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Magnetic reconnection

* What
— Antiparallel magnetic field lines
— Break (disconnect) at X point
— Reconnect with new partners
* Conversion
— Magnetic energy => Kinetic energy
* Result
— New topological configurations
* Solar flares

— First observational evidence for the
reconnection process

* Where
— Solar flares
— CME release from the Sun
— Geomagnetic storms at Earth

Kon NMI b

TextandLeftimagefrom the CISMsummerSchoolBoulder August 2013}, SW101_4_Flares
https://www.bu.edu/cism/SummerSchool/summerlist.html

Right animatiorirom ESA: http://sci.esa.int/cluster/3644direct-observationof-3d-magnetic
reconnection/
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Solar flare: what is it?

* Sudden burst of radiation
— Minutes — hours
— Gamma-rays, HXR, SXR, EUV; H-
alpha, radio
* Large quantity of energy is
released
— from a small volume
— in a short period of time
* Only viable energy source
— intense solar magnetic fields
* Required:
— A very rapid means of converting
stored magnetic energy into particle PSRRI

energy and radiation — magnetic
reconnection

Fromthe CISMSummerSchoolBoulder, August 2013}, SW101_4_Flares
https://www.bu.edu/cism/SummerSchool/summerlist.html

Solar flares areudden bursts of radiatiotasting minutes; hours at wavelengths that can include:
Gammarays, HXR, SXR, EUMpha, radio

Alarge quantity of energy is releaseitom a small volumén a short period of time This requires:
Either a large amount of energy stored in that small volume that can be quickly transformed
and released as energetic electrons and photons.
Or very efficient transport of energy into that volume where it is then converted into the
observed forms.

The only viable energy sourcdngense solar magnetic fields

Thus we need a very rapid means of converting stored magnetic energy into particle energy and heat

magnetic reconnection

Magnetic energy is converted to thermal/radiative energy (flare, radio bursts) and
kinetic energy (mass movement from CMEs and SEPs).

http://solarphysics.livingreviews.org/Articles/Irsp011-6/
Solar FlaresMagnetohydrodynamid’rocesses
KazunarShibataand Tetsuya Magara

Solarflares are explosive phenomena observed in the solar atmosphere filled with magnetized plasma.
Flares are observed in a wide range of electromagnetic waves such as radio, visibleréight,axd

gamma rays.

Also, a flare usually produces highergy particles which travel through the interplanetary space.

The discovery of coronal radio anga§ emissions from a flaring site has revealed that flares are
actually coronal phenomena.


http://solarphysics.livingreviews.org/About/authors.htmlshibata.kazunari
http://solarphysics.livingreviews.org/About/authors.htmlshibata.kazunari
http://solarphysics.livingreviews.org/About/authors.htmlshibata.kazunari
http://solarphysics.livingreviews.org/About/authors.htmlmagara.tetsuya

Flares in entire E.M. spectrum

Sources:
http://bass2000.obspm.frrlhome.php (Nan¢®adioHeliograph
http://www.stce.be/news/279/welcome.html




Standard flare model: CSHKP

FromMariaMassi(Whatis a solarflare?)
http://ivww3.mpifr -bonn.mpg.de/stafffmmassi/#coronael

Model proposed by Kopp aritfheuman(1976).

0) Magneticreconnectionoccurs

MO LG NBIldZANBAE I alGNryaAiaSyida GKFG 2LISya dzZJ GKS
2) As they close down and reconnect, energy is released that goes into accelerating electrons which
travel down the magnetic field lines.

3) These highly energetic particles will heat the dense chromosphere &db@oints

4) andthis plasma is heated and conducted into the loops

5) Posteruption loop arcade appears successively high, because of the reconnection site rises with
time

6) The ribbon separates with time because of the increasing distance betfwegmointsdue to higher
looparcades

PIL:Polarityinversion line §lsocalledneutral line): The line that separates solar magnetic fields of
opposite polarity, typically determined from solaagnetogramgecording the longitudinal magnetic
component.

From http://www.swpc.noaa.gov/content/spacaveatherglossary#n
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Standard flare model: CSHKP

He Filament
(Prominence)

Hard X-ray

) Soft X-ray
X-ray Loop

FromMariaMassi(Whatis a solarflare?)
http://ivww3.mpifr -bonn.mpg.de/stafffmmassi/#coronael

Model proposed by Kopp aritfheuman(1976).

0) Magneticreconnectionoccurs

MO LG NBIldZANBAE I alGNryaAiaSyida GKFG 2LISya dzZJ GKS
2) As they close down and reconnect, energy is released that goes into accelerating electrons which
travel down the magnetic field lines.

3) These highly energetic particles will heat the dense chromosphere & dk@oints

4) and this plasma is heated and conducted into the loops

5) Posteruption loop arcade appears successively high, because of the reconnection site rises with
time

6) The ribbon separates with time because of the increasing distance betfwegmointsdue to higher
loop arcades

So:

1. Magnetic reconnection occurs at the top of magnetic loop

2. Energetic particles are accelerated at the reconnection site

3. Particles precipitate along the magnetic loop (radio emission) and hit the chromosphere

footpoints (Hard Xray emission, Hemission and ribbon)
4. Heatedchromospheriglasma evaporates into the corona (softa§ emission, loop arcade)

Alsa Professor Valeryakariakov
https://lwww2.warwick.ac.uk/fac/sci/physics/research/cfsa/people/valery/teaching/px420/handouts/
mag_rec_flares.pdf

Alsa Shibata
http://cedarweb.vsp.ucar.edu/workshop/tutorials/2001/Shibata.pdf

v



Standard flare model: CSHKP

HCUI‘UIM

Hou et al. (2016)A Solar Flare Disturbing a Light Wall above a Sunspot Light Bridge
http://adsabs.harvard.edu/abs/2016ApJ...829L..29H

Solar flares are energetic phenomena in the solar atmosphere, releasing dramatic electromagnetic energy
spanning the range from-bay to radio wavelengths. In the standard tdomensional (2D) flare model (CSHKP
models; Carmichael 1968turrock 1966; Hirayama 1974; Kopp & Pneuman 197#naent rises above the

neutral line and then initially drives the flare process. The rising filament pushes the overlying magnetic field lines
upward, and the resulting losses of pressure below form an inward magnetic force toward the neutral sheet. This
force drives antiparallel magnetic filed lines to converge, leading to the formation of a current sheet, and
magnetic reconnection begins to take place. Thus, the released energy heats the coronal plasma and also
accelerates particles. The accelerated particles flow downward from the reconnection site along the newly formed
magnetic field lines, and in the lower solar atmosphere, the flare ribbons are generated (Priest & Forbes 2002).
¢tKS FTiFNBS NAOO2Yya 20aASNBBSR Ay | h yR dzf GNI @A2tS0G 0! x0
obvious characteristics of solar flares and are usually located on either side of the polarity inversion line. The flare
ribbons move apart during the reconnection process, and the separation generally stops at the edge of the
sunspots. However, Li & Zhang (2009) reported that flare ribbons sometimes sweep across the whole sunspots.

Mancuscet al. (2016)Coronal O VI emission observed with UVCS/SOHO during solar flares: Comparison with soft
X-ray observations

http://adsabs.harvard.edu/abs/2016A%26A...591A...4M

The impulsive phase is attributed to the rapid downward acceleration of particles at the reconnection region,
where magnetic energy is mainly transformed

into kinetic energy of notthermal particles, which then deposit their energy in the chromosphere and produce

hard Xray emission at the loofootpoints. The downward flux of accelerated particles generates a localized
pressure pulse that drives an evaporatigpflow of heated plasma into the corona, which then gradually cools as

it radiates in soft Xay and extreme ultraviolet (EUV) wavelengths. The gradual phase is thus associated with the
longer lasting soft Xay emission fronthromospheriplasma evaporated into the corona.



Standard flare model: CSHKP

100,000 km

b)

Figure 3: (a) Soft X-ray image of a long-durational-event (LDE) flare (see Section 2) observed by Yohkoh.
(b) Schematic picture of a modified version of the CSHKP model, incorporating the new features discovered
by Yohkoh (from Shibata et al., 1995).

SWI ) n between STCE, Kon ‘Lb

Shibata et al. (20118olar Flaresvlagnetohydrodynamiérocesses
http://solarphysics.livingreviews.org/Articles/Irsp011-6/

Several classic models based on magnetic reconnection have been proposed to explain the
phenomenological aspect of flares: Carmichael (1968d);rock(1966), Hirayama (1974), and Kopp and
Pneuman(1976) (see Figure 2). These models assume more or less a similar configuration of magnetic
FASER YR AG& ReylFrYAO LINROSaasx a2 (GKSaestke2 RSt a
andCliver 1992;Sturrock 1992; Shibata, 1999). The CSHKP model has been a standard model of
flares, and the basic features of this model are explained in Figure 3.

Shibata (1999): Evidence of Magnetic Reconnection in Solar Flares and a Unified Model of Flares
http://adsabs.harvard.edu/abs/1999Ap%26SS.264..129S

Shibata(1994)showedthat, becausehere wasan HXR on top of the S¥®Rptops. As the HXR are
producedby highenergyelectrons this meansthat the mainenergyreleasetook placeoutside above
the SXRoops

10



Standard flare model: CSHKP
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Figure 3: (a) Soft X-ray image of a long-durational-event (LDE) flare (see Section 2) observed by Yohkoh.
(b) Schematic picture of a modified version of the CSHKP model, incorporating the new features discovered
by Yohkoh (from Shibata et al., 1995).

