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Le 1er septembre 1859 Richard Carrington et Richard Hogson 
observent une grosse tache solaire… 
 
…et assistent à une violente éruption solaire

4

Septembre 1859

12 E.W. Cliver, N.C. Keer

Figure 6 Images of the Sun on (A) 31 August 1859 and (B) 3 September 1859, showing the great active
region (slightly above disk center in (A)) associated with the first recorded solar flare and the first solar-ter-
restrial event (for which the solar disturbance was observed). Unfortunately, no corresponding photograph
was taken on 1 September 1859 (Hodgson, 1860). [RGO 67/266 (A) and RGO 67/267 (B) reproduced by
kind permission of the Syndics of Cambridge University Library.]

image is thrown into shade, for the brilliancy was fully equal to that of direct sun-
light; but, by . . . causing the image to move by turning the R.A. handle, I saw I was
an unprepared witness of a very different affair. I thereupon noted down the time
by the chronometer, and seeing the outburst to be very rapidly on the increase, and
being somewhat flurried by the surprise, I hastily ran to call some one to witness the
exhibition with me, and on returning within 60 s, was mortified to find that it was
already much changed and enfeebled. Very shortly afterwards the last trace was gone,
and although I maintained a strict watch for nearly an hour, no recurrence took place.
The last traces were at C and D, the patches having traveled considerably from their
first position and vanishing as two rapidly fading dots of white light. The instant of
the first outburst was not 15 s different from 11h 18m Greenwich mean time, and 11h

23m min was taken for the time of disappearance.

Hodgson’s (1860) description of the “very brilliant star of light” that he observed on
the Sun lacks the specificity of Carrington’s account. Hodgson, who was observing from
Highgate, north of London, refers to an “eye-sketch” he made of the “curious appearance”
but it does not accompany the paper; a footnote refers to this as a “well-executed” diagram
that “excited much interest” at the 11 November 1859 meeting of the RAS. Hodgson does
mention a photograph of the Sun taken at Kew on 31 August (none was taken on 1 Septem-
ber). Fortunately, prints of this photograph and several others of the Sun’s disk made at
Kew in late August and early September 1859 (Figure 6) have been preserved in the Royal
Greenwich Observatory archives in the Cambridge University Library.11 Figure 5(b) shows
a (left-right reversed) enlargement of the great active region (No. 520 in Carrington’s (1863)

11RGO 67/262 (28 August), RGO 67/263-265 (29 August), RGO 67/266 (31 August), RGO 67/267-270
(3 September).

Tache solaire observée le 3/9/1859
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Dans les heures qui suivent, la Terre est affectée par diverses 
perturbations
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Septembre 1859

14 E.W. Cliver, N.C. Keer

Figure 7 (A) Greenwich
Observatory magnetometer traces
(horizontal force on top and
declination on the bottom; the
two traces are offset by 12 hours)
during the time of the first
recorded solar flare on 1
September 1859. The red arrows
indicate the magnetic crochet or
solar flare effect. The writing at
the bottom of the photocopy says
“The above movement was
nearly coincidental in time with
Carrington’s observation of a
bright eruption on the Sun.
Disc[overed] over a sunspot.
(H.W.N., 2 Dec 1938).” In the
late 1930s, sudden ionospheric
effects were discovered, enabling
Bartels (1937) to explain both the
prompt and delayed effects of the
Carrington flare. H.W.N. refers to
Harold W. Newton, Maunder’s
successor as the sunspot expert at
Greenwich. (B) Greenwich
magnetometer traces (driven off
scale) showing the storm onset
and rapid fluctuations.

Figure 8 The September 1859
aurora australis with corona as
observed from the Melbourne
Flagstaff Observatory (from
Neumeyer, 1864).

(p. 3), “. . . as an unfettered man . . . with my free telescope, I should probably have time to
store up a respectable harvest before the new reaping machine was brought to perfection.”
Fortunately, Carrington was able to achieve his goals in the shortened period (Newton, 1958,
p. 38). In the closing paragraph of Spots on the Sun, Carrington (1863, p. 248) wrote, “It
hardly needs the addition of my opinion that in future observations of the Sun and his Spots,
the methods of photographic registration . . . brought to a high state of completeness and

Champ magnétique terrestre observé à 
Greenwich (1 septembre 1859) 
[Cliver & Keer, 2012]

Aurores observées à Melbourne 
(37° S) 

[Cliver & Keer, 2012]
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Communication entre deux opérateurs de télégraphe :

6

Septembre 1859

Boston.--"Please cut off your battery entirely 
from the line for fifteen minutes."

