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Une fabuleuse source d’énergie

La puissance rayonnée par le Soleil est de 4 x 1023 kW

1 seconde de cette puissance permettrait de couvrir ~!840 ans des 

besoins énergétiques mondiaux actuels

99.99% de l’énergie reçue par la Terre nous parvient sous forme de 

rayonnement solaire 
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Quelques chiffres
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Enfonçons des portes ouvertes

Le Soleil est le coupable désigné 

pour expliquer les variations 

climatiques terrestres

Mais n’est-il pas immuable ?

4



Journées académiques 1/4/2010

Quel est le PIB du Soleil ?
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Notre PIB sera la TSI
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T - S - I
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C’est une question 
de taches
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Les taches solaires

De tout temps la présence de taches sur le Soleil a fasciné les 

astronomes
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Observations par 
C. Scheiner (1626) 
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Les taches solaires

La variabilité solaire se manifeste d’abord par la présence variable 

du nombre de taches solaires
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Le Soleil il y a 6 ans 
(SOHO/MDI) Le Soleil ce matin

(SOHO/MDI)
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Les taches solaires

Les taches solaires sont des régions où la surface du Soleil est 

moins chaude (5000° au lieu de 6000°)
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Le magnétisme solaire 

est à l’origine de ces 

taches solaires

Les taches solaires
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Le cycle solaire

Le nombre de taches solaires varie avec un cycle de ~ 11 ans

12



Journées académiques 1/4/2010

1600 1650 1700 1750 1800 1850 1900 1950 2000

0

50

100

150

200

250

annee

n
o

m
b

re
 d

e
 t

a
c
h

e
s
 s

o
la

ir
e

s

Le cycle solaire

Il y a une coïncidence troublante entre les périodes de faible activité 

solaire et celles où le climat fut plus froid
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Le cycle solaire

Il y a une coïncidence troublante entre les périodes de faible activité 

solaire et celles où le climat fut plus froid
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En quoi le dernier cycle fut-il si particulier ?

14
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Un cycle long

Le cycle solaire dure normalement ~ 11 ans

Le dernier a duré plus de 14 ans...
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Le spectre solaire

17

Nesme-Ribes & Thuillier (2000)
Lean & Rind (1998)

longueur d’onde [nm]
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Bilan

Différentes bandes du spectre solaire (UV, visible, ...) 

correspondent à des processus physiques fort différents

Et ces différentes bandes ne vont pas agir de la même façon sur 

notre environnement terrestre...
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La TSI

TSI = Total Solar Irradiance 

= puissance totale rayonnée par le Soleil au niveau de la Terre (hors 

atmosphère)

Elle n’est mesurée que depuis 1978

Sa mesure est très délicate et sujette à caution

19

TSI =
� ∞

0
P (λ) dλ

P : puissance rayonnée
λ : longueur d’onde
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En quoi le dernier cycle fut-il anormal ?

20
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Un cycle anormal

21

L’intensité émises dans différentes bandes n’a pas évolué de la 

même façon d’un cycle à l’autre

radiohéliographe de Nançay
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Un cycle anormal

21

L’intensité émises dans différentes bandes n’a pas évolué de la 

même façon d’un cycle à l’autre

radiohéliographe de Nançay
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Le Soleil va-t-il tomber en panne ?

22
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Une panne du Soleil ? 

Non, divers indices montrent que le prochain cycle solaire va 

démarrer d’ici quelques mois

Pour cela il faut faire de l’héliosismologie = étudier les séismes qui 

se produisent à l’intérieur du Soleil
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Comment progresser ?

Pour mieux comprendre le caractère exceptionnel du dernier cycle, 

on peut

Comparer le Soleil à d’autres étoiles

Etudier l’histoire passée du climat

Comparer différents indicateurs indirects d’activités solaire

24



Journées académiques 1/4/2010 25

Reconstruction de la 
variabilité solaire à 

partir de divers 
indicesirradiance totale 

(depuis 1978)

rayonnement 
cosmique

fluctuations du champ 
magnétique terrestre

fréquences des 
aurores

nombre de 
taches solaires

concentration en 
béryllium (10Be)

J. Beer (2008)
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Bilan

La récente baisse d’activité solaire est particulière...

mais n’a rien d’exceptionnel

Le prochain cycle 

sera faible

Et après ?