Kon N l{b

Shibataet al. (1995)Hot-Plasma Ejections Associated with Comgamp Solar Flares
http://adsabs.harvard.edu/abs/1995ApJ...451L..83S

One of the biggest discoveries by the sofia) telescope (SXT)gunetaet al. 1991) aboardfohkoh
(Ogawareet al. 1991) is thabf cuspshapedloop structures in long duration event (LDE) flares
(Tsuneteet al. 1992a) and largecale arcade loops associated with filament eruption or coronal mass
ejections Tsunetaet al. 1992b; Hanaoka et al. 1994; McAllister et at. 1995; Hud4aisch & Strong
1995). The observed loop configurations of the LDE flares and arcade loops are quite similar to the
magnetic field configuration suggested by the classicaltivoon flare model (Carmichael 1964;
Sturrock1966; Hirayama 1974; KoppRaeumanl976). This model, which is hereafter called the
CSHKP model, predicts that magnetic fields are first opened up by global MHD instability associated
with filament eruption to form vertical current sheet, and then magnetic field lines in the current sheet
successively reconnect to form apparently growing flare loops.

Recently, using the hardrdy telescope (HXTK¢suget al. 1991) aboard ohkoh Masuda et al.

(1994) discovered that some of impulsive compacip flares occurring near the solar limb, a loop top
hard Xray (HXR) source appeared well above a softy{SXR) bright loop during the impulsive phase.
This indicates that the impulsive energy release did not occur within the gaft op but above the
loop. This is a quite exciting discovery because bright sy Xoops were often considered to be
SOGARSYOS 27F aft22L) FftINBaég Ay sKAOK SySNHe& NBfSI &
possible physical mechanism to produce such loop top haey/Xource is magnetic reconnection
occurring above the loop; i.e., a higheed jet is created through the reconnection and collides with
the loop top, producing fastnode MHD shock, superhot plasma, and/or highergy electrons

emitting hard Xrays. In this sense, the discovery of the ldop HXR source may open a possibility to
unify two distinct classes of flares, twibbon flares (or LDE flare) and comp&axp flares (or

impulsive flare), by the single mechanism of magnetic reconnection (Shibata 1995).

Alsa http://solar.physics.montana.edu/magara/Research/Topics/cshkp.html
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Standard flare model: CSHKP

P. C. H. MARTENS AND N, P. M. KUIN
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Fig. 2. The global structure of the two-ribbon flare and the location of the major observed energy [
conversion processes, viewed in a cross section along the neutral line. | L

Martens andKuin(1989):A circuit model for filament eruptions and twiibbon flares
http://adsabs.harvard.edu/abs/1989SoPh..122..263M

Shibata et al. (20118olar Flaredvlagnetohydrodynami®rocesses
http://solarphysics.livingreviews.org/Articles/Irsp011-6/

Several classic models based on magnetic reconnection have been proposed to explain the
phenomenological aspect of flares: Carmichael (196#)rrock(1966), Hirayama (1974), and Kopp and
Pneuman(1976) (see Figure 2). These models assume more or less a similar configuration of magnetic
FASER YR AG& ReylFrYAO LINRPOSaas a2 (GKSaSestki2 RSt a
andCliver 1992;Sturrock 1992; Shibata, 1999). The CSHKP model has been a standard model of
flares, and the basic features of this model are explained in Figure 3.

Shibata (1999): Evidence of Magnetic Reconnection in Solar Flares and a Unified Model of Flares
http://adsabs.harvard.edu/abs/1999Ap%26SS.264..129S

Shibata(1994)showedthat, becausahere wasan HXR on top of the SX®ptops. As the HXR are
producedby highenergyelectrons this meansthat the mainenergyreleasetook placeoutside above
the SXRoops

Alsa http://solar.physics.montana.edu/magara/Research/Topics/cshkp.html
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Various phases of solar flares

preflare
impulsive
flash
decay

* Precursor phase
— Slow increase EUV and SXR
— Darkening filament (H-alpha)
* Impulsive phase
— HXR (footpoints)
— Particle acceleration
— Type lll radio bursts
* Flash phase
— SXR, EUV and H-alpha max
— More gentle energy release
— Type Il burst
* Decay phase
— Return to pre-flare values
— Occasionally Late EUV phase
— Type IV radio burst

=
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Figure source: Benz, A. O., 2008
Living Reviews: http://solarphysics.livingreviews.org/Articles/2698 1/

1.3 The phases of flares

The timing of the different emissions of the same flare is presented schematically in Figure 2. In the
pre-flare phase the coronal plasma in the flare region slowly heats up and is visible ¥arag and

EUV. A large number of energetic electrons (up % 1@nd ions (with similar total energy) is
accelerated in the impulsive phase, when most of the energy is released. The appearance efdyard X
footpoint sources athromospherialtitude is a characteristic of this phadéaynget al.,1981). Some
high-energy particles are trapped and produce intensive emissions in the radio band.

Thethermalsoft®NJ & FyR I h SYAaairazya FAyrftte NBIFIOK GKSAN
energy is more gently released, manifestiacimetricpulsations, and further distributed. The rapid
AYONBIFaS Ay |1 h AyGSyardae IyR fAyS gARGK KlFIa 06SS
AYLlz aA@S LKIFaAS:T | fGK2dzakK | h Yre LISIK] tFrasSN®» L
to its original state, except in the high corona (>1.2R, where R jsht@sphericradius), where

magnetic reconfiguration, plasma ejections and shock waves continue to accelerate particles, causing
meter wave radio bursts and interplanetary particle events.

(&

y
y

[Kane, 1974: The gradual phase consists of the flash phase and the decay phase. Here, the flash phase
concerns the energy release as the sudden brightening. (Fundamentals of Solar astronomy, Figure
5.40).]
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Triggers of solar flares

* Magnetic restructuring & olactron acceleration site
* Magnetic flux emergence

* Helical energy storage
— Sigmoid felowng
— Kink instability

* Twisted magnetic flux
bundle

* Instability surrounding
fields '
— Long/high filaments
— Moreton/EIT wave

* Interaction with nearby
CH

jet. surge

interaction.

high-energy
electrons

@rasmc__,*

microwaves polarty
Ha microwaves
hard X-rays

Ha

Top:FromHanaokaet al., 1999Radio and Xay Observations of the Flares Caused by Interacting

Loops
http://solar.nro.nao.ac.jp/meeting/nbym98/PDF/hanaoka_2.pdf

And

Bottom: FromMaria Massi(Whatis a solarflare?)
http://ivww3.mpifr -bonn.mpg.de/stafffmmassi/#coronael

Otherexample Solarflare mechanismhttp://www.stce.be/news/265/welcome.html



Triggers of solar flares

Magnetic flux emergence

L N

Magneticflux emergence X6.9flare on 9 August 2011: http://www.stce.be/news/353/welcome.html
Blue/blackis negative(inward) magneticpolarity, red/white is positive putward) polarity

Helicalenergystorage X2.2flare on 15February2011
Velareddiet al. (2012)On the role of rotating sunspots in the activity of solar active region NOAA

11158
http://iopscience.iop.org/article/10.1088/0004637X/761/1/60/pdf

Jiang et al. (2011): Ragdnspotrotation associatedvith the X2.2flare on 2011Februaryl5
http://iopscience.iop.org/article/10.1088/0004637X/744/1/50

Alsoat PhysOrghttps://phys.org/news/201104-rotating-sunspotssupersolarflare.html
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Triggers of solar flares

Helical energy storage

(@

Magneticflux emergence X6.9lare on 9 August 2011: http://www.stce.be/news/353/welcome.html

Helicalenergystorage X2.2flare on 15February2011
Velareddiet al. (2012)On the role of rotating sunspots in the activity of solar active region NOAA

11158
http://iopscience.iop.org/article/10.1088/0004637X/761/1/60/pdf

Jiang et al. (2011): Rapdnspotrotation associatedvith the X2.2flare on 2011Februaryl5
http://iopscience.iop.org/article/10.1088/0004637X/744/1/50

Alsoat PhysOrghttps://phys.org/news/201104-rotating-sunspotssupersolarflare.html

16



Triggers of solar flares

Kink instability Unstable magnetic fields

2002-May-27
18:00:04

Kinkinstability

Toroket al. (2010)The writhe of helical structures in the solar corona
http://www.aanda.org/articles/aa/full_html/2010/08/aa135789/aa1357809.html
http://www.Imsal.com/TRACE/POD/TRACEpodarchivel4.html#movie61 (27 MayMBQNOAA
9957)

Unstableif twist ~2.5pi Toroket al., 2003:
http://www.aanda.org/articles/aa/pdf/2003/30/aah4206.pdf ).

Unstablemagneticfields
Collateradamage: http://www.stce.be/news/361/welcome.html

Shenet al. (2014)A Chain of Winking (Oscillating) Filaments Triggered by an Invisible Extreme

ultraviolet Wave
http://adsabs.harvard.edu/abs/2014ApJ...786..151S

17



Post-eruption coronal loops

STCE: httplwww.stce.be/news/316/welcome.html
STCE: http'www.stce.be/news/331/welcome.html

STCE: http'www.stce.be/news/274/welcome.html

The M2event finished with an arcade, which is the technical term for a series offfaostcoronal

loops. Interestingly, these pofiare loops continued to grow, first reaching the limit of AlA's Fid
View (FOV) on 15 October around 17:00UT, then continuing to grow even beyond AlA's FOV.
Fortunately, PROBAZ2's widfield SWAP telescope came to the rescue and was able to monitor this
arcade in its full glory till its disappearance around noon on 17 October. So, the loops of this long
duration arcade were visible for about 2.5 days (60 hours!), and at their maximum height, they were
towering at least 340.000 km above the solar surface. That's not far from the averageviganth
distance!