Portland.--"Will do so.  It is now disconnected."

Boston.--"Mine is also disconnected and we are 
working with the auroral current.  How do you 
receive my writing?"

Portland.--"Better than with our batteries on.  
Current comes and goes gradually …”
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Lancement du premier satellite américain : Explorer-1 
 
 
 
 
 
 
 
 
 
 
 
… équipé d’un compteur de Geiger-Müller
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Février 1958
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Le compteur sature peu après le lancement

9

Février 1958

J. Allen (1999)
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1989
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6 millions de Québécois privés de courant pendant plusieurs 
heures, en plein hiver 
Coût : env 100 M$

11

Mars 1989 

13 
 

earth on March 9, 1989 with a speed of a million miles per hour and hit the earth on March 

13, 1989 causing major disturbances in the earth‟s magnetic field [9]. 

It took only 1 minute and 10 seconds for these solar disturbances to blackout Hydro-Quebec. 

The blackout lasted around 8 hours and this storm led to the loss of 21,500 MW of electricity 

generation and damaged equipment, with the replacement cost reaching to millions of dollars. 

 

Figure 2.3 Diagram of the Hydro - Quebec‟s 735-KV transmission network –one of the 
extensive and complex network systems of North America. (Figure credit: Hydro-Quebec) 

 

The Hydro-Quebec transmission system is a complex and extensive system (see Fig. 2.3) 

consisting of 735 KV transmission lines of lengths in the order of 1000 km‟s. The 

Réseau électrique de 
Hydro-Québec
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2003
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Bulletin du Space Environment Center (NOAA, USA)
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Octobre 2003

Official Space Weather Advisory issued by NOAA Space 
Environment Center, Boulder, Colorado, USA
SPACE WEATHER ADVISORY BULLETIN #03- 2

2003 October 21 at 06:11 p.m. MDT  
 

**** INTENSE ACTIVE REGIONS EMERGE ON SUN ****

Two very dynamic centers of activity have emerged on the 
sun (...) These eruptions may herald the arrival of a 
volatile active center with the potential to impact various 
Earth systems (...) Agencies impacted by solar flare radio 
blackouts, geomagnetic storms, and solar radiation storms 
may experience disruptions over this two-week period. (…)
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Plusieurs satellites sont endommagés 
ADEOS-II (Japon) : perdu  
ACE : spectromètre détruit 
CHIPS : satellite perdu pendant 27h 
SMART-1 : inopérant pendant 3 jours 
Mars Express : inopérant pendant 15h 
KODAMA : inopérant pendant 8 jours 
etc. 

Des dizaines de satellites ont eu des problèmes techniques 

Satellites commerciaux et militaires: probablement aussi affectés
14

Octobre 2003
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Dégâts liés aux protons/électrons de haute énergie  
impact : composants électroniques moins performants, voire 
détruits

15

Octobre 2003

Après un claquage sur un 
panneau photovoltaïque 
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Exemple de détecteur perturbé :  
coronographe à bord du satellite SoHO
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Octobre 2003
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GPS inopérants pendant des heures en raison de la mauvaise 
réception 

impact: avions en retard, forages interrompus, lancement de 
missiles interrompu, …

17

Octobre 2003

Perturbation de la réception GPS  [CLS]
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Une douzaine de vols transpolaires détournés: perte de 
communication et danger d’irradiation 

impact : surcoût de 30-100 k$ / vol
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Octobre 2003 

Flying time for airline pilots is restricted to 16 hours per day. A typical flight 
duration for a polar route from a North American destination to Asia is over 15 hours. If 
the flight must divert for any reason, an additional stop-off is required. This results in 
considerable time loss, additional fuel, and the added time will require a whole new crew. 
The average cost of this kind of diversion is approximately $100,000.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 8. Typical communication modes for polar routes. 

