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Outline
q What are flares and CMEs? A practical guide 

q Forecasting is a generic task 

q The full set of extreme solar weather problems 

q Forecast how-to 

q Assessing forecast quality: verification & validation 

q The era of machine learning 

q Conclusions – Part I 
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A tale of two solar active regions: which one is the “bad” 
one?   
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SDO/HMI SDO/HMINOAA AR 11158, Feb 2011NOAA AR 11093, Aug 2010

Ø The one on the right was way more flaring than the one on the left 

Ø If you guessed the one on the right, good for you! Now, quantify your lucky guess.



Solar flares: what are they? 
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Solar flare (American Heritage Dictionary): a sudden eruption of magnetic energy released on or near the surface of the Sun, 
usually associated with sunspots and accompanied by bursts of electromagnetic radiation and particles 

2011-08-09T06:00:00 – 12:00:00
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Major flares stem exclusively from solar active regions 
(sunspot complexes)
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§ However, the ones that 
do, tend to manifest 
intervals of dramatic 
evolution caused by 
magnetic flux emergence 

§ Not all sunspots give 
major flares 



Major flares stem exclusively from solar active regions 
(sunspot complexes)
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§ However, the ones that 
do, tend to manifest 
intervals of dramatic 
evolution caused by 
magnetic flux emergence 

§ Not all sunspots give 
major flares 



Increasing and decreasing sunspot occurrence 
frequencies are the base of the solar magnetic cycle 
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June 23, 1612

Sunspot observations are intertwined with the 
invention of telescope (early 1600s). The first 
flare, however, was observed in 1859



Coronal mass ejections (CMEs): what are they? 
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Coronal Mass Ejection (American Heritage Dictionary): a massive, bubble-shaped burst of plasma expanding outward from the 
Sun’s corona, in which large amounts of superheated particles are emitted at nearly the speed of light

Eruption of 2012-8-31



A mesmerizing view of 22 years of CME activity 
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NASA Scientific Visualization Studio



Flares vs. CMEs
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Ø The NOAA (National Oceanic and Atmospheric 
Administration) classifies flares logarithmically 
via their peak photon flux at the 1 – 8 Å 
spectral range. Therefore, 

Flare 
Class

Peak photon flux 
at 1-8 A (W/m2)

A 10-8 
B 10-7 

C 10-6 
M 10-5 

X 10-4

X10 10-3

Ø Already from C-class and above, 
flares virtually occur exclusively in 
active regions

Ø CMEs can be slow (speed < (750 – 900) km/s) or fast, 
when their speed is above that limit. Their speed can 
reach values > 3000 km/s

Ø CMEs can occur both in active regions and in the quiet 
Sun

Ø In active regions, flares 
can occur without CMEs 
(confined). CMEs cannot 
occur without flares 
(eruptive flares)

Ø In the quiet Sun (beyond 
active regions), CMEs 
occur without major flares 

Ø The larger the flare, the 
more likely it is to be 
eruptive (i.e., CME-
associated) 

Ø What causes what, however, is 
debated Yashiro et all., ApJ, 2005; Anastasiadis et al., SoPh, 2017 



Early observations of flares and the seeds for forecasting
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Howard & Severny, ApJ, 1963

Major changes and loss of 
magnetic energy before 
and after a ‘great’ flare of 
July 16, 1959 (Mt. Wilson 
& Crimean Observatory)

Drake, SoPh, 1971

Plotting the number of flare 
events vs. their sizes, one 
sees very well-defined 
straight lines in log-log 
plots. These power laws 
indicate self-similarity

Zirin & Liggett, SoPh, 1987

The more complex the 
sunspot, the more likely to be 
associated with flares. Picture 
of a “δ-sunspot” above, 
associated with a great flare 

§ Major flares & 
shear (Hagyard et 
al., SoPh, 1984)

§ Sunspot classes & 
flares (McIntosh, 
SoPh, 1990)  



Flares as Poisson processes
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Rosner & Vaiana, ApJ, 1978 

Flares are:
§ Stochastic relaxation (storage 

and release) processes  

§ Physically uncoupled / 
independent from each other 

§ Brief, compared to intermediate 
times between them. 