26

Hathaway (2009)
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Un impact sur le climat ?

27
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Une certitude : le Soleil influence le climat

28

De très nombreuses observations révèlent un 

cycle de 11 ans en phase avec celui du Soleil

(Labitzke & van Loon, 1998)

Altitude géopotentielle 
moyenne de 30 hPa  
(~25 km)

Activité solaire 
(émission à 10.7 cm)
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Le cycle solaire

Les périodes de faible activité solaire coïncident avec un 

refroidissement dans l’hémisphère nord
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L’activité solaire des derniers millénaires

Reconstruction du nombre de taches solaires : elle est corrélée avec 

les changements de régime climatique sec/humide (    )

30

Solanki et al. (2004)

It is important to note that not only the changes of the
geomagnetic dipole strength affect CRII, but also fast
migration of the geomagnetic axis can lead to dramatic
changes in different regions [42]. Accordingly, studying
regional data may shed new light on the possible
mechanisms.

In summary, the relation between the geomagnetic
field changes and climatic variations provides an
evidence favouring a possible CR influence on climate.

3.5. Mega-year time scales

On the geological time scale (longer than a million
years), CR variations are assumed to be determined
either by the geomagnetic field changes or by the
changing local galactic environment. For example, if
the Solar System enters a galactic spiral arm during its
evolution, a greatly enhanced flux of CR would be
impinging on Earth [9,61]. Although the path of the
Solar System relative to the Milky Way spiral arms is
poorly known, CR variability on the geologal time scale
(see Fig. 1g)) can be guessed [63–65] to depict a
similarity with palaeoclimatic reconstructions [62,63].
This result has been both disputed [59] and supported
[31] by other researchers. Note that, even if the
correlation itself was real, its interpretation is not
straightforward since it is based on an assumption that
the climate and its drivers remain unchanged throughout
millions of years. Also, there are concurrent effects
which may lead to similar relations. E.g., a large amount
of galactic dust would be loaded into the Earth’s
atmosphere in galactic spiral arms, leading to enhanced
opaqueness of the atmosphere and thus to a cool climate
[57], in concurrence with the CR effect. Interestingly,
the rate of geomagnetic field reversals also varies on the
geological time scale [23,96] quite synchronously with
the climatic variations. This itself modulates the CR

flux impinging on the Earth also in synchronization with
the CR effect due to spiral arm crossing. Moreover, the
type of climate, seismic activity and physical-chemical
properties of the atmosphere were essentially different
on the geological time scale, and it is hardly possible to
distinguish the role of indirect mechanisms.

In summary, although there is an indication of the
climate changes synchronously with the putative CR
flux on Myr time scales, these results remain
speculative.

4. Possible mechanisms

Although the amount of energy deposited by
energetic CR in the atmosphere is very small (about
10!5 W/m2), they affect, via their ionizing effect, the
chemical-physical conditions of the atmosphere. This,
in turn, can influence the ability of the terrestrial system
to absorb/trap/reflect solar radiation through, e.g., the
cloud cover [52,71]. Therefore, with a negligible
amount of its own energy, CR may greatly modify
the amount of solar radiation received by the planet, and
change its radiation budget, thus being a very effective
trigger/amplifier of the solar variability. Note that
clouds, whose formation can be supposedly modulated
by CR, lead to both the trapping of outgoing long-wave
radiation and reflection of the incoming solar radiation.
However, the net effect of these concurrent processes is
cooling (i.e. more clouds correspond to a cooler
climate).

Essential progress has been achieved recently in the
development of a precise physical model of the CR-
induced nucleonic-electromagnetic cascade in the
atmosphere, leading to a full understanding of the
ionizing effect of cosmic rays [19,53,80,83]. However, a
detailed mechanism of how CRII can affect cloud
formation is still not well understood, and two main

I.G. Usoskin, G.A. Kovaltsov / C. R. Geoscience 340 (2008) 441–450446

Fig. 4. Sunspot number reconstruction (line – [87]) as well as known climate shifts to cold/wet conditions (dots – [7,49,88]) for the last 6500 years.
Reconstitution du nombre de taches solaires (ligne – [87]) ainsi que des dérives climatiques connues, dans les conditions de climat froid/humide
(points – [7,49,88]) pour les 6500 dernières années.

