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The	solar	(coronal)	ac2vity	cycle	
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Credit:	ESA	/	SOHO	

o  The	appearance	of	the	solar	corona	
changes	nearly	periodically,	with	a	
periodicity	of	~11	years	

o  So	does	the	occurrence	of	sunspots	in	
the	Sun’s	visible	surface,	the	
photosphere	

o  The	solar	cycle	is	convenWonally	
measured	via	the	sunspot	number			

o  Sunspots	and	overall	coronal	acWvity	
are	dominated	by	magneWc	fields			



Progression	of	sunspot	cycles	

FLARECAST First Stakeholders Workshop Exeter, UK, 12 January 2017 

o  Solar	cycles	succeed	each	other	with	an	apparently	aperiodic	amplitude	
o  However,	lack	of	sunspots	(cycle	minima)	does	not	imply	a	lack	of	solar	acWvity				

Galileo	drawing,	June	23,	1612		

Credit:	Wikimedia	Commons	



Total	solar	output	(aka	solar	constant)		
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o  The	mean	total	(bolometric)	
solar	irradiance	at	the	top	of	
Earth’s	atmosphere	amounts	
to		~	1,366	W/m2		

o  Solar-cycle-related	(magneWc)	
modulaWons	amount	to	~0.25	
W/m2,	or	~0.02%	of	the	mean	

Credit:	NASA	/	James	Hansen	



Space	Weather	and	Space	Climate		
Credit:	Andrew	Moise	/	CreaWve	Commons	 Credit:	ESA	

Space	Climate:	variability	due	to	the	solar	constant	
(~99.98%	of	the	Sun’s	total	output)	and	its	potenWal	
variaWons.	CharacterisWc	Wmescales	of	decades	–	
millennia		
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Space	Weather:	variability	due	to	the	
magneWcally	dominated	solar	cycle	(~0.02%	of	
the	Sun’s	total	output).	CharacterisWc	Wmescales	
of	minutes	–	days,	in	case	of	intense	acWvity		



Main	SWx	agents.	I.	Solar	erup2ons				
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Solar	flares	 Coronal	mass	ejecWons	(CMEs)	



Main	SWx	agents.	I.	Solar	erup2ons	and	
associated	par2cle	events			
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Solar	Flare:	“A	sudden	erup+on	of	magne+c	energy	
released	on	or	near	 the	 surface	of	 the	 sun,	usually	
associated	 with	 sunspots	 and	 accompanied	 by	
bursts	of	 electromagne+c	 radia+on	and	par+cles.”,	
American	Heritage	DicWonary	

Coronal	Mass	Ejec2on	(CME):	“A	massive,	bubble-
shaped	 burst	 of	 plasma	 expanding	 outward	 from	
the	 Sun's	 corona,	 in	 which	 large	 amounts	 of	
superheated	 par+cles	 are	 emiAed	 at	 nearly	 the	
speed	of	light.”,	American	Heritage	DicWonary	

Credit:	NASA	/	GSFC	

Credit:	NASA	/	GSFC	



Main	SWx	agents.	Solar	energe2c	par2cles	(SEPs)	
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Solar	flare	and	CME	relaWvisWc	
parWcles	reach	Earth	if	suitable	
magneWc	connecWon	exists.	
However,	the	disturbance	caused	
by	CMEs	in	the	inner	heliosphere	is	
such	that	by	far	the	most	SEPs	at	
Earth	vicinity	can	be	agributed	to	
CME	shock	acceleraWon	

Credit:	Arcturan	StaWon,	Wisconsin	



Minor	SWx	agents.	II.	Coronal	Holes,	CIRs			
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Geoeffec2ve	coronal	
holes:	at	right	magneWc-
connecWvity	locaWons,	
they	channel	high-energy	
parWcles	toward	Earth	in	a	
“sprinkler-type”	fast-
streamer	effect		

Co-rota2ng	interac2on	regions:	
shearing	between	fast,	CH-generated	
and	slower	solar	wind	streamers		

Credit:	High-AlWtude	Observatory	



Occurrence	loca2ons	of	solar	flares		
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Hannah	et	al.	(2011)	

Zharkov	&	Zharkova	(2011)	

Major	flares	occur	
almost	exclusively	
in	solar	acWve	
regions,	or	
opposite	polarity	
sunspot	complexes	



NOAA	/	GOES	solar	flare	classifica2on			

FLARECAST First Stakeholders Workshop Exeter, UK, 12 January 2017 

Logarithmic	scale,	measured	in	som	X-rays	(1	–	8	Å)	at	
flares’	peak	

AcWve	solar	condiWons	in	July	2000	



Occurrence	frequency	of	flares	
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o  <	2%	of	solar	acWve	regions	will	ever	host	an	X-class	flare	
o  <10%	of	solar	acWve	regions	will	ever	host	an	M-class	flare	



Solar	flare	impact:	“hard“	photons	
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Composite X-ray/γ-ray spectrum from 1 keV 
to 100 MeV for a large flare (Lin et al., 2007 – 
see also Vilmer 2012 for details) 

Issues	with	X-	and	γ-rays	(>	100	keV;	
~1019	Hz):	
o  Biological:	cell	and	DNA	impact	or	

even	destrucWon	(astronauts	in	
EVA)	

o  Technological:	saturaWon	issues	in	
Sun-observing	telescopes	
(agenuators	must	be	deployed)	
and,	possibly,	sensiWve	electronics	