Hence, their probability of 
occurrence at time t is 

<latexit sha1_base64="HvNPC9NRuD8zfFa0Wq1lJTI7b7k=">AAACCHicbVDLSgMxFM34rPU16tKFwSLUTZkRqW6EohuXFewDOmPJpGkbmskMyR2hDF268VfcuFDErZ/gzr8xbQfR1gMXTs65l9x7glhwDY7zZS0sLi2vrObW8usbm1vb9s5uXUeJoqxGIxGpZkA0E1yyGnAQrBkrRsJAsEYwuBr7jXumNI/kLQxj5oekJ3mXUwJGatsH1SIc4wvsBUSlnkxGmN2lPw8Yte2CU3ImwPPEzUgBZai27U+vE9EkZBKoIFq3XCcGPyUKOBVslPcSzWJCB6THWoZKEjLtp5NDRvjIKB3cjZQpCXii/p5ISaj1MAxMZ0igr2e9sfif10qge+6nXMYJMEmnH3UTgSHC41RwhytGQQwNIVRxsyumfaIIBZNd3oTgzp48T+onJbdcKt+cFiqXWRw5tI8OURG56AxV0DWqohqi6AE9oRf0aj1az9ab9T5tXbCymT30B9bHN/VomV0=</latexit>

P (t) = ⌫̄e⌫̄t

This can lead to a power-law 
occurrence frequency for flare energies
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P (E) ⇠ (1 +
E

E0
)��

Credit: Christensen & Moloney (2005)

Power laws are often attributed to self-
organized critical (SOC) phenomena, 
aka ’avalanches’ of energy releaseOh, the irony: instabilities triggered in a self-organized or SOC 

system are stochastically triggered, and so hardly predictable   



What is prediction? 
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• By looking at an instantaneous value or a timeseries of condition(s) 
/ parameter(s) of choice, determine (by a Boolean 1 [YES] or 0 [NO] 
or a probability ∈ (0,1) ) whether an event (any event) of a preset 
size will occur within a preset prediction window. Need to specify:

- Predictive model using single or multiple parameters  
- Flare size (typically by NOAA/GOES class) 
- Prediction window 
- Observation window or not (point-in-time)
- Latency, if any 
- Refresh rate  

Observation window
Prediction 
time

Latency Prediction window

Δt
Refresh 
time

Point-in-time 
prediction 

Time

Define. Predict. Repeat.



What is an operational (solar weather) forecast? 

13 May 2024Talk I. Scene-Setting & Overarching Considerations 14

Ø A forecast mechanism or infrastructure that works 24/7, 
365/12 with or without human intervention

Source: JSOC / Stanford U.

Ø Continuous monitoring of the Sun (the earthward solar 
hemisphere) and a forecast for the pre-defined events that is 
existing any time  

Ø Humans on duty, or “humans in the loop” at any given time, 
to answer questions and provide information / support 

Ø Who is forecasting flares today? 
o Space Agencies around the world 
o Companies / startups / contractors
o Research teams / academics 

Ø Who is forecasting CMEs (before they occur) today?
o Much fewer entities, mainly research teams / academics

Ø Operational missions for operational forecasting? Not so 
many.