18



Post-eruption coronal loops
Arcade

2000/07/14 08:12:10

An arcade is a series of pe=stuption coronalloops

Bastille Dagvent
SOHO: https://soho.nascom.nasa.gov/gallery/Movies/flares.html
TRACE: http://soi.stanford.edu/results/SolPhys200/Schrijver/TRACEpodarchive3.html

Yashiro et al. (2013RostEruption Arcades and Interplanetary Coronal Mass Ejections
http://adsabs.harvard.edu/abs/2013SoPh..284....5Y
https://cdaw.gsfc.nasa.gov/publications/yashiro/yashiro2013SolPhys.pdf

Twor-ribbon flares are characterized by a pair of bright ribbons observedaipltihand ultraviolet (UV)
images. The ribbons are located on either side of a magnetic polarity inversion line and they separate
from each other as the flare progresses. Fabon flares are often associated with filament eruptions
and coronal mass ejections (CMESs). After the launch of the filament)ilatarcades are formed
connecting the two ribbons across the polarity inversion line. The emerged assembly of arches is called
a posteruption arcade (PEA). The PEAs are observed at multiple wavelengths and are known also as
long-duration (or decay) events (LDPsillaviciniSerio, and/aiana 1977) in Xay observations. The
erupting filament becomes the core of the associated CME (Weblandhausen1987;

Gopalswamt al,, 2003), thus PEAs are considered as surface signatures of Tiigath{ Bothmer,
andCremades 2004).

19



EUV late phase
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STCE: httf www.stce.be/news/268/welcome.html (concerns the 10 September 2014 flare)

One can see that the EUV emissions pedR éinutes later than those frompay. This is due to the cooling of

the postflare coronal loops, whose emissions become then better visible in the less energetic EUV passbands. The
AIA 094 emissions also show a second peak about 30 minutes after its maximum. This second peak is not visible in

x-ray. This "extra" EUV emission does not originate from the original flare site, but most probably from a volume

of higher coronal loops. This may indicate there's additionalflast loop reconnection, but at a lower
temperature than during the flare's main peak. This is called the "EUV late phase".

Sun et al. (2013)4ot Spine Loops and the Nature of a Lptese Solar Flare (grapfihis concerns the 15

November 2011 flare

http://adsabs.harvard.edu/abs/2013ApJ...778..139S
Thisevent also features an extremdtraviolet (EUV) late phase, i.e., a delayed secondary emission peak in warm
EUV lines (aboutZ MK). We show that this peak comes from the cooling of largegastnnection loops beside

and above the compact fan, a direct product of eruption in such topological settings. The long cooling time of the
large arcades contributes to the long delay; additional heating may also be reduireithe farifis small

compared to the preexisting AR, the postconnection loops can be very different in size. They will cool at

different rates during the initial, conductiedominated stage, when the cooling time scales with the loop length
squared (for recent review, sdeeale2010). Because emission in the warm EUV lines increases only after the hot
loops cool down, peaks fromA2 and A3 loops will appear at a much later time compared to Al, as already noted in
Woods et al. (2011). Additional heating from ongoing, weak reconnection may also contribute (Hock et al. 2012).

The two mechanisms need not be

mutually exclusive.

NASA: https://svs.gsfc.nasa.gov/10817
The solar EUV radiation creates our Earth's ionosphere (plasma in our atmosphere), so solar flares disturb our
ionosphere and consequently our communication and navigation technologies, such as Global Positioning System

0Dt {02 GKIFIG GNIyaYAld GKNRAAK GKS A2y2aLIKSNB® X

additional ionospheric disturbances from these later EUV enhancements are also a concern.

2 AGK

U |
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Cusp

7 — Collaboration between STCE, Koninklijke Luchtmacht, KNMI| Cb

JHV:Flare from 06 June 2000 (SOR®©hkohX1.1 in NOAA 9026)
More on this and other cuspsttp:// solar.physics.montana.edu/takeda/evt_archive/cusp_flare.html

Another example of a cusp: http://www.stce.be/news/298/welcome.html (06 March 2015)
Another example of a cusp: http://www.stce.be/news/173/welcome.html (19 Jangat?)
Another example of a cuspttp://www.stce.be/news/238/welcome.html (25 February 2014; X4.9)

Yokoyama et al. (2001¢lear Evidence of Reconnection Inflow of a Solar Flare
http://adsabs.harvard.edu/abs/2001ApJ...546L..69Y

Magnetic reconnectionRetschekl 964; Sweet 1958; Parker 1963he reorganization caused by local diffusion of
antiparallel magnetic field lines and the consequent release of magnetic enéagybeen thought to be the

cause of solar flares (e.g., Shibata 1996). Many indirect pieces of evidence for this

process have been found by recent spacecraft observations. There was, however, almost no direct evidence, such
as inflow or outflow (reconnection jet) that carries the field lines toward or from the magnetic neutral point where
the local dissipation occurs (except for McKenzie & Hudson 1999). We report here the first discovery of
reconnection inflow during a flare on 1999 March 18.

Solar flares are now thought to be caused by magnetic reconnection (Fig. 1; e.g., Shibata 1996; Yokoyama &
Shibata 1998). In this model, the antiparallel field lines dissipate in a certain local point in the corona. The tension
force of the reconnected field lines then accelerates the plasma out of the dissipation point. In response to this
outflow, the ambient plasma is drawn in. The inflowing plasma carries the ambient magnetic field lines into the
dissipating point. These field lines continue the reconnection cycle. In this manner, the magnetic energy stored
near the neutral point is released to become the thermal and flolk energy of plasm& X suppgoding

evidence for this model is the observation of a cgbaped soft Xay flare loop Tsunetaet al. 1992). The tip of

the cusp is thought to be the remnant of the kink of the reconnected field lines. Thissbaged flare loop

increases its height and the distance between thetpoints, which might be the consequence of the piling up of
the shrunk magnetic field lines (see alBarbes&Actori996;Hiei Hundhausen& Sime 1993). Flare observation

by Masuda et al. (1994) demonstrates a hand)Xsource above the softidy loop. This source suggests that

some highenergy processuch ascceleration of electrons associated with reconnection, is occurring above the
soft xray loop.
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Cusp & current sheet
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Seaton et al. (2017Pbservations of the Formation, Development, and Structure of a Current Sheet in
an Eruptive Solar Flare
http://adsabs.harvard.edu/abs/2017ApJ...835..139S

Figure 2 Evolution of current sheet structure in the 181AIA channel, beginning with its appearance

in the wake of a strong CME. Early on (upper left) the structure is long and narrow, and only later
(upper right) do background features begin to appear. These features are first seen as shrinking loops,
which later broaden (middle left, black arrow) into a more-fédee structure, while the sheet itself

(middle left, white arrow) begins to broaden. As the sheet broadens, shrinking loops are clearly visible
in the cusp region at the current sheet's base (middle right). Even later (lower left) dark inflows,
presumably SADs, become visible in the diffuse background emission. At very late times (lower right)
some material appears to flow into the sheet itself, triggering bifurcatediongn flows along the

sheet structure.

The structures we report on in this paper were formed in association with a large and complex filament
eruption that occurred on the east limb of the Sun in NOAA Active Region 11990 at about/00040
2014Februaryi p @ ¢ KA & SNYUzLIiA2y gLl a ftaz2 |aa20ArGSR gAlGK
minutes after the onset of the eruption, and a very energetic CME with a reported velocity of more

than 2100 km'sMn the CDAW CME Catalog (for a description of CDAW, see Yashiro et al. 2004).
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Two ribbon flare

http://www.stce.be/news/157/welcome.html
http://www.stce.be/news/218/welcome.html
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Canyon of fire

http://www.stce.be/news/255/welcome.html

The eruption was not associated to an obviouay flare, but a disturbance was noted in the EUV
imagery, parallel to the original position of the erupted filament on both the east and west side (see
annotated image above). The disturbance propagated through the corona at a speé&dkofi/2. Just

as the expanding flare ribbons ("parallel ribbons") and the {fkase coronal loops that often can be
seen after a solar flare, also this phenomenon is an effect of the reconnection higher up in the solar
atmosphere. The charged particles get accelerated towards the denser inner solar atmosphere, where
they collide with other particles and heat the locAfomospherienvironment and make it evaporate.

It is not an EIT wave, characteristics of which were described in a previous newsletter (see
http://mww.stce.be/news/241/welcome.html for more details). Tlieotpoints of some faint coronal
loops can be seen embedded in the expanding disturbance in the combo movies.

Anotherexampleof a canyorof-fire
NASA: https://www.nasa.gov/content/goddard/nasaleasesmovie-of-sunscanyonrof-fire
NASA: https://www.nasa.gov/content/soldilament-eruption-canyonof-fire
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Moreton waves & EIT waves

Moreton waves

Chromospheric (Ho) waves
Fast: 500-2000 km/s

More arc-like (90-120°)
— Filament blinking

Fast mode MHD waves?
More related to flares

EIT waves

Coronal (EUV) waves
Rather slow: 200-600 km/s
More isotropic (halo like)
— Stopped at CH boundaries
Fast Magnetosonic wave?
More related to CMEs

@

Anothernamefor this kind of featuresis « solartsunami»
Theyare expandindarge scalewavesin the solaratmosphereusuallyassociatedo strongsolar
eruptions(flaresand CMES$.

