rachative

flux at the top ot the atmosphere

Surface

Cooling effect Warming effect
Change in Low Clouds could explain the current ongoing anomalies!
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4. Anomalies of 2023-2025

El Mifio El Mifia El Nifio El Mifig El Nifo
@
2
o ks
: 3
g L o
g .
= L. o
@ T
5 — -
8 =]
T = —
2 £
4] =
E B 1
2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Source: Goessling et al. (2024)

(d) CERES Absorbed Solar Radiation Anomaly 2023

Wima2
g: 125
e 105
|- 7.5
08 [
03 1.5
- 15
g 09 45
4 1s 75
21
105
27 135

Change in Low Clouds could explain the current ongoing anomalies!
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4. Anomalies of 2023-2025

FAQ 7.2: What is the role of clouds in a warming climate?
Clouds affect and are affected by climate change. Overall, scientists expect clouds to amplify future warming.

Altitude (Warming) Amount (Warming) Composition (Cooling)

Higher clouds Fewer (low level) clouds
More outgoing energy
trapped by clouds

More water droplets

More incoming energy
reflected back to space

Less incoming energy
reflected back to space

uture climate

Incoming
solar

. energy
Incoming

solar
energy

Outgoing
energy

Surface

06/02/26
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5. Natural variability vs climate change

Annual (1 year) variations Decadal (10 year) variations Multi-decadal (30 year) variations
Dominated by natural variability Less influenced by natural variability, Dominated by the human influence
but natural cooling or more intense
warming can still occur

0.8 0.8

<
el

<
o

o
N

=
N

0.0 0.0

o
N

O
N

Global surface temperature change (°C)
o
o

-0.8 -0.8 -0.8
1950 1970 1990 2010 ‘20 1950 1970 1990 2010 20 1950 1980 2010 ‘20
Year Year Year

We need 30 years
at least in climatology
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5. Natural variability vs climate change

g T e e e B e B T o

End of global

warming ?? A5 data
1.0 >
HE I‘ ‘ | | | |
. ii"l'llllll' I IIl
1970 1980 1990 2000 2010 2020 2024
EIN Nifio 3.4 regjeh
1 ! am ‘ L l ‘
N r V rl II 2020-2023
i hatuE1|993 2001 a /ﬁb N I We need 30 years
- = the EI'Nino/La 'nca signal .., .. at least in climatology!
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5. Natural variability vs climate change

Stable climate: in balance Today: imbalanced
Incoming Incoming
solar energy solar energy
Outgoing Less outgoing

energy energy due to
greenhouse gases

Response time:
week Atmosphere @

decades in surface

century in deep EBnturies

Excess energy accumulating

The radiative forcing are difficult to evaluate as the climate is not in stable state!
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6. Future scenarios

Change in effective radiative forcing from 1750 to 2019

Carbon dioxide

Other well-mixed
greenhouse gases

Ozone

Stratospheric
water vapour

Albedo

Contrails & aviation-
induced cirrus

Aerosols

Light absorbing particles on

Lan X
and use snow and ice

Aerosol-cloud Aerosol-radiation

Shared Socio-economic Pathways

SSPx-Y.Z

Lower than
now

Total anthropogenic

Future scenarios are also

Solar HH

™

defined in radiativ

-1 0 1 2 3
Effective radiative forcing (W m~2)

-2

* SSP 5

(Mitigation challenges dominate)
Fossil-fueled
development

Taking the Highway

* SSP3

(High challenges)
Regional rivalry

ARocky Road

* SSP 2

(Intermediate challenges)

Middle of the road

% SSP 1

(Low challenges)

Sustainability
Taking the Great Road

* SSP 4

(Adaptation challenges dominate)
Inequality
ARoad Divided

Socio-economic challenges
for mitigation

Socio-economic challenges
for adaptation

06/02/26

forcing in 2100.