 
   Although there may be many reasons for an airline to want to fly over the poles, 
it is these regions that are impacted most by solar activity. Airlines on polar routes must 
contend with degraded communications; potential biological impacts from radiation 
storms; impacts to navigational systems (generally a lesser concern); and as avionics 
evolve, a potential impact to electronic systems. The October-November solar storms 
created a significant disruption to airline operations, and though difficult to accurately 
assess, the dollar cost was likely in the millions. 
 
 Airlines and ground controllers experienced communications problems almost 
daily during the October – November solar activity outbreak. Initially (October 19 – 23), 
the degraded HF communications were due to elevated X-ray solar emissions and the 
moderate to strong solar flare activity. On October 19, following the X1 (R3) flare, Air 
Traffic Centers reported moderate-to-severe impacts on all HF groups and HF service 
was degraded for over two hours. In response, a major carrier rerouted three polar flights 
from Polar Route 3 to Polar Route 4 (Figure 7), which is more desirable for data-link and 
Satcom. This required an additional 26,600 pounds of fuel and resulted in over 16,500 
pounds of cargo being denied. More impacts to airline operations were reported on 
October 24 following the onset of a G3 (strong) geomagnetic storm. Solar radiation 
remained at background levels, but high latitude communications were severely degraded 
due to the geomagnetic storm. These communication problems forced the Edmonton 
Center to release the following notice to airmen (NOTAM): 

 17

Exemple de route 
transpolaire
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En raison des risques de radiation 
avions devant voler à plus basse altitude 
astronautes confinés pendant qqs heures dans la station spatiale

19

Octobre 2003

 

 

 
    
   Space Weather Message Code: ALTPAV   Issue Time: 2003 Oct 28 2123 UTC 
   ALERT: Solar Radiation Alert at Flight Altitudes 
   Conditions Began: 2003 Oct 28 2113 UTC 
 
   Comment: 
   Satellite measurements indicate unusually high levels of ionizing radiation, coming  
   from the sun. This may lead to excessive radiation doses to air travelers at Corrected      
   Geomagnetic (CGM) Latitudes above 35 degrees north, or south.  
 
   Avoiding excessive radiation exposure during pregnancy is particularly important. 
 
   Reducing flight altitude may significantly reduce flight doses. Available data indicates  
   that lowering flight altitude from 40,000 feet to 36,000 feet should result in about a 30  
   percent reduction in dose rate. A lowering of latitude may also reduce flight doses but 
   the  degree is uncertain.  Any changes in flight plan should be preceded by appropriate 
   clearance. 
 
Figure 9 – Map and text of the FAA Solar Radiation Alert issued on October 28, 2003. A 
Solar Radiation Alert indicates a radiation storm is in progress that may lead to a 
substantial increase in radiation at aircraft altitudes in shaded areas shown on the map. 
(FAA) 
 
GPS Users 
 

GPS operations are affected by the changes in total electron content (TEC) of the 
ionosphere along the path to the satellite during large solar flares and geomagnetic 
storms. These kinds of solar activity can cause large increases and decreases in TEC, 

 20

Régions à risque pour 
l’aviation civile [NOAA]
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De superbes aurores, en partie visibles depuis la France

20

Octobre 2003

Stéphane Vetter
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etc. 

en moyenne 1-2 
événements sérieux par an 

toutes ces perturbations 
ont une cause solaire
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Les mécanismes physiques
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Le Soleil vu à l’oeil nu
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Le champ magnétique
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Le champ magnétique
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Le champ magnétique
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L’activité solaire varie de manière cyclique (env. 11 ans) 
ceci se manifeste notamment par le nombre de taches 
la modulation du champ magnétique est due à la dynamo solaire

27

Cycle d’activité solaire
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rayonnement 
électromagnétique 

1361 W/m2 
transit : 8 minutes

particules énergétiques 
(protons, électrons, ...) 