Animation sources:

- Moreton wave 6 December2006event
https://en.wikipedia.org/wiki/Moreton_wave#/media/File:MoretonWaveAnimation200612.gif
With associategressrelease at
http://www.nso.edu/sites/www.dev.nso.eduf/files/files/press/archive/SolarTsunami.pdf
- ElTwave 12 May 199%&vent http://umbra.nascom.nasa.gov/eit/cme/may12/

References
- a9L¢

-  SOHO/EIT Observations of the 1997 April 7 Coronal Transient: Possible Evidence of Coronal

g @dSa¢ yR O2NRyYylIt YlIaa S2SOGAzyaszs [/ KSy Si
http://lwww.ncra.tifr.res.in:8081/~basi/ASICS_2/228en.pdf

- Synthesis of CMEssociated and Effiave features from MHD simulations, Chen et al. (2005):
http://astronomy.nju.edu.cn/~chenpf/paper/ssrOl.pdf

- LargescalecoronalpropagatingF N2 y i a X Y20Bj:dat+ Sd |t
http://iopscience.iop.org/article/10.1088/0004637X/776/1/58/pdf

- Observation of a Moretowave andwavéF A £  YSy G Ay GSNI OlAz2yax =
http://iopscience.iop.org/article/10.1088/0004637X/773/2/166/pdf

- On the nature of EIT waves, Etdilimingsand their link to CMEs, Zhukov et al. (2004) :
http://www.aanda.org/articles/aa/pdf/2004/44/aa035D4.pdf

Moreton Waves, Thompson et al. (1998)tp://adsabs.harvard.edu/abs/1999ApJ...517L.151T
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EIT wave: another example

@

More examples

Moreton waves http://www.stce.be/news/222/welcome.html

ElTwaves http:// www.stce.be/news/222/welcome.html and httpwww.stce.be/news/241/welcome.html

ElFwaves are named after the Extrerudtraviolet Imaging Telescope (EIT) onboard SOHO, with which this
phenomenon was discovered in 199697. They are largscale bright fronts observed in extreme ultraviolet

(EUV) and propagating over a significant portion of the solar surface. 17 years later, the true nature of these waves
remains under debate, though there is a gradual convergence towards it being primarilyveafgsttosonievave
(directly related to the presence of a coronal mass ejection, CME, rather than a flare), but often also with a
contribution from the CME expansion (see Note 1). Other typical characteristics are its relatively low average
speed of 206600km/s, and that these fronts can be stopped at the boundary of coronal holes or near active
regions.

Note 1- A fastmagnetosoniavave is a longitudinal wave of charged particles in a magnetized plasma propagating
in all directions, including perpendicularly and parallel to the magnetic field. See image underneath (Source:
Wikipedia).

Exampleaboveon ElTwavefrom: https://corl.gsfc.nasa.gov/

November 24, 2009: Sometimes you really can believe your eyes. That's what NASA's STEREO (Solar Terrestrial
Relations Observatory) spacecraft are telling researchers about a controversial phenomenon on the sun known as
the "solar tsunami."

Years ago, when solar physicists first withessed a towering wave of hot plasma racing along the sun's surface, they
doubted their senses. The scale of the thing was staggering. It rose up higher than Earth itself and rippled out from
a central point in a circular pattern millions of kilometers in circumference. Skeptical observers suggested it might
be a shadow of some kimda trick of the eye but surely not a real wave.

"Now we know," says Jdgurmanof the Solar Physics Lab at the Goddard Space Flight Center. "Solar tsunamis are
real."

The twin STEREO spacecraft confirmed their reality in February 2009 when sunspot 11012 unexpectedly erupted.
The blast hurled a billioton cloud of gas (a "CME") into space and sent a tsunami racing along the sun's surface.
STEREO recorded the wave from two positions separated by 90 degrees,
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EIT wave: another example

SDO/AIA Tri—Color 06—Sep—2011 SDO/AIA Running—Diff. Tri—Color 06—Sep—2011
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Shenet al. (2014)A Chain of Winking (Oscillating) Filaments Triggered by an Invisible Exilteaviolet Wave
http://adsabs.harvard.edu/abs/2014ApJ...786..151S

In this paper, we present the observations of a chain of winking filaments and a subsequent jet that are observed
right after the X2.1 flare in AR11283. The event also produced an exiuéragiolet (EUV) wave that has two
components: an upward domlke wave (85&m s-t) and a lateral surface wave (5&rh s°1) that was very weak

(or invisible) in imaging observations. By analyzing the temporal and spatial relationships between the oscillating
filaments and the EUV waves, we propose that all the winking filaments and the jet were triggered by the weak (or
invisible) lateral surface EUV wave. The oscillation of the filaments last for two or three cycles, and their periods,
Doppler velocity amplitudes, and damping times are22inutes, 614km s, and 2560 minutes, respectively.

We further estimate the radial component magnetic field and the maximum kinetic energy of the filaments, and
they are 510G and ~18&J, respectively. The estimated maximum kinetic energy is comparable to the minimum
energy of ordinary EUV waves, suggesting that EUV waves can efficiently launch filament oscillations on their

path. Based on our analysis results, we conclude that the EUV wave is a good agent for triggering and connecting

successive but separated solar activities in the solar atmosphere, and it is also important for producing solar
sympathetic eruptions.

In this paper, we present an interesting observational study of a chain of winking filaments that was in association

with aGOEX2.1 flare in the NOAA active region AR11283 (N13W18) on 2011 September 6. The flare was
produced with a remarkable EUV wave propagating mainly in the northwest direction, which not only triggered
the oscillation of three filaments in the northwest of AR11283, but also launched the oscillation of a long filament
and the occurrence of a small jet in the eastern hemisphere, where the wave signature is very weak or even

invisible.

According to previous studies, winking filaments are often trigged by eifm@mospheridvloreton waves or
coronal EUV waveg{oet al.2002 Okamoto et al2004). In the present case, we do not detect any significant

AA3AYLFGdNBE 27

a2NBi2y o6l 3Sa Ay |h 206aSNUIGAZ2Y&ad hy

northwest of AR11283, it is hard to understand the trigger mechanisms of the F1's oscillation and the occurrence
of the small coronal jet.

iKS
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http://iopscience.iop.org/article/10.1088/0004-637X/786/2/151/meta#apj493985r20
http://iopscience.iop.org/article/10.1088/0004-637X/786/2/151/meta#apj493985r63

Coronal dimming (Transient CHs)
—

SWIC 2017 — Collaboration between STCE, Koninklijke Luchtmacht, KNMI Cb

http:// www.stce.be/news/362/welcome.html

Mason et al. (2016Relationship of EUV Irradiance Coronal Dimming Slope and Depth to Coronal Mass
Ejection Speed and Mass

http://adsabs.harvard.edu/abs/2016ApJ...830...20M

Large regions of temporary dimming or darkening of preexisting solar coronal emission often
accompany coronal mass ejections (CMEs) and may trace field lines opened during the CME. The
plasma of the solar corona responds in a number of ways to an eruptive event. Mason et al. (2014)
provide details about the physics behind coronal dimming and the observational effects to be
considered during analysis. Therein, the case is made for two hypotheses: that the slope of de
convolved, extremaulltraviolet (EUV) dimming irradiance light curves should be directly proportional to
CME speed, and similarly, that dimming depth should scale with CME mass. Dimming regions can be
SEGSyar@dSsy NBLNBaSyidAy3a Id tSFH&ad LINIG 2F GKS aol
transported outward by it.

Extensive surveys of EUV images containing coronal dimming events and their relation to CMEs have
been performed byReinard& Biesecke(2008, 2009). For their sample of 100 dimming events,
Reinard& Bieseckef2008) found mean lifetimes ofl&, with most disappearing within a daigeinard

& Biesecke(2009) studied CMEs with and without associad@dmings finding that those with
dimmingstended to be faster and more energetidewsheret al. (2008) found a 55% association rate

of dimming events with CMEs and conversely that 84% of CME events exhibited dimming.

The timescale for dimming development is typically several minutes to an hour. This is much faster
than the radiative cooling time, which implies that the cause of the decreased emission is more
dependent on density decrease than temperature change (Hudson et al. 1996). Studies have
demonstrated that dimming regions can be a good indicator of the apparent base of the white light
CME (Thompson et al. 2000; Harrison et al. 2003; Zhukayc&ere2004). Thusdimmingsare usually
interpreted as mass depletions due to the loss or rapid expansion of the overlying corona (Hudson et
al. 1998;Harrison & Lyons 2000; ZhukoAficheére2004).
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Coronal dimming (Transient CHs)
TN

http:// www.stce.be/news/362/welcome.html

Chenget al. (2016)The Nature of CMHare-Associated Coronal Dimming

http://adsabs.harvard.edu/abs/2016ApJ...825...37C

During the eruptive events, transient coronal holes, or coraliraimings are oftenobserved (Thompson et al.

2000; Harrison et al. 2003; Zhuk&Auchere2004). Coronal dimming was first observed in Skylab data and

characterized as transient coronal holes (Rustig®iner1976; Rust 1983). Subsequently, similar observations

have been analyzed to study the relationship of dimming with CMEs, flares, and other associated pheXomena

Bythese series of studiedjmmingsare usually interpreted as mass depletion due to the loss or rapid expansion

of the overlying corona (Hudson et al. 1998; Harrison & Lyons 2000; Zhukash&re2004). This interpretation

is supported by imaging observations of simultaneous anspatial dimming in several coronal lines (eZgtro

et al. 1999; Sterling et al. 2000), as well as spectroscopic observatiama& Sterling 2001; Tian et al. 2012).

Although CMEs are also observed to occur without dimniRegnard& Biesecke2009) found that nordimming

/ag9&a |ttt KIFI@S alLlSRa 2F tS&aa GKFry ynn 1Y &abtand &adzZa3S&ai;

dimmingproperties. Krista &einard2013) found further correlations between the magnitudeslimhmingsand

flares, and the CME mass by studying variations between recurring eruptiomsramings

Coronal dimming can be produced by various processes, although the main contributor is mass depletion. As

summarized by Mason et al. (2014), several different mechanisms have been proposed to explain coronal

dimming.

(1) Massloss dimming: the madess dimming is produced by the ejection of emitting plasma (Harrison & Lyons
2000;Harra& Sterling 2001), which causes darkening of the areas in and near the erupting active region.

(2) ThermaDimminggX (G KAa&a Aada RdzS (2 GKS KSFiGAYy3a 2F O2NRY It LIX I 2
F NBF& FLIISENI REN] Ay SEGNBYS dzf GNF gA2f S X

(3) Obscuration Dimming< 6 n U DiIMNING:® 6 p 0 BirgnidgK S NJ

Amongthese mechanisms the ma&sss dimming is considered to be the main process of coronal dimming, and

this scenario is supported by many recent studies (Sterlirtydson 1997; Reinard & Biesecker 2008, 2009;

Aschwanderet al. 2009).
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Jets, surges,...

