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WHY SHOULD FLARES BE PREDICTED?
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t0 t0+ 8 min ~ t0+ 20 min

solar
flare

arrival of “hard”
(X-, γ)-ray photons

arrival of first flare-
accelerated particles

arrival of CME-shock-
accelerated particles

t0+ 2-4 days

arrival of CME

Hard flare photons and non-thermal particulate (mostly 
protons >10 MeV) affect humans beyond LEO and on 
solar system bodies lacking an  atmosphere. Damages in 
space-based electronics, radio blackouts, etc., can occur as 
a result of flares

No early warning time for flare photons -  
slim window for particulate in worst case! 



MAJOR FLARE REPERCUSSIONS: EVERYTHING UNDER THE SUN 
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SOLAR FLARES: A PHENOMENOLOGY DEFINITION
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A sudden commencement of enhanced, localized electromagnetic emission extending over practically the entire range of the 
electromagnetic spectrum. Typically measured in 1 - 8 Å SXR. Sizable flares originate from solar active regions.



SOLAR FLARES: STATISTICAL BEHAVIOR 
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“Active” solar conditions over a 3-day period in July 2000



THE NATURE OF FLARE OCCURRENCE 
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Flare occurrence number vs. 
integrated photon flux

Drake (1971) 
Flares are (Rosner & Vaiana 1978): 

• Stochastic relaxation (storage and 
release) processes 

• Physically uncoupled / independent
• Brief, comparing to intermediate 

times between flares

P(t) = ν e−ν t
• Leading to a power-law occurrence 

frequency for flare energies

P(E) ~ 1+ E E0( )−γ

Power-law distribution of flare size later 
attributed to the concept of self-
organized criticality  (1990s) & the 
concept of marginal stability
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Credit: Aaron Mak - YouTube

A RATHER GRAPHIC EXAMPLE OF MARGINAL STABILITY



HOWEVER, ARE FLARES RANDOM?
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Crosby, PhD Thesis (1996) 

Exponential law of waiting 
times: a totally random, 
memoryless flare occurrence 
along the classical self-
organized criticality concept

Robust power-law of waiting 
times: a system perfectly 
keeping a memory in giving 
flares

Bofetta et al., (1999) 

Wheatland (2000) 

Time-dependent Poisson scaling in 
waiting times: some memory kept, with 
stochasticity demonstrated in an 
exponential distribution of different flaring 
rates

Wheatland (2000)



FLARES: A MIX OF STOCHASTICITY AND MEMORY - NOT RANDOMNESS 
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• NOAA AR 10930 
• Period observed: ~16 days 

• Clustering of flares in a flaring active region 

• Flaring features of active regions, i.e., complex 
magnetic PILs, continuously and consistently 
driven 

• Typical situation of a pink-noise dynamical 
response timeseries 

Response of NOAA AR 10930 over a two-week period in Dec 2006



SOLAR FLARE PREDICTION: WHAT DOES IT MEAN?
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BINARY FORECASTING

‣ Flare class, differential or cumulative     
(e.g., M1-M9.9 or M1+) 

‣ Forecast window (e.g., 24 hours)  

‣ Latency or not (e.g., effective forecast 
window starts after xx (≧ 0) hours 

A flare with the following 
characteristics will / will not occur: 

PROBABILISTIC FORECASTING

‣ Flare class, differential or cumulative      
(e.g., M1-M9.9 or M1+) 

‣ Forecast window (e.g., 24 hours)  

‣ Latency or not (e.g., effective forecast 
window starts after xx (≧ 0) hours 

A flare with the following 
characteristics will occur with 
probability p (0 < p < 1):



SOLAR ACTIVE REGIONS: FLARE HOTSPOTS, BUT NOT ALL OF THEM
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NOAA AR 11909, 12/02-04, 2013

NOAA AR 11185, 05/20-22, 2013

SDO/HMI

SDO/HMI

SDO/AIA, 131 A

SDO/AIA, 131 A

What is the difference between NOAA AR 
11909 that did not host major eruptions, 
and NOAA AR 11185, that did?