\ SSPx-1.6 => +1.6W/m2

SSPy-4.5 => +4.5W/m3
SSPz-8.5 => +8.5W/m2
en 2100

X,Y,Z refer to different kinds of
economy, politic, ... evolution
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=

Primary Energy Structure (five marker scenarios)

6. Future scenarios
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6. Future scenarios

Carbon dioxide (GtCO,/yr)

140 +2° World starting in the 2030s ...

SSP5-8.5
120

Target towards a +3°C World with
the current politics commitments.

100

SSP3-7.0
80

60

SSP370 is today the more likely

40 £

: e s To retain the name

OC ’ SSP1-2.6 Of the SSP’S
5 o - o Business as usual
SSP5-8.5 +5°C
4 SSP3-7.0 +3.7°
3 SSP2-4.5
? SSP1-2.6 44 5o
1 COP21 SSP1-19
0

___\/__/\/\// Paris’ agreement

-1 Reference
1950 2000 2015 2050 2100 period: 1850-
1900
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6. Future scenarios

PO -ttt
8 5 oCt Highly unlikely
%5 Worst-case Often wrongly
2 no policy used as ‘business
C (SSP5-8.5)% as usual’
O 100 v Bl
< IEA* projections
Ie) suggest a more .
‘@ plausible path. 4 °C Unlikely
5 Average no policy | Reversal of
k7 (SSP3-7.0) some current
E policies
)
E B0 e,
=~ Historical i
2 emissions o Likely
= Pledged Current Weak mitigation - Givgq current
3 policies  policies (SSP4-6.0) policies
= 2.5 °C _
O Modest mitigation

0 (SSP2-4.5)
1.5 °C
Mitigation required to meet Paris goals
220 P T ey (SSP1-1.9)

1980 2000 2020 2040 2060 2080 2100
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7. Uncertainties and climate sensitivity

SSP1-2.6 (2081-2100)

(a) Best estimate (scaled) (b) High-warming models (c) Very-high-warming models

-4 -3 25 -2 -5 -1 0

FAQ 7.3: Equilibrium climate sensitivity and future warming
Equilibrium climate sensitivity measures how climate models respond to a doubling of carbon dioxide in the atmosphere.

Climate sensitivity of models Future projections
@ Climate models from the new generation (=) @ More sensitive @ But projections in
are on average more sensitive to carbon dioxide models . this assessment
74 than those of the last generation (Z) 74 project stronger do not solely
R . warming rely on models
ecent ice core ]
measurements  ;° 2021 5 ° B
< — o S =
suggest a — : =E B
ECSof+4°C ~ §°12013 = il =
o — || < = e | IPCC best
£ || g — [ = estimate
1 £ N 1 L B
i | = , = ECS=+3C = N
2 s— | IPCC best ° = @
34 || &= == estimate £z ||
= B IPCC projections
24 = B 2 H
- too conservative ?
CMIP5 CMIP6 ARG6 CMIP5 CMIP6 AR6
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7. Uncertainties and climate sensitivity

FAQ 7.3: Equilibrium climate sensitivity and future warming
Equilibrium climate sensitivity measures how climate models respond to a doubling of carbon dioxide in the atmosphere.

Climate sensitivity of models Future projections
) Climate models from the new generation (=) @ More sensitive © But projections in
are on average more sensitive to carbon dioxide models — this assessment
74 than those of the last generation (2) 77 project stronger do not solely
warming rely on models
6 6 — Too low ?7?
o _ < -0 with respect to
3 || (=) T _—
g = S = - 2023-2025 ?
e 54 9 5- B —
(% . i o —
) E | £ = 9-" —_— PCC best
E - g =@ [ e estimate
EE g 44 I —
= e — ——
5 - A== 3 = T
= = 0 M= 3 —
-1 — . .CD —
o - . IPCC best ) e @
3- [ B = estimate & 3- __
2 4 = | - 2
CMIP5 CMIP6 AR6 CMIP5 CMIP6 AR6
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7. Uncertainties and climate sensitivity