Sterling et al. (2016Minifilament Eruptions that Drive Coronal Jets in a Solar Active Region
http://adsabs.harvard.edu/abs/2016ApJ...821..100S

Figure 1. Schematic showing in 2D the formation process of jets, as suggested by Sterling et al. (2015). The bold
horizontal black line is the photosphere, curved black lines represent magnetic field that has not undergone

magnetic reconnection, curved red lines show field that has undergone reconnection, and red crosses show

locations where reconnection is taking place. (a) A comipipctie carrying amini-filament (blue) resides next to a
largerscalebipole, in a background ambient open coronal field. (b) Due to an unspecified processirthe
filament-carryingfield erupts outward. Its field orientation is such that magnetic reconnection with the

surrounding field external to the eruptirfgpoledoes not occur, as long as the eruptisigoleis on the near side

(i.e., the side from which the eruption originated) of the apex of the labjgsle. Reconnection does, however,

occur among the field internal to the eruptitgpoleA G 8 St F 60 aAY G SNY I f NBabgenscals Ol A 2 y £ ¢
filament eruptions that result in typical solar flares and CMEs. In the-grgke flares the internal reconnection

NBadz G§& Ay F ay2NXIfté a2t N Ffl NS gKAf SmidifjfaménKk A & Ol 4§
carryingdfield results in the jet bright point (JBP) (bold red semicircle). (c) When the erupting field reaches the far
endofthelarged A LIZfLESES A Ga 2NASYy Gl A2y Aa Tl O2NIo6fS FT2NI NBO2
NBO2yySOiGA2yé¢0x NBadzZ GAy3 Ay I ySg bipddSwhotdofoGatjgig f Ay ST |
occurs on the newly reconnected open field lines. (d) If the external reconnection of the ejetteilament-

carryingfF ASET R Sy @St 2135 LINRPINB&aasSa 7FImidi-fiyiehdnatérial fbiieiand lighK | & FA S
blue), which is in the core, will escape along new open field lines, resulting in a cool component of the coronal jet.

ExampleF NR Y €[ SI@Ay3a 2y | 28iGéY KUilLIYkkoo6Pa(10SPoSkySsacH
SWP@lossary http://www.swpc.noaa.gov/content/spacaeatherglossary
Surge A jet of material from active regions that reaches coronal heights and then either fades or returns into the

chromosphere along the trajectory of ascent. Surges typically last 10 to 20 minutes and tend to recur at a rate of
approximately 1 per hour. Surges are linear and collimated in form, as if highly directed by magnetic fields.
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Jets, surges,...

Liuet al. (2016)On the Observation and Simulation of Solar Coronal Twin Jets
http://adsabs.harvard.edu/abs/2016ApJ...817..126L

Decades have passed since the first observations on solar jets (hamed as surges in Newton 1934), which are
thought to play an important role in solar wind acceleration and coronal heating {&igopoula& Tziotziou
HannT ¢AlLY SG Ffd wnmnod ! ISYySNIftAT SR RSFAYAlGAZY 27
1996;Jibben& Canfield 2004)JV/EUV/Xay jets (e.g., Schmieder et al. 1988; Patsourakos et al. 2008; Tian et al.
2014; Liu et al. 2015) and spicules (bgPontieuet al. 2007; Shibata et al. 2007), among which their different
names come from different dominant temperatures and sizes. As shown in many previous works (Shibata et al.
1996, as a review), different jets obtain quite different physical characteristics such as length and axial speed,
which range from a few to hundreds mfegametersand tens to thousands of kilometers per second, respectively.
Despite the different properties of different jets, it is believed that they are triggered by a similar mechanism
(except type bpicules, D&ontieuet al. 2007). Reconnectiobgtweennewly emerging twisted loops with pre
existing ambient open fields (e.g., Morehtsertiset al. 2008) lead to the heating and initiation of bulks of

plasma, which are observed as materials of a$etvChevat al. 2007). Twists transferred from the emerging flux
then lead to the rotational motion of jets, as observed and studied widely through observation and simulation
(e.g., Xu et al. 1984; Shibata & Uchida 1985; Caretedtl 1996; Shimojo et al. 2007; Pariat et al. 2010; Liu 2009;
Fang et al. 2014; Liu et al. 2014).

9EFYLX S FNBY £[SI@Ay3a 2y | 2Si0GéY KiGlLYkkos6daliOSdoSky
Alsa

Cheunget al. (2014)Flux Emergence (Theory)

http://adsabs.harvard.edu/abs/2014LRSP...11....3C

Chapterd andFig. 53.

SWP@lossary http://www.swpc.noaa.gov/content/spaceveatherglossary
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Solar flare classification: H-alpha
Importance A (MH) A
* H-alpha 5 10<A. <100 | 02<A.<21
— Visuall 1 100<A.<250 | 21<Ac<52
— |mp0rtance 2 250<A, <600 | 52<A <124
. @ max. brlghtness 3 600 <A <1200 [ 124<A. <247
. S, 1’ 2’ 3} 4 4 1200 <A, MT<A
— Brightness $C24 (M&X only; 437) - Jan 2009-Dec 2016
* Faint, Normal,
Brilliant 140 1
. 120 7
— Optical class 100 7
80 B
« E.g. SF, 3B,.. & .
. . . 0 7. ~ "3
— Limited correlation <. d — /F
with geophysical s T :" e
swicgfif@@igoration between STCE, Kon ¢

H-alphaflare classificationAustralianSWS: http://www.sws.bom.gov.au/Educational/2/4/2
H-alpha observing: http://users.telenet.be/j.janssens/Halpha/Halfaeng.html#Flares

FromSWPQ@ aTh&€ Weekly User guide
(http:/lwww.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 4)

hLIWGAOFE LYF2NXYIFGA2Y O0hLIWOY ¢KS 2LIGA0OLIE OflFaaAFTFAOLGAZ2Y |
an importance and a Brightness parameter:

* Importance is the corrected area of the flaretieliosphericsquare degrees ahaximum brightnessobserved

Ay GKS 1h £AYyS b6cpcdo yYOd

S-Subflared I NBI X Hdn RSIADHO

1-LYLRNIGFYOS M 6HdM X FNBI X pdm RSID HO
2-LYLRNIIFYyOS H o6pdH X I NBIF X MHdn RSIAD HOU
3-LYLRNIIFYyOS o o6MHdp X | NBI X wndt RS3IP HO

4 - Importance 4 (arez 24.8 deg. 2)

F . NAIKGySaa Aa GKS NBfIFGADBS YIEAYdZY 6NRAIKGYySaa 2F F¢l
F¢ faint; N¢normal ; Bg brilliant

F [20FGA2y 66[Fid 6/a50 IABSE GKS ALIKSNROFf I KSEA2INI
degrees from the solar equator (heliographic latitude), and distance in degrees from a line extending from the

north solar rotational pole to the south solar rotational pole through the center of the solar disk as viewed from

Earth (central meridian). The field is blank faay events with no optical correlation (no optical flare observed or

no optical patrol at the time) and for flares that occasionally occur in unassigned regions).

Thisclassifications still widelyused e.g in thedaily SWPCeven) reports, The Weekly, the L 5 Urdijéamsand
weeklydo dzf £ SGAyazX

Adetailedanalysiof Halphaflare propertiesis by Temmeret al. (2001)

Statistical analysis of solar ftares
http://www.aanda.org/articles/aa/pdf/2001/33/aal413.pdf
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Solar flare classification: H-alpha

@
DAY BEGIN MAX END LOC XRAY OP 10CM Catania/NOAA RADIO_BURST_TYPES
SF22 Apr 2015 0830 0844 0858 SO9EO5 M1.1 SF
IN:16 Apr2014-1954 1959 2004 S14E09 M1.0 1IN 24/2035 11/2
2B: 02 Apr 20141318 1405 1428 N14E53 M6.5 2B 3700 09/2027 1/11V/2
3B: 07 Mar 20120002 0024 0040 N17E27 X5.4 3B 7200 IV/L,11/2,VI2

Data arefrom the SIDC / Dailygrsigramghttp://www.sidc.be/archive )
Imagesarefrom GONG/NSO-HIpha Network (ftp://gong2.nso.edu/HA/hag/ )

| 2 y (f+&pha classification)

The size (or importance) offiare canalsobe measuredn MH.Fromthe wikipediasite:
https://en.wikipedia.org/wiki/Solar_flare#kalpha_classification

H-alpha classification

An earlier flare classification is basedlofispectral observations. The scheme uses both the intensity and
emitting surface. The classification in intensity is qualitative, referring to the flareBaist,((n)ormal or

(b)rilliant. The emitting surface is measured in termsriffionthsof the hemisphere and is described below. (The
total hemisphere aredy, = 15.5x 102 km?.)

Classification Corrected Area [millionths of hemisphere]

S <100

1 100¢ 250

2 250¢ 600

3 600¢ 1200

4>1200

A flare then is classified taki®pr a number that represents its size and a letter that represents its peak intensity,
v.g: Snis anormalsubflare1d

TandbergHanssenEinar Emslie, A. Gordon (1988). Cambridge University Press, ed. "The physics of solar flares".
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https://en.wikipedia.org/wiki/H-alpha
https://en.wikipedia.org/wiki/Solar_flare#cite_note-10
https://en.wikipedia.org/wiki/Einar_Tandberg-Hanssen
https://en.wikipedia.org/wiki/Einar_Tandberg-Hanssen
https://en.wikipedia.org/wiki/Einar_Tandberg-Hanssen
https://en.wikipedia.org/wiki/Einar_Tandberg-Hanssen

Solar flare classification: H-alpha

Fig 1: Evolution of historical 4B/X17.2 class solar flare in H-alpha on 28
October 2003 from super-active region NOAA 10486. Observed from ARIES,
Nainital (http://www.aries.res.in/research/solar/ ) (. )

| 2y (Halpha classification)

FromTownsend et al. (1982): A source book of sadargeophysicagnvironment
http://www.dtic.mil/dtic/tr/fulltext/u2/a138682.pdf (pp. 105 and 107):

One optical flare intensity or "brilliance” classification is based on the Doppler shift of the hydrogen
alpha line. This Doppler shift is a measure of emitting gas particle velocity and is used by the observer
in making his subjective estimate of flare intensity. Using this system we classify flares as follows:

Intensity Doppler Shift of Flare Emission

Faint (F) Seen over a line width of 0.8 Angstrom or greater.
Normal (N) Seen over a line width of 1.2 Angstrom or greater.
Brilliant (B) Seen at + and/or1.0 Angstrom off line center.