Usoskin (2008)
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Mais il existe des corrélations fortuites...

31

Production de 
l’industrie automobile

Production de 
l’industrie lourde

Production de 
l’industrie du bâtiment

archives de la Banque 
Nationale Suisse
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Mais il existe des corrélations fortuites...
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Production de 
l’industrie automobile

Production de 
l’industrie lourde

Production de 
l’industrie du bâtiment

Nombre de taches 
solaires archives de la Banque 

Nationale Suisse
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les principaux mécanismes des 
relations Soleil-Terre
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rayonnement 
électromagnétique

1366 W/m2

particules énergétiques 
(protons, électrons, ...)

~ 10-4 W/m2

perturbations 
interplanétaires (plasma)

~ 10-4 W/m2

Rayons 
cosmiques 

(particules)
10-5 W/m2

les principaux mécanismes des 
relations Soleil-Terre

Autres: paramètres 
orbitaux, effets 
anthropogènes, 

géomagnétisme,...
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Constante solaire ?

L’irradiance solaire totale (TSI) semble constante

35
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Constante solaire ?

L’irradiance solaire totale varie, mais très faiblement
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Des désaccords...

Il existe aujourd’hui trois reconstructions différentes de la TSI

Elles sont en désaccord sur la tendance à long terme
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Irradiance totale : bilan

La variabilité de l’irradiance totale est 3-6 fois trop faible pour 

expliquer les variations de température observées sur Terre

Il n’y a pas de consensus sur l’existence d’une tendance

30 ans de données ne donnent pas assez de recul pour dégager 

une tendance à long terme

38
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La TSI est-elle un bon indicateur de l’activité solaire ?
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Le spectre solaire

39

Nesme-Ribes & Thuillier (2000)
Lean & Rind (1998)

Le spectre solaire

La variabilité relative au 
cours du cycle de 11 ans
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Le spectre solaire
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Nesme-Ribes & Thuillier (2000)
Lean & Rind (1998)

Le spectre solaire

La variabilité relative au 
cours du cycle de 11 ans



Journées académiques 1/4/2010

Impact des différentes longueurs d’onde

40

La majeure partie du 
spectre (visible et infra-
rouge) chauffe 
directement le sol, les 
océans et la basse 
atmosphère

L’impact de l’ultra-violet 
est bien plus complexe
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Bilan

Les différentes composantes du spectre solaire ne varient pas 

de la même façon (et dans le même) sens au cours d’un cycle

La composante ultra-violette bien que faible, pourrait servir de 

levier

Comment l’UV peut-il affecter les plus basses couches 

atmosphériques ?

modulation du taux d’O3 ! modification du bilan radiatif

réchauffement ! gradients ! modification de la circulation générale

41
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Rayons 
cosmiques 

(particules)
10-5 W/m2

les principaux mécanismes des 
relations Soleil-Terre
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Les rayons cosmiques

43

La Terre est en permanence exposée à un rayonnement 

corpusculaire de très haute énergie (MeV-GeV-TeV), d’origine 

extrasolaire : les rayons cosmiques 

Soleil peu actif

Soleil actif
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Rayons cosmiques en tant que diagnostic 

Les rayons cosmiques produisent 

par réactions nucléaires des radio-

isotopes cosmogéniques (14C, 10Be, 
36Cl, ...)

Ces radio-isotopes constituent 

aujourd’hui le principal moyen pour 

reconstruire l’histoire solaire sur ~104 

ans  

44
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Les rayons cosmiques

A long terme, le flux de rayons cosmiques est anticorrélé avec 

l’activité solaire : 

Soleil actif 

! champ magnétique plus intense et plus turbulent

! flux cosmique réduit sur Terre

45
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Rayons cosmiques en tant que diagnostic

Reconstruction du nombre de taches solaires à partir du 10Be 

46

Solanki et al. (2004)

Usoskin (2008)

Solanki et al. (2004)

It is important to note that not only the changes of the
geomagnetic dipole strength affect CRII, but also fast
migration of the geomagnetic axis can lead to dramatic
changes in different regions [42]. Accordingly, studying
regional data may shed new light on the possible
mechanisms.