Complexity: compactness, flows, 
magnetic polarity inversion lines  

Only ~1.8% of active regions in solar cycle 
23 gave at least one X-class flare



SOLAR FLARES AND MAGNETIC COMPLEXITY 

PROGRESS SUMMER SCHOOL flarecast.eu

Alcudia, Mallorca, 26 Jul 2017M. K. GEORGOULIS, & FLARECAST CONSORTIUM

‣ Flares occur in sunspot complexes 
McIntosh (1990) 

‣ Sunspots with increasing complexity will 
lead to higher flare rates for all classes 
(McCloskey et al., 2016)

‣ But what does “complexity” mean?
‣ Nonlinear evolution 

‣ Irreversibility (i.e., dissipative progression)  

‣ Far from equilibrium (metastability / 
marginal stability) 



QUANTITATIVE COMPLEXITY CLASSIFICATION AND SOLAR FLARE PREDICTION
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Numerous methods over the past 20 years. An effort to categorize them results in the following (Georgoulis, 2012): 

• Monoscale / multiscale methods 

• Morphological methods 

• Statistical methods (on historical & 
archived data) 

• Machine-learning, combinatorial, 
& assimilation methods

• Analytical methods
• Local helioseismology methods

• Other (slightly exotic) methods

Abramenko et al. (2002, 2003); McAteer at al. (2005); Georgoulis  (2005, 2012); Uritsky et al. (2007, 
2013); Hewett et al. (2008); Conlon et al. (2010); Kestener et al. (2010), McAteer (2015)

Falconer et al. (2001, 2002, 2003, 2008, 2009, 2011); Georrgoulis & Rust (2007); Schrijver (2007); Mason & 
Hoeksema (2010); Leka & Barnes (2003a; b); Cabnfield et al. (1999); Barnes & Leka (2008), Korsos et al. (2015)

Wheatland (2001); Moon et al. (2001); Gallagher et al. (2002); Wheatland (2004, 2005a, b)

Belanger et al. (2007); Qahwaji & Colak (2007); Colak & Qahwaji (2008, 2009); Qahwaji et al. (2008); Al-
Omari et al. (2010); Yu et al. (2009; 2010a, b); Huang et al. (2010) ; Bobra & Couvidat (2014); Bobra & 
Ilonidis (2015); Boucheron et al., (2015); Nishizuka et al., (2016)

Wheatland & Glukhov (1998); Wheatland (2008)

Reinard et al. (2010); Komm et al. (2011), etc. 

Jenkins & Fischbach (2009); Javorsek et al. (2012); Strugarek & Charbonneau (2014)



WHY MACHINE LEARNING METHODS?
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‣ Need for complete automation 

‣ Accommodation of both binary & 
probabilistic forecasting methods

‣ Multiple flare predictors — possibility of ranking them 

‣ Complex parametric investigation

‣ Automated validation

Bobra & Couvidat (2015) 

‣ A posteriori physical understanding in case of 
ranking of predictors 



PROPERTIES TRANSLATED TO PREDICTIVE PROBABILITIES
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Bobra & Couvidat (2015) 

Discriminant analysis: Two-function, linear DA for 
four-class prediction (non-flaring, C, M, and X-class)

Source: XLSTAT

Barnes et al., (2007)

What is the optimal way to deal  
with all this information and still 
achieve reliable NRT forecasts?



WHAT IS FLARECAST?
FLARECAST is an EC H2020 project aiming to develop an 
advanced solar flare prediction system based on 
automatically extracted physical properties of solar active 
regions, coupled with state-of-the-art solar flare prediction 
methods and validated using the most appropriate forecast 
verification measures.

FLARECAST top-level objectives: 
To understand the drivers of solar flare activity and improve flare prediction

To provide a globally accessible flare prediction service that facilitates expansion 

To engage with space weather end users and inform policy makers and the public

Source: NASA SDO
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THE FLARECAST CONSORTIUM 
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THE FLARECAST CONSORTIUM
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FLARECAST DATA TYPES

External data: 

SDO / HMI NRT SHARPs

NOAA / SWPC SRS data
‣ Active region numbers  

‣ AR locations  

‣ Flare occurrences

Science data: 
Extracted properties
Prediction algorithm config.

Predictions

Validation

Infrastructure data: 
Algorithm management 
Workflow management

Overarching science question: how far can we go in predicting solar flares?
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FLARECAST ARCHITECTURE

Data Loader HMI	Files
Feature	
Property	
Extractor

Staging
Area

Property	
DB

Prediction	
Database

Forecast	
verification
algorithms

Flare	
prediction	
algorithms
(execution)

Management	Infrastructure

Prediction	
Config DB

Step	1:	Data	
acquisition

Step	3:	Prediction
training	/	execution

Step	4:	Data	
verification

read
write

Legend

Flare	prediction	
algorithms
(training)

Step	2:	Feature
property	extraction

Infra	
Config DB
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FLARECAST EXTERNAL DATA 
SDO / HMI data

‣ LOS magnetograms (hmi.M_720s)

‣ SHARP vector magnetograms - 
definitive (hmi.sharp_720s)

‣ SHARP vector magnetograms - NRT 
(hmi.sharp_720s_nrt)

SRS active region & flare data 

Source: SDO / HMI 
JSOC

( YYYY_events.tar.gz )
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FLARECAST WORK PACKAGE STRUCTURING 
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WP1