~ 10-4 W/m2 

transit : 1-2 h

perturbations du vent 
solaire (plasma) 

~ 10-4 W/m2 

transit : 1-3 jours

Rayons 
cosmiques 

(particules) 
10-5 W/m2

les principaux modes d’interaction 
avec l’environnement terrestre



Le Bourget 10/10/2015 29

rayonnement 
électromagnétique 

1361 W/m2 
transit : 8 minutes
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Lors d’éruptions, forte augmentation du rayonnement X/UV 
Impact : échauffement et ionisation de l’atmosphère, 
communications radio perturbées, satellites perdant de l’altitude, …

30

Rayonnement
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perturbations du vent 
solaire (plasma) 

~ 10-4 W/m2 

transit : 1-3 jours
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Ténu (10 particules/cm3) et rapide (300-800 km/s) 
Sa génération est une des grandes énigmes de la physique 
Enjeu majeur: comprendre les grosses perturbations  
(CME : éjections de masse coronale)

32

Le vent solaire
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Les variations du vent solaire engendrent sur Terre des  
orages magnétiques 
 
 
 
 
 
 
 
 

Conséquences : conversion  
énergie cinétique ➞ énergie magnétique ➞ énergie thermique

33

Interaction vent-solaire magnétosphère
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Les variations du vent solaire provoquent 
des variations du champ géomagnétique 
un échauffement de la haute atmosphère (> 80 km) 
des courants induits dans le sol 
etc.

34

Interaction vent-solaire magnétosphère

ASSESSMENT OF GEOMAGNETIC HAZARD TO POWER SYSTEMS IN CANADA 103

Figure 1. Geomagnetic induction in power systems due to an overhead auroral electrojet.

arate calculations were made for the two horizontal components of the magnetic
field variations. For each component, spectra were calculated for the eight 3-hour
intervals of each day of the year to give a total of 2920 spectra. The individual
spectra were then sorted and each group of results was averaged to determine the
mean spectra for different times of day and different levels of magnetic activity.
The individual spectra show considerable variations but the underlying trend is

more clearly seen when many spectra are averaged together. Obviously the more
spectra that go into the average the smoother is the result. Thus the spectra for
the more frequent, moderate levels of magnetic activity, i.e. Kp values 1 to 6, give
smooth results but the spectra for low activity or high activity, which are obtained
from few spectra show more variability. The results were further averaged by
combining the spectra from all time intervals to give average spectra for different
levels of magnetic activity. The results for the northward component are shown in
Figure 3. Similar results are obtained for the eastward component. These results all
show the dominant features of the magnetic field spectra: the decrease in amplitude
with increasing frequency and the increase in spectral amplitude (across the whole
frequency band) with the level of magnetic activity, as given by Kp.

Génération de 
courants induits



Le Bourget 10/10/2015 35

particules énergétiques 
(protons, électrons, ...) 

~ 10-4 W/m2 

transit : 1-2 h
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Le ceintures de radiation : une région qui se peuple de 
protons/électrons énergétiques lors d’orages magnétiques

36

Ceintures de radiation



TIME [UT HOURS]

Flux de protons solaires pendant une tempête solaire [NOAA]

éruption

> 100 MeV

> 60 MeV

> 10 MeV > 1 MeV



> 100 MeV

> 60 MeV

> 10 MeV > 1 MeV
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Quelle prévision ?
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Quelle prévision ?

Notre capacité de prévision dépend beaucoup du phénomène 
considéré 

Eruptions : impossible 
Perturbations du vent solaire : fiables avec un préavis de 1h 
Particules énergétiques : fiables avec un préavis de 1h
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Gros enjeu économique : fournir des prévisions  
fiables 
à plus long terme (> 24h) 
à caractère opérationnel (7j/7, 24h/24) 

analogie avec la météorologie terrestre des années 1970 : 
passer de la science aux opérations

41

Quelle prévision ?
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Nos principaux fournisseurs de données sont 
des satellites scientifiques 
 
 
 
 

des instruments au sol: magnétomètres, antennes radio, etc.

42

Quelle prévision ?
TAPPING: F10.7

Figure 2. The continuous record file for 29 April 1998.

the solar cycle has a timescale of years. This wide range
of timescales suggests that, depending upon the level and
nature of activity, F10.7 suffers from a varying degree of
undersampling.