The SOON (Solar Observing Optical Network) telescopes are capable of directly measuring the intensity
of optical flare emissions. The SOON observatories report as their flare brightness the measured flare
intensity. However, the observed intensity is strongly dependent on the seeing conditions, and only a
slight amount of atmospheric pollution can drastically alter the measured intensity.

History of Halpha observations:
http://adsabs.harvard.edu/abs/1966SSRuv....5..388S
Optical Observations of Solar Flares@ S 34iR Sy 1966

The Halpha flare classification system was approved by Commission 10 of the IAU irZtB66 488:
Astrophysics of the Sun, pp. 347).
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http://adsabs.harvard.edu/cgi-bin/author_form?author=Svestka,+Z&fullauthor=%c5%a0vestka, Zden%c4%9bk&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Svestka,+Z&fullauthor=%c5%a0vestka, Zden%c4%9bk&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Svestka,+Z&fullauthor=%c5%a0vestka, Zden%c4%9bk&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Svestka,+Z&fullauthor=%c5%a0vestka, Zden%c4%9bk&charset=UTF-8&db_key=AST

Solar flare classification: X-ray

GOES Xray Flux (5 minute data) Begin: 2014 Oct 25 0000 UTC
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Source: http://iopscience.iop.org/article/10.1086/304521/fulltext/36016.text.html

FromSWPQ@ aTh&€ Weekly User guide
(http:/iwww.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 2)

The letter classification of solar flares used in these definitions (Table 1) was initiated on 01 January 1969. This
classification ranks solar activity by its pealay intensity in the 0.1.8 nm band as measured by the
Geostationary Operational Environmental Satellites (GOES).-Tahisclassification offers at least two distinct
advantages compared with the standard optical classifications: it gives a better measure of the geophysical
significance of a solar event, and it provides an objective means of clasgiégpgysicallgignificant activity
regardless of its location on the solar disk.

Tablel. The SWPCray flare classification
Peak Flux Range (€018 nm)

Classification mkssystem (W ) cgssystem (erg cA2s-1)
A v fF-Mn U f-n

B 10T wK f-Ban 10n X @B f mMn

C 10c X & fl@a X &€ f wmn

M 10p XK ¢ fl@R X d f wmn

X 10n X v 10m X U

The letter designates the order of magnitude of the peak value and the number following the letter is the
multiplicative factor. A C3.2 event for example, indicates-aayburst with 3.2x1®Wm-2 peak flux. Solar flare
forecasts are usually issued only in terms of the broad C, M, and X categories-i@inbests are observed as a
full-Sun value, bursts below theray background level are not discernible. The background drops to class A level
during solar minimum; only bursts that exceed B1.0 are classifiedasevents. During solar maximum the
background is often at the class M level, therefore class A, B,-oayCursts cannot be discerned. Data are
measured by the NOAA GOES satellites, monitored in real time in Boulder (Grubb 1975).

TheCis oftenreferredto as «Common» , M as «Medium (ormoderate) », and X as eXtreme
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Solar flare classification: X-ray

GOES Xray Flux (5 minute data) Begin: 2014 Oct 25 0000 UTC
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Source: http://iopscience.iop.org/article/10.1086/304521/fulltext/36016.text.html

Tablel. The SWPCray flare classification
Peak Flux Range (6018 nm)

Classification  mkssystem (W ) cgssystem (erg cr2s1)
A U F-MN v F-4Mn

B 10T v f-Ba/10n XK B fF M~

C 10c X & 1tOon XK @ f M~

M 10p XK ¥ 10mn XK & f MmN

X 10n X u 10m X v

The letter designates the order of magnitude of the peak value and the number following the letter is

the multiplicative factor. A C3.2 event for example, indicates-eay»burst with 3.2x1@Wm-2 peak

flux. Solar flare forecasts are usually issued only in terms of the broad C, M, and X categories. Since X
ray bursts are observed as a f8lin value, bursts below theray background level are not discernible.

The background drops to class A level during solar minimum; only bursts that exceed B1.0 are classified
as xray events. During solar maximum the background is often at the class M level, therefore class A,

B, or C »ay bursts cannot be discerned. Data are measured by the NOAA GOES satellites, monitored in
real time in Boulder (Grubb 1975).

X-ray Background: The daily average backgrourayxXlux as measured by the GOES satellite. To

better reflect mid day values, the average is the lower of (a) the averageniridte data between

0800UT to 1600UT, or (b) the average of the 0000UT to 0800UT and the 1600UT to 2400UT data. The
value is given in terms ofray class (Donnelly 1982); (Bouwer, et al.1982ayflux values below the

B1 level can be erroneous because of energetic electron contamination ofrthesensors. At times

of high electron flux at geosynchronous altitude, theay measurements in the low-éass range can

be in error by 2680 percent. Measurements taken during periods of low energetic electron fluxes are
much more accurate.

36



Solar flare classification: X-ray

* Frequency terminology
— Solar (flaring) activity
— For a 24 hour period

High: several (5 or more) M-class x-ray events, or isolated (one to four) M5 or greater x-ray events.

Very High: several (5 or more) M5 or greater x-ray events.

Number of days

-/ p ol
PRF User Guide — August 2012 -

Very Low Low Moderate High

SWIC 2017 - Collaboration between STCE, Koninklijke Luchtmacht, KNMI

Terms Used to Describe Solar Activity Solar activity in SC24 (Jan 2009-December 2016)
Very Low: x-ray events less than C-class 1400
Low: C-class x-ray events, 1200
Moderate: isolated (one ro four) M-class X-ray events. 1000

Very High

(@

Source: http://www.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf

Solar Activity in SC24 (Jan 20@®c 2016)
Very Lowl291Low1214Moderate 299High118Very HighD
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Solar flare classification: X-ray

GOES Xray Flux {1-minute data)
s

* Back-up for GOES x-ray
— SDO/EVE
— PROBA2/LYRA

SDO/ GOES X-Ray Flare Watch GOES 010 8nm (red), LYRA Al (blus) & 2 (grey) promy

Solar Xoray Lvadinnce

SDO/EVE: http://lasp.colorado.edu/eve/data_access/sdo_xray_proxy/eve_goes_xray_proxy
PROBAZ2/LYRA: http://proba2.oma.be/ssa

Thesemeasurethe solarEUV outputwhichisthen scaledto GOESothat they canbe reliably
comparedandsubstituted SothesescaledEUVimeasurementsare proxiesfor the GOES-ray
measurements
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* NOAA-scales: R-scale

Solar flare classification: X-ray

Physical

Scale | Description | Effect
measure

Average Frequency
(1 cyde = 11 years)

Extreme X20

(2x103)

Less than 1 per cycle

Severe X10
(1073

8 per cydle
(8 days per cycle)

Strong x1
(107%)

175 per cydle
(140 days per cycle)

R2 Moderate M5

(5x10°9)

350 per cyde
(300 days per cycle)

R1 Minor M1
(10°%)

2000 per cycle
(950 days per cycle)

Fromthe SWP@ebpage
NOAA Space Weather Scales

The NOAA Space Weather Scales were introduced as a way to communicate to the general public the
current and future space weather conditions and their possible effects on people and systems. Many
of the SWPC products describe the space environment, but few have described the effects that can be
experienced as the result of environmental disturbances. These scales are useful to users of our
products and those who are interested in space weather effects. The scales describe the
environmental disturbances for three event types: geomagnetic storms, solar radiation storms, and
radio blackouts. The scales have numbered levels, analogous to hurricanes, tornadoes, and
earthquakes that convey severity. They list possible effects at each level. They also show how often

such events happen, and give a measure of the intensity of the physical causes.

The« R» stands for Radio Blackout. Natestartsonly from M1 clasdlaresandhigher.

More at http://www.stce.be/news/366/welcome.html
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Solar flare classification: X-ray

* NOAA-scales: R-scale
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Fromthe SWP@vebpage

NOAA Space Weather Scales

The NOAA Space Weather Scales were introduced as a way to communicate to the general public the
current and future space weather conditions and their possible effects on people and systems. Many
of the SWPC products describe the space environment, but few have described the effects that can be
experienced as the result of environmental disturbances. These scales are useful to users of our
products and those who are interested in space weather effects. The scales describe the
environmental disturbances for three event types: geomagnetic storms, solar radiation storms, and
radio blackouts. The scales have numbered levels, analogous to hurricanes, tornadoes, and
earthquakes that convey severity. They list possible effects at each level. They also show how often
such events happen, and give a measure of the intensity of the physical causes.

The« R» stands for Radio Blackout. Natestartsonly from M1 clasdlaresandhigher.

More at http://www.stce.be/news/366/welcome.html

Systematic satellite observations of the Sun started in 1976 with GOES. For each year and for each
disturbance type, one can count for every level the number of events. E.g. so far for 2016, we've had
only 10 R1 events (flares with intensity between M1 and M5) and 4 R2 events (intensity between M5
and X1). Data can be retrieved at resp. NGDC/NOAA, NASA/NOAA and WDC Kyoto, and run through
mid-October 2016.