In summary, the relation between the geomagnetic
field changes and climatic variations provides an
evidence favouring a possible CR influence on climate.

3.5. Mega-year time scales

On the geological time scale (longer than a million
years), CR variations are assumed to be determined
either by the geomagnetic field changes or by the
changing local galactic environment. For example, if
the Solar System enters a galactic spiral arm during its
evolution, a greatly enhanced flux of CR would be
impinging on Earth [9,61]. Although the path of the
Solar System relative to the Milky Way spiral arms is
poorly known, CR variability on the geologal time scale
(see Fig. 1g)) can be guessed [63–65] to depict a
similarity with palaeoclimatic reconstructions [62,63].
This result has been both disputed [59] and supported
[31] by other researchers. Note that, even if the
correlation itself was real, its interpretation is not
straightforward since it is based on an assumption that
the climate and its drivers remain unchanged throughout
millions of years. Also, there are concurrent effects
which may lead to similar relations. E.g., a large amount
of galactic dust would be loaded into the Earth’s
atmosphere in galactic spiral arms, leading to enhanced
opaqueness of the atmosphere and thus to a cool climate
[57], in concurrence with the CR effect. Interestingly,
the rate of geomagnetic field reversals also varies on the
geological time scale [23,96] quite synchronously with
the climatic variations. This itself modulates the CR

flux impinging on the Earth also in synchronization with
the CR effect due to spiral arm crossing. Moreover, the
type of climate, seismic activity and physical-chemical
properties of the atmosphere were essentially different
on the geological time scale, and it is hardly possible to
distinguish the role of indirect mechanisms.

In summary, although there is an indication of the
climate changes synchronously with the putative CR
flux on Myr time scales, these results remain
speculative.

4. Possible mechanisms

Although the amount of energy deposited by
energetic CR in the atmosphere is very small (about
10!5 W/m2), they affect, via their ionizing effect, the
chemical-physical conditions of the atmosphere. This,
in turn, can influence the ability of the terrestrial system
to absorb/trap/reflect solar radiation through, e.g., the
cloud cover [52,71]. Therefore, with a negligible
amount of its own energy, CR may greatly modify
the amount of solar radiation received by the planet, and
change its radiation budget, thus being a very effective
trigger/amplifier of the solar variability. Note that
clouds, whose formation can be supposedly modulated
by CR, lead to both the trapping of outgoing long-wave
radiation and reflection of the incoming solar radiation.
However, the net effect of these concurrent processes is
cooling (i.e. more clouds correspond to a cooler
climate).

Essential progress has been achieved recently in the
development of a precise physical model of the CR-
induced nucleonic-electromagnetic cascade in the
atmosphere, leading to a full understanding of the
ionizing effect of cosmic rays [19,53,80,83]. However, a
detailed mechanism of how CRII can affect cloud
formation is still not well understood, and two main

I.G. Usoskin, G.A. Kovaltsov / C. R. Geoscience 340 (2008) 441–450446

Fig. 4. Sunspot number reconstruction (line – [87]) as well as known climate shifts to cold/wet conditions (dots – [7,49,88]) for the last 6500 years.
Reconstitution du nombre de taches solaires (ligne – [87]) ainsi que des dérives climatiques connues, dans les conditions de climat froid/humide
(points – [7,49,88]) pour les 6500 dernières années.
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Un effet des rayons cosmiques sur le climat ?

47
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Rayons cosmiques et climat

48

Ces rayons cosmiques pourraient avoir un impact sur la nébulosité :

    rayon cosmique ! noyau de condensation !  nébulosité

Corrélation entre la 
nébulosité à basse 

altitude et le flux de 
rayons cosmiques 

Svensmark (2007)

nébulositéflux cosmique
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Rayons cosmiques et climat

Mais l’interprétation dépend beaucoup du prétraitement des 

données. Les dernières observations contredisent ce modèle...

