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Outline 
EM emissions from flares are the first 
signatures of space-weather relevant 
disturbances 
 
• What are the associated phenomena: 

flare/CME relationship?; flares and SEPs?  
• What are the terrestrial impacts of flares? 
• What are the drivers?  
• How to predict flares?  
• Can we predict flares together with 

associated phenomena? 
 

How to define super- flares and extreme 
events?? How to anticipate them? 
 
 

 
      A large sunspot observed at  
         Meudon observatory on   
             17 September 1941  



Solar Flares 
Usually observed in  H α  
Observations from  the Meudon spectroheliograph 
28 October 2003 
 
Local and sudden brightening in an active region  
Linked to complex magnetic fields  
(presence of electric currents  in the active region) 
 
Energy :1032 ergs, in~1000 s: (typical value) 

Longitudinal magnetic field observed  
By SOHO/MDI  
28 October 2003 



X-ray observations of solar flares: 
GOES observations 

X9 Goes class 
flare 
20 January 2005 

Total X-ray Flux  
In 2 wavelengths 
bands: 
X-ray flare  
characterized by  
T and Em  
Em emission measure 
N2 V (cm-3) 
T around 10 7 K 
Thermal 
bremsstrahlung 
 
Continuous survey 
(start 1975) 
 
 
 
 
 



Soft X-rays 

Solar 
Energetic 
Particles 

Flare Coronal 
Mass 
Ejection 

  
A typical strong solar flare – M9 flare 

SDO / AIA / 171A SoHO . LASCO / C3 

GOES GOES 

    A typical solar flare associated with a fast CME (> 2000 km/s) and the fast arrival of protons at 
 Earth(courtesy of G. Aulanier)    



Carley, Vilmer & Gallagher, ApJ 2016 

Type IV 

      Type II 

Solar flares are associated with strong X-ray and radio emissions: 

Zucca, Nuñez & Klein , JSWSC 2017 

Observations of GOES M5 ; M8 class flares 
Strong Radio Observations in the whole 
Frequency band  
Also associated with fast CMEs and SEPs  

Gyrosynchrotron 
emission  



A few direct (and almost immediate) effects of solar flares: 
disturbances for radio communications 

 
 
 
Knipp et al,        
SpW, 2016 

X 35 +/- 10 

saturated 

Flares are associated with magnetic  
« crochet » (SFE) and sudden ionospheric  
disturbance  (Cliver & Dietrich, JSWSC, 2013) 
and changes the conditions in the ionosphere 
radio waves propagation.  

04 November 2003 flare 

Amplitude of 
radio echo in 
the polar D 
ionosphere 
and X-ray flux 
(Tereshchenko 
et al., 2006) 



A Solar Flare affects airports in Sweden!: 
The radio event? 

Radio data from Nançay 
(Paris Observatory) 
 103 sfu at ~ 1 GHz  
 (Marque, Klein et al., in prep) 

Radars work at 1.03 and 1.09 GHz 
https://www.obs-nancay.fr/Emission-radio-du-
soleil-et-radars-de-controle-aerien-les-
observations-solaires.html 
 
 

Le Figaro  
05/11  
2015 



A few questions and preliminary comments  
(see also invited talk by K.D. Leka on Friday) 
 
Why predict flares: Flares have direct terrestrial and almost immediate  
   effects 
                                     If possible to predict flares, predict associated  
   phenomena?  
      Such as CMEs? SEPs? 
  BUT Predicting flares is very challenging:   
Flares (especially major flares) are intrinsically stochastic processes : 
 they follow a time-dependent Poisson appearance process  
  Usually probabilistic forecast 
If possible to predict flares can we additionally predict:  
 when, how big  
 association with enhanced radio emissions ?  
    
 
 
 
 

How and Why to Anticipate/ Forecast Solar 
    Flares? 