Solar weather (the solar end of space weather) at a glance 
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Georgoulis et al., ASR, 2024 



The full set of solar weather problems
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Desai & Burgess, JGR, 2008
(A) (B)

Ø In the higher-energy solar events, we have flares, CMEs and SEP events

We will be discussing prediction of flares 
and CMEs before their occurrence (i.e., 
prediction of flares and eruptive flares) 



How to forecast
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Ø One needs data to train, validate, and test a forecast

Training Sample

Validation 
Sample

Testing 
Sample

§ Out of a multitude of existing data, one chooses three (i) 
homogeneous, (ii) non-overlapping by any means and (iii) 
statistically significant / representative samples  

§ The training sample is typically one of known* (labeled) 
input and output (event / no event) instances  

* Save for unsupervised and deep learning methods 

§ The validation sample is typically one of known (labeled) 
input and output instances, but the output is treated as 
unknown and the forecast result is compared to it   

§ The testing sample is a sample of inputs with unknown 
outputs, near-real time in operational settings. The 
prediction is issued and then checked a posteriori, i.e., 
after the prediction window  



On what samples?
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Ø Solar magnetic fields (data) and related physics-based metadata have the lion’s share   

Bobra et al., SoPh, 2014 Georgoulis et al., JSWSC, 2021 



On what samples?
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Ø Solar magnetic fields (data) and related physics-based metadata have the lion’s share   

Bobra et al., SoPh, 2014 

Georgoulis et al., JSWSC, 2021 

Ø The physics that we consider relevant

Ø Other data, mainly coronal images, 
are also used, to a certain extent 



And what methods?
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There are mainly four broad classes of prediction methods

Ø Physics-based

Ø Statistical

Ø AI / Machine Learning

Ø Ensemble

Mainly self-organized 
criticality / sandpile models  

Fractal / multifractal; 
Bayesian; discriminant 
analysis; SEA; best fit; 
decision boundary; 
Poisson  

Supervised; unsupervised; 
hybrid; reinforcement; deep

Combining methods or 
probabilities



Performance verification: assessing forecast quality
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Ø Performance verification: how well (or bad) my method works? 

Ø Validation: how does it compare to other methods aiming to predict the same task? 

Binary (dichotomous) forecasting

Q: Will an event of given specs happen within the 
given time?

A: YES or NO

<latexit sha1_base64="IfKH3HQcWLrJCVHwivUIJaw/SFE="></latexit>

SS =
Score(tested) � Score(ref.)
Score(perfect) � Score(ref.)

Skill 
Score

Probabilistic forecasting

Q: What is the probability that an event of given 
specs will happen within the given time?

A: P ∈ [0,1]

Reliability 
diagram: 
observed 
frequency vs. 
forecast 
probability 



Key metrics and skill scores
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Binary (dichotomous) forecasting Probabilistic forecasting

Brier score: 
<latexit sha1_base64="T0ZHnX4Ql5875W7OhUvyHHtn3KA=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSElEqsuiG5cV7APaECbTSTt0HnFmUimxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlDCqjed9Oyura+sbm4Wt4vbO7t6+WzpoapkqTBpYMqnaEdKEUUEahhpG2okiiEeMtKLhzdRvjYjSVIp7M05IwFFf0JhiZKwUuiUZctglDykdwcw7g/4kdMtexZsBLhM/J2WQox66X92exCknwmCGtO74XmKCDClDMSOTYjfVJEF4iPqkY6lAnOggm50+gSdW6cFYKlvCwJn6eyJDXOsxj2wnR2agF72p+J/XSU18FWRUJKkhAs8XxSmDRsJpDrBHFcGGjS1BWFF7K8QDpBA2Nq2iDcFffHmZNM8rfrVSvbso167zOArgCByDU+CDS1ADt6AOGgCDR/AMXsGb8+S8OO/Ox7x1xclnDsEfOJ8/u+6TBg==</latexit>

om ⌘ 0, 1
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pm 2 (0, 1)

Reference score (climatology): 
<latexit sha1_base64="EsbuyYzCvmdWKEDR/1rJXK6hp1c="></latexit>

BSref =
1

N

NX

i=1

(oi � ō)2
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BS =
1

N

NX

i=1

(oi � pi)
2
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ō =
1

N

NX

i=1

oi

Brier skill score: 
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BSS = 1� BS

BSref

Finds how close the probabilistic forecasting is 
to binary forecasting (very stringent test)   Georgoulis et al., JSWSC, 2021 



Key metrics and skill scores

13 May 2024Talk I. Scene-Setting & Overarching Considerations 23

Binary (dichotomous) forecasting



Operations-to-Research and the R2O-O2R loop 
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Ø Successive iterations optimizing research and operations

§ Physics-based (research) parameters are routinely used for SWx prediction (operations)

Successful verification

§ Can first-attempt operations be improved, and how? 