Each graph shows the yearly accumulation of the events, with the yearly International Sunspot
Number (SILSO) superposed on it as the gray dashed line. E.qg. in the chart above, filve2@dar of

SC24 maximumthe number of radio blackouts amounted to 222, consisting of 183 minor (R1), 23
moderate (R2), and 16 strong (R3) events. This is clearly less than during previous solar cycles such as
e.g. in 1989 when there were no less than 679 radio blackouts including 59 strong or more intense
events! Also, SC24 has not produced any severe or extreme event so far, i.e. X10 or stronger flare.
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Solar flare numbers
* X-ray
0
1 y=-2.1333x+0.6274
',-_g' -2
g
Z
g
6
-7
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Log[X-ray class]
e . N

Theabovechart shows foeachbin ofsolarflare intensity (C3X6) the ratio of thenaumber of flaresfor
that bin vs. the totahumberof flares(25031flares Januaryl976¢ May 2016) Bothaxis are
logarithmicin nature. The C2 aridwer classesvere omitted asthesenumbersare affectedduring
highsolaractivity (high xray background). The X7 ahijherintensitieswere omitted for not
sufficientdata.

Thelinearexpressiorbetweenthesetwo quantitiesisy=0.62742.1333x

Thismeansthat the numberof flaresN for a bincanbe calculatedrom a powerlaw equatiornt N =
25031. delta . 4.242113 , with deltaequallingl, 10 or 100 for theesp. class C, M or X.

Anotherrule of thumb: Sincel976,there have been a total of 55000y flares About 48000vere G
clasdlares 6500were M-clasdlares and 500were X-classlares

Or inpercentagesForeveryl100solarflares there are 87 Elasdlares 12 Mclasdlares and 1 Xclass
flare.

More onthis (for the period 1976:1993)is at the AustralianSWS:
http://www.sws.bom.gov.au/Educational/2/4/5
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Solar flare duration
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FromSWPQ@ aThe& Weekly User guide
(http://lwww.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 15)

The start of an xay event is defined as the first minute in a sequence of 4 minutes of steep monotonic
increase in 0.0.8 nm flux. The time ofray maximum is defined as the time tag of the peakihute
averaged value-ray flux. The end time is the time when the flux level decays to a point halfway (1/2
peak) between the maximum flux and the giare background level.



Solar flare duration

Jan 1976 - Dec 2000 Jan 2009 - Nov 2015
Class | Number | Median
B 8844 10 B 4041 10
C 16507 12 C 7015 14
X 63 30 X 45 24
T 26745 12 T 11760 13

Number of B.class fares

Number of M-class flares.

Number of Cclass flares.

Mumber of X-chass fares

§EEEEE
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/ | |
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FromSWPQ aTh€ Weekly User guide

(http://lwww.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 15)

The start of an xay event is defined as the first minute in a sequence of 4 minutes of steep monotonic
increase in 0.0.8 nm flux. The time ofray maximum is defined as the time tag of the peakihute
averaged value-ray flux. The end time is the time when the flux level decays to a point halfway (1/2
peak) between the maximum flux and the giare background level.

FromTemporal aspects and frequency distributions of solar softay flares
Veroniget al. (2002): http://www.aanda.org/articles/aa/pdf/2002/06/aa1910.pdf

Andfrom The duration ofsolarflares

http://www.stce.be/news/332/welcome.html
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Solar flare duration

Impulsive flare Long Duration Event

* M- and X-class only » All flare classes

* Duration * Duration

— Total duration < 10 minutes — Total duration > 1 hour
* Usually NOT associated with — Decay time > 30 minutes
CMEs (SWPC)

+ Compact * Association with CMEs
increases with increased
duration

— But exceptions, e.g. NOAA
2192

NMI b

Fromthe SWP@lossarat http://www.swpc.noaa.gov/content/spacaveatherglossary#longduration
(operationaldefinition)

long duration event (LDE) With reference toay events, those events that are not impulsive in
appearance. The exact time threshold separating impulsive fromdongtion events is not well

defined, but operationally, any event requiring 30 minutes or more to decay tehalfepeak flux is

regarded as an LDE. It has been shown that the likelihood of a coronal mass ejection increases with the
duration of an xay event, and becomes virtually certain for durations of 6 hours or more.
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Solar flare duration

Impulsive flare Long Duration Event

X1 - NOAA 1890 - 10 Nov 2013 (duration: 10 minutes) X1 - NOAA 1520 - 12 July 2012 (duration: 113 minutes)

(@

Fromthe SWP@lossarat http://www.swpc.noaa.gov/content/spacaveatherglossary#longduration
(operationaldefinition)

long duration event (LDE) With reference toay events, those events that are not impulsive in
appearance. The exact time threshold separating impulsive fromdongtion events is not well

defined, but operationally, any event requiring 30 minutes or more to decay tehalfepeak flux is

regarded as an LDE. It has been shown that the likelihood of a coronal mass ejection increases with the
duration of an xay event, and becomes virtually certain for durations of 6 hours or more.

Imageryfrom STCE: http://www.stce.be/news/332/welcome.html

A short and a long duration X1 flaring event. These took place resp. in NOAA 11890 on 10 November
2013 (duration: 10 minutes) and in NOAA 11520 on 12 July 2012 (duration: 113 minutes or nearly 2
hours). The latter was accompanied by a full halo CMEBrarize), but also the 2013 X1 flare was
associated with a partial halo CME.
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Solar flare frequency

GOES Xray Flux {1—minute data) Begin: 2017 Jan 27 0000 UTG
107 £

* |solated flare
— Usually specified per
class
*+ BCM
— From entire Sun
— NOAA/SWPC:
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FromSWPQ@ aTh& Weekly User guide
(http:/Avww.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 1)

Terms Used to Describe Solar Activity

Very Low: xay events less than-€ass.

Low: Cclass xray events.

Moderate: isolated (one to four) Mlass xay events.

High: several (5 or more){glass xray events, or isolated (one to four) M5 or greatemray events.
Very High: several (5 or more) M5 or greateay events.

Wheatlandet al. (2002)Understandingolarflare waiting-time distributions
http://www.physics.usyd.edu.au/wheat/papers/pdfs/understanding_ WTD.pdf

Figure 2 shows the waitiatime distributions for the GOES events (greater than C1 class) for the maximum and
minimum phases of the cycle as defined by

Figure 1. The upper panel shows the WTD for all yearsc?®03, and reproduces the powdaw tail reported by
Boffetaet al.(1999). The dashed vertical

line indicates the average waiting time, which is about 6.5 hours.

The lower panel showthe WTDdor the maximum and minimum phases of the cycle. The distribution for the
maximum phase has a steeper distribution,

because the rate of flaring is higher around solar maximum, and so the average waiting time is less. The average
waiting times for the two phases are indicated by the dashed vertical lines. The maximum and minimum
distributions both exhibit approximate powdaw tails.

Fromhttp://users.telenet.be/j.janssens/Archives/Archives.html#021109

Thelongeststretchwithout Gclassflareswasfrom 3 April till 3November2008,i K | 2d4@a@nsecutivedaysof
verylow activity.

Sincethe start of systematidGOES observatiorthere have beeronly 9 periodswith morethan 60 consecutive
dayswith no Gclasdflares 6 ofthosehappenedduringthe mostrecentSC235C24 minimund ¢ léheststretch
without M-classflareswasfrom 25 March 2008 till 19anuan?010 (665days) @ Xonde#ts§etchwithout X-
clasdlareswasfrom 14 Dec2006 till 15February2011 (1524ays.
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Different types of solar flares

* Homologous flares
— Same region
— Almost identical location & shape
— Occurring repeatedly
— Often similar strength & time interval

GOES Xray Flux (5 minute data)  pegin: 2000 Nov 24 0000 UTC
1072 T T

Watts m™

:!\ ,
LN

of
Fig. 13 An example of homologous flarcs. Both pictures were taken 0.8 A to the red in the He line: gt respe Y- romr A
(2) at 18"18™ UT in 1968, July 9, aboulllmm after the flare onset; (b) |000!“UT on July 12 ¢} e " - or 2

5

Universal Time

(i.e.. about 54 h. later), 9 min. after the onset of the homologous flar Updated 2000 Nov 26 23:59:04 UTC NOAA/SEC Boulder, CO USAY
(After White and Janssens, 1970.)

More info at http://www.stce.be/news/244/welcome.html

Andin Rannset al., 2000 Emerginglux as a drivefor homologoudlares
http://adsabs.harvard.edubg2000A%26A...360.1163R

Andin Zirin, Astrophysic®f the Sun, 1988 pp. 353

Homologous flares are the solar equivalent of identical twins. They concern a series of solar flares
taking place repetitively in the same active region with essentially the same position and with a
common pattern of development, i.e. having the same nfaotpointsand general shape in the main
phase as defined in-Blpha or EUNfmagery. Though not a requirement, homologous flares often have
similar strength, and if there are more than two, they sometimes occur within similar time intervals.

Image sourceSolarFlares ZdenekSvestkal976,chapterll, page 24
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Different types of solar flares

e Simultaneous flares
— In different active regions

— At nearly the same time
« Difficult to attribute flare source

* Sympathetic flares
— Simultaneous flares
— Physically connected
* Statistical evidence

* Observational evidence
— 1 August 2010 event

More at http://www.stce.be/news/249/welcome.html

Last week, scientists got a few additional simultaneous flares requiring further investigation. No less

than 8 flare events had coinciditgighteningsin two or even three well separated sunspot regions.

Half of these occurred between NOAA 2035 and 2038.riitnse shows two examples on 22 and 23

April. It concerns a C2 and C4 flare peaking resp. at 18:41UT and 01:04UT (images underneath). In both
cases, the brightening peaked almost at the same moment in the sunspot groups.