    

  How to anticipate/ predict flares:   
   some observational  guidelines 
 Flares (even microflares) occur in ARs 

(24,097 microflares observed by RHESSI) 
 
 
Flares occur in ARs with opposite magnetic 
polarity and complex magnetic topology 
 
                                                        (AR11158) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hannah et al., 2011 

Janvier et al.,  2014 

SDO/HMI 
AR 11158 

 
 
 
 
 
 
 
 
 
 BUT < 2% of solar active regions will produce a  X-
class flare  
<10% of solar active regions will produce  M-class 
flare  

Georgoulis,  
courtesy Flarecast  



How to anticipate/ predict flares:  
some observational  guidelines 

 
Solar flares are believed to result from magnetic  
reconnection in AR regions in which magnetic energy is stored  
 
A lot of predictive tools based on the classification of  
AR regions based either on white light or magnetic  
field classification (Mc Intosh class or magnetic class) 
and a probabilistic approach based on the occurrence rate of  
different classes of flares  (e.g. GOES class flares) established on  
previuosly observed AR characteristics  and measured flares 
(see e.g. talks on Friday) 
 
Many AR properties are derived from magnetic field measurements: 
Length of the polarity inversion line (PIL) 
Integral of magnetic gradient along the PIL (…) 
 
A lot of work has been achieved based on e.g. previous SOHO/MDI  
measurements and derived properties in ARs  
(see e.g. Barnes et al. 2016 for a comparison of the different flare forecasting  
techniques) 



Falconer et al. , SpWea 2011  
 
 
Some examples of flare forecasting  of  
major flares (X and M)  
using the properties of  the magnetic  
field gradient along the Polarity Inversion  
Line 

How to anticipate/ predict flares:  



Nowadays possibility to have  measurements of  
vector magnetic fields  and to derive electric currents in ARs  
with SDO/ HMI  
(one of the aim of H2020 FLARECAST project)  
(see posters Guerra, Vilmer&Guennou..) 
 
(see also Bobra & Couvidat, ApJ 2015) (below a few parameters  
derived from   AR observations and extracted properties) 
 
 
 
 
 
 
 
 

How to anticipate/ predict flares:  
some observational  guidelines 

Solar flares are believed to result from magnetic  
reconnection in AR regions in which magnetic energy is stored: 
In region with non-potential magnetic fields 
In connection with the presence of electric currents…  
 

Janvier et al., 2014 



How to test different predictors with numerical 
models? 
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Eruption 

No  prediction Pertinent predictor 

Eruptive sim. 

Non-eruptive 

Eruptive sim. 

Non-eruptive 

• Use of several MHD numerical 
simulations of the formation of 
stable and unstable magnetic flux 
ropes (Leake et al., 2013;2014) to 
evaluate the predictive potential of 
different parameters derived from 
magnetic parameters. 
 

• Test of many properties derived 
from  

       magnetic fields, currents 
       properties of the PIL 
       (Leka & Barnes, 2003) 
       (Falconet et al., 2003; 2008) 
       
   Over the many quantities tested, only  
the 6 related to the polarity inversion 
line provide pertinent information in 
the context of these simulations 

 

(Guennou et al., 2017; see poster) 
 
See also the work on helicity by Pariat 
et al., 2017 

 

 



If  major flares such as M or X class flares can be predicted , then it could be used to predict   
predict fast CMEs or SEPs  

How to anticipate/ predict flares and  
associated events such as CMEs, SEPs? 

Flares >X3 are usually associated with fast CMEs 
(Based on the analysis of 1301 X-ray flares (>C3) and 
associated CMEs observed with SOHO/LASCO 
 
(Georgoulis 
FLARECAST First Stakeholders workshop) 
 
 
 
 
 
  

Papaioannou et  
al., 2016 

SEP events are preferentially produced  
by X-class or long duration M class flares 
 
SEP prediction (time history) based on SXR derivative /or radio 
microwave measurements 
Núñez  Sp Wea 2011  
Zucca et al., JSWSC 2017 
 
 
 
  

X class 

314 SEP events 



But see e.g. AR 12192 
 high flare productivity  
low CME productivity, 
 
 

How to anticipate/ predict flares and  
associated events such as CMEs, SEPs? 

No radio emission in the m/dm domain at  
the time of the X-ray flare! 

Input of radio observations… 



WHAT ABOUT EXTREME FLARES ?  
                                            EXTREME EVENTS. 