WP2 WP3 WP5 WP6

WP4

WP7



WP1: PROJECT MANAGEMENT 
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‣ Project Management Board (PMB)
Project Coordinator
Project Scientist 

WP Leaders (at least 1 rep from each partner) 

‣ Steering Committee
Neal Hurlburt (LMSAL - USA), Chair

Doug Biesecker (NOAA / SWPC - USA)
Graham Barnes (NWRA/CoRA - USA)

Pedro Russo (Leiden Obs. - NL)
Silvia Villa (Milano Pol. School - IT)



WP2: ACTIVE REGION PROPERTIES AS PREDICTORS OF FLARING ACTIVITY
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+ SHARP data properties

Predominantly 
photospheric active 
region 
magnetograms



WP3: FLARE PREDICTION ALGORITHMS
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‣ Supervised / 
unsupervised ML 
methods (standard, 
advanced, innovative) 

‣ Non-ML methods  

‣ Genetic algorithms 

‣ Statistical methods 

Example of multi-layer perceptron
Typical flowchart of a genetic algorithm



WP4: DATA STORAGE AND PROCESSING CLOUD
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‣ Open-source architecture of Docker containers within Docker engines 

‣ pick and mix installation



WP5: DATA AND FORECAST VALIDATION
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Binary validation: Flare (YES) or No Flare (NO) 

2 x 2 contingency table 
• TP : true positives  
• FN : false negatives 
• FP : false positives  
• TN : true negatives 

• Generalized skill score: 

SS =
score− scorereference

scoreperfect − scorereference

Table courtesy: Shaun Bloomfield

• Heidke skill score (ref: random prediction): 

• Appleman skill score (ref: climatology [ν]): 

• True skill statistic (ref: weighting POD w. POFD): 

HSS =
2 TP +TN( )− N

N

TSS = POD − POFD

ApSS = TP − FP
N

Tailoring according to different end user needs



WP5: DATA AND FORECAST VALIDATION
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Accept that a probability 0 < p < 1 is assigned to each prediction
• Correlate forecast probability with observed frequency
• Compare your skill against climatology (mean flaring rate within 

forecast window)

• Generalized skill score: 

SS = 1−
MSEforecast

MSEreference
MSE =  < o− p( )2 >

SS=1

SS=0

SS —> ∞  

Reliabillity diagram 

• Brier skill score (reference: climatology): 

BSS = 1−
!o− p( )2

!o− o( )2 BSS ∈ −∞,1( )!o ≡ 0,1{ }



WP6: EXPLORATORY RESEARCH 
Understand solar 
magnetic eruptions

Improve future flare 
prediction, including 
using timeseries

Investigate suitability 
of the flare forecast 
window 

Advance CME 
prediction

Aulanier et al., (2013)
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WP7: DISSEMINATION - SCIENTIFIC COMMUNITY 
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http://flarecast.eu/research/publications

At least thirteen (13) envisioned refereed papers, of which:
‣ Four (4) have been already published
‣ Two (2) have been accepted
‣ Five (5) have been submitted
‣ Two (2) are in preparation



PRELIMINARY RESULTS: PREDICTOR STATISTICS
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Property inter- 
correlations

Correlation of 
same 
property 
values 
between 
using line-of-
sight and 
heliographic 
(de-projected 
magnetic 
field 
components)



NEW PREDICTORS: NON-NEUTRALIZED ELECTRIC CURRENTS; ISING ENERGY
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• Eleven (11) solar active regions 
• Total net current positively correlated with the 

overall flare index in these regions

Nonlinear 
information added 
by the inclusion of 
net electric 
currents into solar 
flare analysis

Kontogrannis et al., SoPh, 2017
(in press)



PRELIMINARY RESULTS: FORECAST ATTEMPTS

PROGRESS SUMMER SCHOOL flarecast.eu

Alcudia, Mallorca, 26 Jul 2017M. K. GEORGOULIS, & FLARECAST CONSORTIUM

Comparative 
performance 
of different 
prediction 
algorithms



WP7: DISSEMINATION - GOVERNMENT & INDUSTRY  
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Lord	Soley,	UK	House	of	Lords:	Are	Science	
and	Research	at	Risk	Post-Brexit?	