Solar	flare	impact:	radio	blackouts	
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o  At	least	a	few	(<	
10)	severe	(R4+)	
radio	bursts	are	
expected	during	
a	typical	solar	
cycle.	

o  At	least	one	
extreme	(R5)	
burst	is	expected	
in	two	
consecuWve	
cycles	



The	flare	–	CME	connec2on	
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Flares	>X3	are	one-to-one	correlated	to	fast	CMEs		
Gopalswamy	et	al.	(2015)	



Combined	flare	–	CME	impact:	(par2cle)	
radia2on	storms	
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Source:	NOAA	/	SWPC	

Flares	~X2	

Flares	~X3	

Flares	~X4	

Flares	~X10	

Flares	>	X10	

Contrary	to	radio	bursts,	such	effects	can	be	lasWng	for	days!	



Combined	flare	–	CME	impact:	geomagne2c	
storms	
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Source:	NOAA	/	SWPC	

Flares	~C5	

Flares	~M2	

Flares	~M4	

Flares	~M7	–	X1	

Flares	>	X10+	



An	inter-connected	societal	fabric:	an	
avalanche	impact	
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Source:	Severe	Space	Weather	
Events:	Understanding	Societal	and	
Economic	Impacts,	US	NRC	
Workshop	Report,	NAS	Press,	2008	

A	price	tag	of	a	
catastrophic	SWx	event	
(surely	related	to	an	
extreme	flare)	is	hard	to	
assign:	however,	it	can	be	
projected	to	GEUR,	up	to	
TEUR	in	the	long	run(!)				



A	ques2on	of	when,	not	whether	
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Probability	for	a	Carrington-type	flare	(es2mated	at	≳	X45	
by	Cliver	[2013]):		
o  10.3%	over	the	next	10	yrs	(>95%	CI)	–	Riley	&	Love	(2017)	
o  4	–	6	%	over	the	next	10	yrs	– Kataoka	(2013)	
o  1	event	very	500	yrs	– Yermolaev	et	al.	(2013)	
o  STEREO-B	claimed	an	allegedly	Carrington-type	event	

detecWon	in	July	2012	(reached	S/C	in	19	hours	only!)	

Governmental	ac2ons:		
o  Jul	2015:	Space	Weather	Preparedness	Strategy,	Cabinet	

Office,	Dept.	of	Business	InnovaWon	&	Skills,	UK	
Government	

o  Oct	2015:	NaWonal	Space	Weather	AcWon	Plan,	NaWonal	
Science	and	Technology	Council,	US	Government	

o  Governments	of	China,	Japan,	Australia,	South	Korea,	
South	Africa	and	India	are	possibly	moving	toward	this	
direcWon	

Papaioannou	et	al.	(2016)	

1984	–	2013:	tens	of	extreme	flares	(X10+);	at	
least	8	severe	radiaWon	storms	(S4)			



So...	Why	do	we	need	advance	flare	predic2on?	
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Arrival	of	CME	itself	
Arrival	of	CME-shock	
accelerated	par2cles	

Arrival	of	first	
flare-accelerated	
par2cles	(if	any)		

Arrival	of	
hard	(X-,	γ-)	
ray	photons		

t0	

Solar	
flare	

t0	+	8	min	 t0	+	20	min	 t0	+	1	day	

t0	+	(2	–	4)	days	
o  There	is	no	early	warning	for	flare	X-	and	γ-ray	photons	
o  There	is	a	slim	(few	min)	early-warning	window	for	possible	flare-only	parWculate	
o  From	the	flare	class,	one	can	effecWvely	proceed	to	CME	predicWon	for	major	flares	
o  Flares	are	the	primary	agents	for	solar	radio	bursts		
o  Dot-connecWng	exercises	(from	predicted	flare	locaWon,	surroundings,	orientaWon)	can	be	made	to	

assess	possible	erupWon	impact	and	combine	with	other	SWx	predicWon	efforts	(CMEs,	SEPs)		



But	can	major	flares	be	predicted,	really?	
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o  Flares	tend	to	cluster	in	acWve	regions,	show	a	
self-similar	occurrence	frequency	and	follow	a	
Wme-dependent	Poisson	appearance	process		

o  Major	flares	are	scarce	and	stochasWc	
events;	hence,	a	probabilisWc	forecasWng	
seems	most	likely	

o  How	effecWve	can	this	be,	or	whether	we	
can	do	any	beger,	is	up	to	FLARECAST	to	
determine	

Schrijver	et	al.	(2008)	



Conclusions	
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q  Extreme	space	weather:	a	rarity	that	cannot	be	ignored	anymore		

q  Solar	flares:	a	SWx	leg	that	must	be	predicted	before	its	occurrence		

q  Issues	exist	with	both	solar	flare	photons	and	parWculate	

q  Major	or	great	solar	flares	effecWvely	couple	one-to-one	with	CMEs.	Therefore,	
flare	predicWon	might	involve	a	notable		“bonus“	in	this	respect	

q  The	quesWon	of	flare	predicWon,	besides	pracWcal	use,	is	also	of	academic	
interest.	We	need	to	reach	and	assess	our	limits	in	predicWng	these	events	

q  What	is	the	plan	in	achieving	flare	predicWon,	at	the	same	Wme	addressing	
stakeholder	needs?	Check	out	FLARECAST		
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