By achieving interpretable results 
that can then be fed into improved 
(optimized) research 



Some simple, early ideas: Poisson forecasting
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Ø From the Poisson distribution, the probability of observing k 
flares per unit time interval is  

<latexit sha1_base64="0oWJGZy4+39tNvFV9ViSOCvIV+s=">AAACFnicbVDLSgMxFM34rPVVdekmWoS6aJkRqW6EohuXFewD+hgy6Z02TOZBkhHKMF/hxl9x40IRt+LOvzGddqGtBwIn59xDco8TcSaVaX4bS8srq2vruY385tb2zm5hb78pw1hQaNCQh6LtEAmcBdBQTHFoRwKI73BoOd7NxG89gJAsDO7VOIKeT4YBcxklSkt2oVy3ky5wnpa8U3yFk+zS91LcDXUMJ95RmmLoJ+VsyC4UzYqZAS8Sa0aKaIa6XfjqDkIa+xAoyomUHcuMVC8hQjHKIc13YwkRoR4ZQkfTgPgge0m2VopPtDLAbij0CRTO1N+JhPhSjn1HT/pEjeS8NxH/8zqxci97CQuiWEFApw+5MccqxJOO8IAJoIqPNSFUMP1XTEdEEKp0k3ldgjW/8iJpnlWsaqV6d16sXc/qyKFDdIxKyEIXqIZuUR01EEWP6Bm9ojfjyXgx3o2P6eiSMcscoD8wPn8AHW+ewA==</latexit>

P`(k) =
`k

k!
e�` ℓ: the number of events 

expected per unit interval 

Ø The probability of getting at least one flare (k ≥ 1) is 
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P`(k � 1) = 1� P`(k = 0)

Ø Because Pℓ (k=0) = e - ℓ, having an idea of ℓ, we obtain 
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P`(k � 1) = 1� e�`

Gallagher et al., SoPh, 2002 

Working on the expected rate of flares in case a 
certain sunspot class arises (McIntosh, SoPh, 1990)  



Some simple, early ideas: Bayesian reasoning 
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Ø Bayes’ theorem:

freecodecamp.org

Ø (Simplified) Laplace’s rule of succession
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�pthres =

r
pthres(1� pthres)

k + 3

<latexit sha1_base64="jxeBgbttaPokngUVkZ8dVWSC/os=">AAACEnicbVDLSgMxFM34rPU16tJNsAhKocwUqW6EoiAuK9gHdIYhk2ba0MyDJCOUMN/gxl9x40IRt67c+Tdm2llo64HA4Zx7yL3HTxgV0rK+jaXlldW19dJGeXNre2fX3NvviDjlmLRxzGLe85EgjEakLalkpJdwgkKfka4/vs797gPhgsbRvZwkxA3RMKIBxUhqyTNPE0/JEScig5dQKSdEcoQRUzdZ1c6gE+ssVONqPcs8s2LVrCngIrELUgEFWp755QxinIYkkpghIfq2lUhXIS4pZiQrO6kgCcJjNCR9TSMUEuGq6UkZPNbKAAYx1y+ScKr+TigUCjEJfT2ZryzmvVz8z+unMrhwFY2SVJIIzz4KUgZlDPN+4IBygiWbaIIwp3pXiEeIIyx1i2Vdgj1/8iLp1Gt2o9a4O6s0r4o6SuAQHIETYINz0AS3oAXaAINH8AxewZvxZLwY78bHbHTJKDIH4A+Mzx/TqJ2S</latexit>

pthres =
F + 1

k + 2

• Pthres : the flare probability if the predictor exceeds 
a certain threshold 

• 𝓕: number of predictor values above the threshold 
that were associated with a flare