(a) Global mean temperature in CMIP6  (b) Patterns of change in near-surface air temperature, precipitation and soil moisture

9 - SSP3-7.0 (20-yr GSAT means) TT Temperature change PP Precipitation change Soil moisture change
SSP1-2.6 (20-yr GSAT means) _

132

2000 2020 2040 2060 2080 2100 54-3252-1560152253 4 5 -40-30-20-10 0 10 20 30 40 25-2-15-1-050 0.5 1 15 2 25

% o

Reference period: 1850-1900

Instead of talking about scenarios, IPCC introduced in its last AR a world at +X°C but ...
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7. Uncertainties and climate sensitivity

Annual mean precipitation response at 2°C
@SSP1-2.6 ~ 2070 b)SSP2-4.5~ 2050 ©SSP5-8.5 ~ 2030
s 20 e, : ; =R <

o AR AP S

Responses of
PP, ice sheets, ... 40 30 20 10 0 10 20 30 40

are different for a same A | . ) £ 2°C
T nnual mean temperature response a
warming: (@) SSP1-2.6 () SSP2-4.5 () SSP>-8.5

5 4 3-25-2-150 15 2 253 4 5
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8. Global future projections

Warming will be stronger in the Arctic, Precipitation will increase in high latitudes, the tropics
on land and in the Northern Hemisphere and monsoon regions and decrease in the subtropics

+1.5°C

+3.0°C

-40% -20% 0% 20% 40%

Warmer Drier Wetter
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8. Global future projections

Annual maximum temperature (TXx) - median

(a) At 1.5°C global warming (b) At 2.0°C global warming
w7 s 112 - - , :

(c) At 4.0°C global warming

Annual minimum temperature (TNn) - median
(f) At 4.0°C global warming

(d) At 1.5°C global warming (e) At 2.0°C global warming

Change (°C)

Increase of TTmin >> TTmax

Colour

High model agreement
Low model agreement
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8. Global future projections

Seasonal mean temperature change

DJF SSP1-2.6 (2021-40) DJF SSP3-7.0 (2021-2040)

r| Robust significant change

- No or no robust significant change 3.95-215-1-050 05 1 15 2 25 3
7 Conflicting signal oC

In Europe: increase in TT JJA>>TT DJF
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8. Global future projections

Multi-model seasonal mean precipitation percentage change for SSP2-4.5 (2081-2100 vs 1995-2014)

(a) DJF (b) MAM
38 38

7
3 e I W
O “?
= N '///// i,
A% 2

vz ‘ : 2 7 5 / ;'_' :
AL %J i : ,

(c) JUA (d) SON

38 38

& 5 2 e AP / f -v G " // 2 // ; p 5 «'? & .’. -

/ P ’ 7, // - // 7 //// ‘/-./(///?Qf/__’ ‘Y A//{////////Z// ////?////// /,/,’/(
- | O (oo e
50 -40 30 -20 -10 0 10 20 30 40 50 ?_%rw??nn;%netl(_so h)
% 222 agreement (<80%)
In Europe: increase in PP DJF vs decrease in PP JJA
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8. Global future projections

Long-term water cycle variables changes for SSP2-4.5 (2081-2100 vs 1995-2014)

(a) Precipitation (b) Evapotranspiration

38 37

,,,,,, "
W e

High model agreement (=80%)
| Low model agreement (<80%)

Surface soil moisture --, even if PP ++
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8. Global future projections

FAQ 11.1: How will changes in climate extremes compare with changes in climate averages?

The direction and magnitude of future changes in climate extremes and averages depend on the variable considered.

Climate average Climate extreme

Future changes
in temperature
averages and
extremes will be
similar

0°C 2 4 6 8°C

Climate average Climate extreme

Future changes
in precipitation
averages and
extremes can be
very different

-40% -20 0% 20 40%

Extremes of TT follow mean change but not for PP
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8. Global future projections
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probable Current climate

Same temperature
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