Let me just give one example of the benefits of joint 
working. FLARECAST is a fully automated solar flare 
forecasting system. It is vital to protect all our 
electronic communications, technologies and power 
transmission. It is funded from the Horizon 2020 
budget. The UK government recently guaranteed that 
they will underwrite funding for approved Horizon 
2020 projects applied for before the UK leaves the EU 
— but what is needed is a way of continuing that 
funding beyond the point at which we leave the EU. 
Source: politicshome.com Survey based on 31 responses from Stakeholders

Most important: 
‣ Forecast accuracy 
‣ Timeliness of data 

Least important: 
‣ Scientific detail 

http://politicshome.com


WP7: DISSEMINATION - PUBLIC
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EU Researchers Night, TCD, 
Dublin, 30.09.2016 

Fete	de	la	Science,	Paris,	16.10.2016		

Winter	sols?ce,	Duebendorf,	
21.12.2016	

Il	Secolo	XIX,	Genova,	13	September	2016		

Science	 Café,	
Zurich,	11.11.2016	

	hCp://flarecast.eu/outreach-ac?vi?es			

@FLARECAST_EU

http://flarecast.eu/outreach-activities


CURRENT STATUS OF THE PROJECT 
▸ Project progressing nominally; minor delays in some components
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▸ Property database: DEVELOPED 
▸ Property extraction alorithms: INTEGRATED 

▸ Prediction algorithms: INTEGRATED 

▸ Prediction database: DESIGNED 
▸ Forecast verification algorithms & uncertainties: DEVELOPED, UNDER INTEGRATION 

▸ Verification database: BEING DESIGNED 
▸ Near-realtime forecasting system: BEING DESIGNED 

▸ Forecast & verification visualization: BEING DESIGNED 



CONCLUSIONS
▸ Consensus that solar flare forecasting should be part of our SWx strategic toolbox 

▸ FLARECAST is arguably the most systematic effort undertaken so far  

▸ Diversity is necessary: different backgrounds and expertise on the task  

▸ An EU project, it is fully open-source and free access (data + infrastructure)  

▸ The near-realtime forecast tool will be delivered in early 2018  

▸ The key science question is how far we can go in credibly predicting solar flares
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An answer? Still TBD - it looks, however, that stochasticity cannot be 
completely lifted, so we are effectively left to deal with probabilistic forecasts  



FLARECAST FACES AND VOICES: DIVERSITY AT WORK flarecast.eu@FLARECAST_EU



TEXT

BACKUP SLIDES



WP6: EXPLORATIVE RESEARCH 
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‣ Understanding solar magnetic eruptions
‣ Exploitation of existing 3D MHD simulations

‣ Investigation of properties and types of 
evolution that trigger eruptions

‣ Improving flare prediction

‣ Investigation of new properties / predictors 

‣ Timeseries vs. point-in-time prediction

Content courtesy: Shaun Bloomfield



CURRENT HMI JSOC DATA AVAILABILITY

S5: DEVELOPING NEW SWE TOOLS flarecast.eu

Courtesy: E. Buchlin

Total data allocated 
space: ~240 TB

Oostende, 16 Nov 2016
ESWW13

M. K. GEORGOULIS, D. S. BLOOMFIELD & FLARECAST TEAM



FLARECAST SCIENCE DATA : PROPERTIES

Properties utilizing LOS 
magnetograms

Properties utilizing 
vector magnetograms

Properties provided by SHARPs 
+ published over last ~25 
years, until today 

Oostende, 17 Nov 2016
ESWW13

M. K. GEORGOULIS, D. S. BLOOMFIELD & FLARECAST TEAM
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FLARECAST SCIENCE DATA: VALIDATION

Some validation results on specific methods and data subsets 

Oostende, 17 Nov 2016
ESWW13

M. K. GEORGOULIS, D. S. BLOOMFIELD & FLARECAST TEAM

PRELIMINARY

PSTEP DISCUSSION flarecast.eu



FLARECAST SCIENCE DATA: ALGORITHMS
Algorithms considered 
‣ Standard ML
‣ Advanced ML
‣ Non-ML

‣ Innovative ML

PRELIMINARY
Parameter classification by 
means of their importance 
for prediction, using an 
advanced method

Example of a multi-
layer perceprton 
algorithmCourtesy: A. M. Massone et al.

Oostende, 17 Nov 2016
ESWW13
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INFRASTRUCTURE AND MOBILITY

PSTEP DISCUSSION flarecast.eu

Oostende, 17 Nov 2016
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Totally open-source software, 
allowing:
‣ Making local copies of the 

entire infrastructure 

‣ Using any part or the entire 
FLARECAST databases 

‣ Plugging-in one’s favorite 
algorithm for test and validation



CONCLUSION
▸ FLARECAST: a project in full swing 

▸ Work delivered independently and at different levels — watch out for project-
supported refereed papers in the next months  

▸ Science data model: two [2] types of external data (HMI, SRS); four [4] types of 
science data (predictors, algorithms, prediction, validation 

▸ First comprehensive prediction results due in a few months — project expiring at 
the end of 2017 

▸ Data, databases and infrastructure fully accessible worldwide

Oostende, 17 Nov 2016
ESWW13

M. K. GEORGOULIS, D. S. BLOOMFIELD & FLARECAST TEAM

PSTEP DISCUSSION flarecast.eu