49

Kristjánsson 
(2002)

804 P. Laut / Journal of Atmospheric and Solar-Terrestrial Physics 65 (2003) 801–812
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Fig. 2. (a) Low cloud cover (blue solid line) and galactic cosmic ray intensity as observed at the Peruvian station Huancayo (red solid
line) according to Marsh and Svensmark (2000). (b) Low cloud cover (blue solid line) and galactic cosmic ray intensity as observed at
Huancayo (red solid line) according to Kristj!ansson (2002). (c) Same as (b) but smoothed in order to display the trends more clearly.

could entirely spoil the apparent agreement shown in
Fig. 2a.

Kernthaler et al. (1999) have studied di"erent cloud types
and #nd no clear relationship between individual cloud types
and cosmic ray $ux. Wagner et al. (2001) have compared
a proxy for cosmic ray $ux, the combined $ux of 10Be and
36Cl, with proxies for climate, !18O and CH4 concentration,
over a period from 20 to 60 kyrs BP and found that they
are unrelated. Kristj!ansson et al. (2002) have compared the
correlation of low cloud cover with total solar irradiance
and GCRI respectively and found that the correlation co-
e%cient with total solar irradiance is by far the highest
(r = 0:80 vs. r = 0:47). This result could indicate that solar
activity indeed may in$uence low cloud cover, but that the
physical mechanism may be related to variations in solar ir-
radiance rather than to GCRI. This would be in line with
mechanisms discussed in recent years (Bond et al., 2001,
Haigh, 1996, 2001; Shindell et al., 1999, 2001; Udelhofen
and Cess, 2001) where temperature variations in the strato-
sphere, caused by variations in solar irradiance at ultraviolet
wavelengths (which are considerably larger than the varia-
tions in the visible domain), give rise to dynamic responses
in the troposphere that can in$uence surface climate. Here
planetary-scale waves seem to play an important role. So the
covariance between low cloud cover and GCRI observed by
Marsh and Svensmark (2000) may be due to the fact that
GCRI and solar irradiance are both parameters connected
to solar activity, and that a causal relationship with solar

irradiance automatically will imply a certain degree of cor-
relation with GCRI, even if cosmic rays do not play any role
whatsoever in the formation of low clouds.
An alternative explanation for the deterioration of the

agreement GCRI with low clouds after 1994 (as illustrated
on Fig. 2b and c) is o"ered byMarsh and Svensmark (2002),
who claim that the disagreement could be an artifact related
to problems experienced with the ISCCP inter-calibration
between September 1994 and January 1995. As yet, this
claim remains to be further investigated. A discussion of the
present, yet quite inadequate state of understanding is given
by Carslaw et al. (2002).
Since the variation of the ultraviolet solar irradiation over

the last hundred years is not known, and since the mecha-
nisms of its possible in$uence upon climate are still uncer-
tain, e.g. the degree of non-linearity, it is not possible at this
stage to determine if these processes can have contributed
signi#cantly to the observed global warming over this
period.

2.3. Solar cycle lengths and Northern Hemisphere land
temperatures (1991)

In 1991 Friis-Christensen and Lassen published an arti-
cle claiming a ‘strikingly good agreement’ between solar
cycle lengths (SCLs) and Northern Hemisphere land air
temperatures. The article attracted worldwide attention
and is still frequently referred to in the scienti#c literature
and still plays an important role in the public debate on
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Le bilan du GIEC

Le GIEC (Groupement Intergouvernemental d’Experts sur l’évolution 

du Climat) a établi un bilan détaillé des contributions au 

réchauffement actuel
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Les différents 
forçages radiatifs 
(IPCC, 2007)
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Bilan

Une forte majorité de scientifiques pense que l’apport du Soleil au 

réchauffement actuel est significatif mais secondaire face aux 

effets anthropiques.
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Pour en savoir plus :   
http://lpc2e.cnrs-orleans.fr/~ddwit/soleil/