 
The beginning of solar terrestrial physics:  
the Carrington flare(1 September 1859) 

 

 
 
 
  Observation of a « brightening »  
  1 September 1859 around11h18  
  in an extremely large sunspot group 
 
 X45 +/- 5 (Cliver& Dietrich, 2013) 
 

       Carrington, 1860; Hodgson, 1860 

Magnetic field observations at Kew (London) 
Variations of the horizontal component of the Earth’s magnetic fie  

Stewart, (1861) 

Very intense geomagnetic storm  
17h40 minutes after the solar flare 
Northern ligths visible in Santiago (Chile), Hawai 
Extreme event also recorded  in Bombay:   
telegraph disruptions for many hours  
(Tsurutani et al., 2003) (Dst estimated between  -800 et -1700 
nT) 



1/century frequency 

1/solar cycle frequency 

? ? 

Extreme solar flares: How extreme? 

How to extrapolate the observed  
energy distribution of flares?  
 
Can we rely on stellar analogies? > 1036 erg 
 
Should we rely on the size of the largest 
Sunspots observed?  
 
  

Schrijver et al., JGR, 2012 

Sammis et al., 2000 



? 

Extreme solar flares: How extreme? 

Meudon Spectroheliograph 
05 / 04 / 1947 

Ca II K1v 

One of the largest sunspot group observed (Aulanier 
et al., 2013) flare energy: 6 1033 erg 
Scaling of the flare energy release with the size of Ars 
Based on the results and scaling of MHD simulations 

    Two methods based on different scalings  
    To estimate the largest flare energy 
    from the largest observed size of an AR! 
    And from the more extended ribbons!  
  
    Toriumi et al., 2017:  flare energy up to 10 34 erg 
    Sample of 51 Flares (> M5) from 2010 to 2016 
    Scaling of the energy released on the AR size, the 
    distance between ribbons,;.. 
 
 
 
 
 
 
 
 
To have a larger flare:  
To release more energy from an AR 
To have interaction between several AR 
Energy coming from interconnected ARs? 
To concentratre the magnetic flux on a larger single AR? 

Toriumi et al., 2017 

 
 
 
 

Meudon Spectroheliograph 
25 / 07 / 1946 

H α 



Extreme solar flares and extreme space weather 

A few caveats 
 
Extreme events can occur in the declining or rising phase of the solar cycle (not at the 
maximum of the sunspot number ) (e.g. 23 February 1956 largest SEP event > 1 GeV) 
 
Extreme events do not necessarily generate the complete spectrum of extreme space 
weather effects  (radio blackouts, geomagnetic storms, extreme solar energetic 
particles) 
 
  



Extreme solar flares and extreme space weather 
A few caveats 
 Some « non extreme » events  such as M-class X-
ray flares  can be associated with « extreme » radio 
out bursts causing problems with communications, 
radars…(4 November 2015, 6 December 2006, …) 
 
Some of these « extreme » events occur in periods 
where radio communications were strategic: e.g.  
23 May 1967 (Knipp et al;, Sp Wea, 2016)  
colossal radio burst  : radio interference at 
frequencies between 0.01 and 9.0 GHz  
 
8000 sfu at 2.8 GHz (probability of 1% based on 
statistics of Nita et al. (2002; 2004) 
85000 sfu at 1.4 GHz 
 
Origin of these major radio enhancements clearly 
unknown 
 
Almost impossible to predict if a flare will produce 
these strong outbursts 
 
 

 
A great burst! 

Kane & Winckler, 1969 

~X2 



How to anticipate flares,  
                             and super-flares?  Some Conclusions   
 
Why anticipate flares? 
 
- Flares are the first signatures of space-weather events 

 
- Flares can have direct and almost immediate effects (ionization of the earth’s  
      atmosphere , strong associated radio outbursts causing interfereneces…) 
 
Is it easy to anticipate flares? 
 
No , predicting solar flares is still very challenging.  (no method really allows the forecast of a>M-
class flare witha skill score substantially better than climatoligical forecasts (Barnes et al., 2016))  
 
An additional challenge is to be able to predict when the flare will happen, how large it will be, 
what could be the associated radio out burst… 
 
The task is even more challenging when it comes to the study and prediction of super  
Flares…(extremely low number of events , low statistics… 
 
Not a large number of extreme events observed in space (since the 1970s) 
Need to investigate previously recorded events: interest of archives of continuous  
Observations recorded for many cycles…  
  
   
 
       
  



Thank you! 
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