• k total number of predictor values above threshold  
Jaynes 2003; Wheatland, PASA, 2005; Georgoulis, SoPh, 2012  Georgoulis et al., SoPh , 2012 

a-effort.academyofathens.gr

https://a-effort.academyofathens.gr/


AI / ML and DL in forecasting: why using them? 
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Ø The objective is to distinguish between eventful and uneventful parts of the distribution in parameter space

Ø Each dimension of the parameter space is one of the predictors (so we are talking about 10s and 100s of dimensions) 

Ø Dimensionality reduction: from full n-dimension hypervolumes to n’ < n –dimension hypersurfaces

van der Maaten et al., 2009 



Machine Learning
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A definition: Machine learning is a natural outgrowth of 
the intersection of Computer Science and Statistics that 
seeks to answer the following question: 

Tom M. Mitchell’s ‘The Discipline of Machine Learning’ 
(Carnegie Mellon U., 2006)

Multi-layer perceptron Support vector machine

Random forests

Machine learning can be:

Ø Supervised: trained on labeled samples 
Ø Unsupervised: trained on unlabeled samples 
Ø Hybrid: combining both elements, training on data 

that can be both labeled and unlabeled



Deep Learning
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A definition: Deep Learning is a particular kind of 
machine learning that achieves great power and flexibility 
by representing the world as a nested hierarchy of 
concepts, with each concept defined in relation to simpler 
concepts, and more abstract representations computed in 
terms of less abstract ones. 

Goodfellow, Bengio & Courville’s ‘Deep Learning’ (MIT Press, 
2016)

Unsupervised, and hence hard to interpret

Ø Why deep learning?

Credit: Andrew Ng 

Two questions of capital importance:

Ø Do we have enough data for DL applications?

Ø How to interpret? 



Interpretability of performance: how to?
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§ In non-interpretable models, including DL, you can forger about parameter ranking 

§ Hard to interpret why a classification can be radically different 

Rudin, Nat.Intel., 2019 

§ In more human-sensitive decisions, ethical problems 
appear 

But SWx prediction will soon become 
a human-sensitive issue, as well 



A potential hope: physics-informed neural networks and 
similar methodologies
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Neural Networks trained to solve supervised learning tasks while respecting any given laws of physics described 
by general nonlinear partial differential equations, Raissi et al., J. Comp. Phys., 2019

Karniadakis et al., Nature Rev./Physics, 2021

PINNs as PDE solvers: PINNs are yet to be applied for SWx 
forecasting, but have been recently used successfully for 
ultra-fast NLFF field extrapolations! 

Jarolim et al., Nat. Astron., 2023



Conclusions – Part I   
q  We discussed the problem of prediction of solar flares and CMEs and the methods applied to 

this problem
q  One key element of the problem is interdisciplinarity: solar weather prediction is too important a     

business to be left to solar physicists alone 
q  Forecasts (any forecasts) cannot stand without a robust assessment of their quality
q  R2O and O2R are pursuits of capital importance. Their loop ( R2O ßà O2R ) is essentially an 

optimization loop and is based on, and feeds from, physical interpretation 
q  Machine and deep learning are prime tools on this, but we are lacking on interpretation. Hence, 

the R2O – O2R loop  is still not achieved sufficiently 
q  Methodologies such as PINNs, Physics-Enhanced Deep Surrogates (PEDS), etc. can be a key 

to achieving the R2O – O2R loop 
q  Success or failure of ML/DL interpretability will depend on their success to be used as solvers of 

partial differential equations. Space physics is built around PDEs.

13 May 2024 32Talk I. Scene-Setting and Overarching Considerations 



Questions / comments: manolis.georgoulis@jhuapl.edu 
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