[12] In the early years of the program, attempts were
made to remove bursts and other rapidly varying emis-
sions from the flux determinations. This was done man-
ually by staff who were very familiar with the data and
observing procedures. Some flare-related emissions are
easy to identify; others are not. While elevated emissions
due to residual nonthermal electrons may be appropriate
for excision, a period of heating and cooling in an active
region is a valid contribution to the S component and to
the flux value. Moreover, these contributions may be very
difficult to distinguish.

[13] This data filtering procedure has been discontin-
ued for two reasons: one was the staffing issue mentioned
earlier. Second, many applications require the measured
flux value, not a value that has been modified. Sub-
sequently, practice has been to distribute the data as
measured and to provide auxiliary data so that users
could apply whatever data modification procedures they
require. These are the Continuous Record Files, which are
recordings of the flux monitor outputs with a sampling
rate of 1 sample/s, taken for as long as the Sun is above the
horizon each day, which show the context of the three flux
determinations. An example of a day’s Continuous Record
(or CR) file is shown in Figure 2, which shows the file for
29 April 1998. On the left, the increase in level as the Sun
rises is seen. The decrease thereafter is the reduction of
thermal emission from the ground as the Sun gets higher
above the horizon. The three clusters of level changes dur-
ing the day are the three flux determinations. The fall in
level at sunset is evident. Since the transition to the next
UT day occurs while observations are being made, it is
convenient to let the time advance above 24 and to reset
the clock during the night. A small flare occurred during
the day which disrupted one flux determination. The level
was still elevated during the next.

3. Flux Monitors
[14] The flux measurements are made using two small

radio telescopes, referred to as flux monitors, running in
parallel, with one acting as a hot backup for the other.
Each comprises a 1.8 m diameter paraboloid on an equato-
rial mount connected via a waveguide run to the receiver
system. The two flux monitors and the solar building are
shown in Figure 3. The instrument in the foreground, to
the south of the building containing the receivers and
computers, is Flux Monitor 1 (FM1), and the one in the
background, north of the building (mounted on the tower),
is Flux Monitor 2 (FM2). The default instrument is nor-
mally Flux Monitor 2. FM2 is mounted to the north of the
building because when it is looking over the building, the
Sun is at its highest elevation.

[15] Both flux monitors have identical receiver systems.
The basic arrangement is shown in Figure 4. Each receiver
system comprises two receivers, designated “A” and “B.”
When these receivers were built, analog/digital convert-
ers having more than 12 bits were expensive, so to get
the required dynamic range, each receiver has two out-
puts, each with its own analog/digital converter channel: a
“High-Sensitivity Channel” and a “Low-Sensitivity Chan-
nel.” The former is about 100 times more sensitive than
the latter. The receivers are very simple, each consisting of
a string of three 2800 MHz amplifiers connected through
filters. The combination of a large dynamic range and
linearity required renders the usual methods for gain sta-
bilization impractical, making more “brute force” meth-
ods appropriate. Gain instabilities arise generally through
power-supply drift, unwanted feedback, or temperature
variations, so we tried hard to minimize these.

[16] Fortunately, for solar observations, extremely low
noise temperatures are not needed, so the receiver

Figure 3. The flux monitors. Flux Monitor 1, the sec-
ondary instrument is in the foreground; Flux Monitor
2, the primary instrument is in the background, on
the tower.

396

Penticton Solar Radio Observatory 
(Canada)

Solar Dynamics Observatory (NASA)
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Les modèles sont indispensables pour combler notre manque 
d’observations

43

Quelle prévision ?

Modélisation de la densité  
du vent solaire   
(modèle EUHFORIA - S. Poedts)

Venus

Terre

Mars

Soleil
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Un lien avec le climat ?
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www.friendsofscience.org
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A long-terme (> 500 ans) la variabilité solaire a un impact 
majeur sur le climat   

cycles de Milanković ➞ glaciations 

A court-terme (<100 ans) le signal solaire est noyé dans la 
variabilité naturelle 

GIEC (2015) : la contribution solaire ne contribue que pour 
5-10% au réchauffement climatique depuis 1950 
mais il reste de nombreuses inconnues

47

Un problème complexe

Indispensable : transparence et traçabilité afin que tout 
résultat puisse être testé avec un esprit critique
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Pour conclure
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Pour conclure