Also Moon et al(2002):StatisticaEvidencdor Sympathetid-lares
http://iopscience.iop.org/article/10.1086/340945/fulltext/55477 .text.html

Global connection:
1 August 2010 event:
http://science.nasa.gov/scieneeews/scienceat-nasa/2010/13dec_globaleruption/
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Different types of solar flares

* Spotless flares

— Waldmeier (1938)
* H-alpha

SDO/AIA 304

£

s
It}
z
-]
)

— Filament eruptions

* Hyder flares (1967)
— “Disparitions
brusques”

21:1007 21:2007 21:3007 21:400T 215007

— Can occur all over the
solar disk

— In (nearly) spotless
regions
* NOT from behind the
limb!

Lb

Imageryfrom STCEhttp://www.stce.be/news/218/welcome.html

In contrast to the eruption 5 days earlier, the 29 September event resulted in a mitlasE€xray flare (a so
calledHyderflare, albeit a weak one). It concerned a long duration event that started at 21:43UT, so about 15
minutes after the first visible signs of the eruption iralpha and EUV. The flare reached its maximum at 23:39UT
and lasted 200 minutes (over 3 hours!). Numerous glast coronal loops were visible. Another difference was
that this eruption was also associated to a moderate proton event. This was only the fifth such event this year.

Infoat STCE: http://www.stce.be/news/281/welcome.html
Andat AustralianSWS: http://www.sws.bom.gov.au/Educational/2/4/1
Another examplet http:// www.stce.be/news/203/welcome.html

Twoseminalpapersby C.Hyder(theory not entirely correct!)

A Phenomenological Model f@risparitionsBrusquedollowed byFlarelikeChromospheriBrighteningsl: The
Model, its Consequences, and Observations in Quiet Solar Regions
http://adsabs.harvard.edwb91967SoPh....2...49H (1967)

A Phenomenological Model fdisparitionsbrusquesollowed byFlarelikeChromospheri@righteningsli:
Observations in Active Regions

http://adsabs.harvard.edub91967SoPh....2..267H (1967)

Luo(1982): The flares of spotless regions

http://adsabs.harvard.edu/abs/1982AcASn..23...95L

The 20 flares adunspotlessegions observed at Yunnan Observatory in cycle 21 are analyzed. It is found that the
natural productivity of spotless flares is about three percent, that the distribution of the Carrington longitudes
tends to shift eastwards, that most of the spotless region flares are those at low energy, and that the background
conditions of producing spotless region flares are the same as those of producing spot region flares. Thus, there
must be a magnetic field structure with opposite polarity in the solar atmosphere of a flare region. The change in
inclination of a filament to a fibril in a spotless region from a large angle to a small one indicates that the force
exerted on the spotless active region transforms gradually from pressure to shearing force, meaning that the
activity changes gradually from energy storage to sudden energy release.
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Different types of solar flares

White-light flare

* WLF
— Flare visible in white light
— Carrington, 01 September 1859
* Acceleration of huge amounts
of particles to the solar
“surface”
— Hinode (2010)

¢ Match of HXR location and WL §
location

de,
, >
P z o
o  12006UT } ~ 12h10UT
2 L IS SR, i oo [ A T o vod |
Images by Thierry Legault hitp:/egault perso s fr/s031028 htmi

NASAHinodeDiscovers the Origin of White Light Flare (2010)
https://www.nasa.gov/centers/marshall/news/news/releases/2010/262.html

White light emissions were observed by the Solar Optical Telescope duringlassXlare that

occurred at 22:09 UT on Dec. 14, 2006 (see Fig. 1). The RHESSI satellite simultaneously recorded hard
Xray emissions, an indicator of nd@hermal electrons accelerated by solar flares. The team found that
the spatial location and temporal change of white light emissions are correlated with those of-hard X
ray emissions (see Fig. 2). Moreover, the energy of white light emissions is equivalent to the energy
supplied by all the electrons accelerated to abovekdW (~40 percent of the light speed). This finding
strongly suggests that highly accelerated electrons are responsible for producing white light emissions.
Hard Xrays are emitted when accelerated electrons impact the dense atmosphere near the solar
surface. Normally, white light emissions primarily come from the solar surface, wherd@y/40

electrons can penetrate into the atmosphere about 1,000 km above the solar surface, i.e., the
chromosphere.

Fig. 1, above, White light images of solar surface observed bifitteeleSolar Optical Telescope at

22:07 UT, before the flare, and below, at 22:09 UT, during the flare on Dec. 14, 2006. Image Credit:
NASA/JAXA

Fig.2: White light emission, left, taken BjnodedSOT, and the difference image of white light emission
and RHESSI harera§ contours at 22:09 UT. The background image is the differential white light image
(the average of the images taken at 22:07 UT and 22:17 UT is subtracted). Blue contours-406w 40
keVemission. Image credit: NASA/JAXA

An overview of WLFs is at http://users.telenet.be/j.janssens/WLF/Whitelightflare.html (last update:
August 2012).
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Different types of solar flares

Gamma-ray flare

* Not a gamma-ray burst
— Can also impact lonosphere!
* 27 December 2004
* (most likely) Continuous
acceleration of protons in the
solar corona that penetrate
the lower solar atmosphere
and produce pions that decay
into gamma rays
— « Nuclear » radiation
— Fermi

+ 07 March 2012 (X5.4 in NOAA
1429)

— TRACE & RHESSI
¢ 20 January 2005

2005 Jan 20 06:20:00

Gammaray Burst Effects on the lonosphere
http:/IvIf.stanford.edu/research/gammaay-burst-effectsionosphere
http://news.stanford.edu/news/2006/march1/ainans®30106.html

Inan et al. (2007): Massivksturbance of the daytime lower ionosphere by the giamay flare from magnetar
SGRL80620
http://adsabs.harvard.edu/abs/2007GeoRL..34.8103I

Wiki: The intense radiation of most observed GRBs is believed to be released during a supernova or hypernova as
a rapidly rotating, highmass star collapses to form a neutron star, quark star, or black hole.

Gammaray flares:

NASA's Fermi Detects the Higheshergy Light from a Solar Flare

http:// svs.gsfc.nasa.gov/vis/a010000/a011000/a011000/index.html

Solar flares produce gamma rays by several processes, one of which is illustrated here. The energy released in a
solar flare rapidly accelerates charged particles. When aémgingy proton strikes matter in the sun's

atmosphere and visible surface, the result may be a skvetl particlet a piont that emits gamma rays when

it decays.

This image from Fermi's Large Area Telescope (LAT) shows how the entire sky looked on March 7 in the light of
gamma rays with energies beyond 100 MeV. Although the Vela pulsar is the brightest continuous LAT source, it
was outmatched this day by the X5.4 solar flare, which brightened the sun by 1,000 times.

Nuclearradiation: http://www.world-nuclear.org/informationlibrary/safety-and-security/radiatiorand-
health/nuclearradiation-and-health-effects.aspx

Nuclear radiation arises from hundreds of different kinds of unstable atoms. While many exist in nature, the
majority are created in nuclear reactions. lonizing radiation which can damage living tissue is emitted as the
unstable atoms (radionuclides) change (‘decay') spontaneously to become different kinds of atoms.

Gamma raeventlistsand plotscanbe found at https://hesperia.gsfc.nasa.gov/fermi_solar/
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Different types of solar flares

Gamma-ray flare

* Not a gamma-ray burst
— Can also impact lonosphere!
* 27 December 2004
* (most likely) Continuous
acceleration of protons in the
solar corona that penetrate
the lower solar atmosphere
and produce pions that decay
into gamma rays
— « Nuclear » radiation
— Fermi

+ 07 March 2012 (X5.4 in NOAA
1429)

— TRACE & RHESSI
¢ 20 January 2005

2005 Jan 20 06:20:00

Ajelloet al.(2014):Impulsive and Long Duration Highergy Gammdray Emission from the Very Bright 2012
March 7 Solar Flares
http://adsabs.harvard.edu/abs/2014ApJ...789...20A

Another example of a gamma flare (20 January 2005)
https://www.nasa.gov/vision/universe/solarsystem/solar_fireworks.html
https://www.nasa.gov/home/hgnews/2005/may/HQ_05132_solar_fireworks.html

Movies at https://svs.gsfc.nasa.gov/3162

G¢KAA FfFNB LINRPRIzZOSR (GKS I NBS&adG az2fl NJ N RMewaldtzy &A Iy
of the California Institute of Technology in Pasadena. Normally it takes two or more hours for a dangerous proton
shower to reach maximum intensity at Earth after a solar flare, but the particles from the January 20 flare peaked
about 15 minutes after the first sign. That's important,” sliliewaldt, "because it's too fast to respond with much
warning to astronauts or spacecraft that might be outside Earth's protective magnetosphere. In addition to
monitoring the Sun, we need to develop the ability to predict flares in advance if we are going to send humans to
SELX 2NB 2dzNJ a2t NJ §2aiGSyaoda

The event also shakes current theory about the origin of proton storms at Earth. "Since about 1990, we've
believed that proton storms at Earth are caused by shock waves in the inner solar system as coronal mass
ejections plow through interplanetary space," says Professor Robert Lin of the University of California at Berkeley,
principal investigator for the ReuvédamatyHigh Energy Solar Spectroscopic Imager (RHESSI). "But the protons
from this event may have come from the Sun itself, which is very confusing."”

TRACE website: http://www.Imsal.com/TRACE/
http://www.Imsal.com/TRACE/POD/TRACEpodarchive21.html#case03

Active region NOAA 10720 is one of the most flareductive regions of the last few years, with 16cMss and 5
X-class flares in a week. The largest flare (to date) from the region was an X7.9an28D5, starting at 06:36

UT. The 53 min. movie (11MB) showing the UV evolution of the flare (C IV 1600A band). Movie courtesy of Dawn
Myers (GSFC).

The proton storm associated with this flare impacted many spacecraft. Not only those orbiting Earth were
affected: the NASA Deep Impact mission en route to camsetpell, even went into aafeholduntil the

electronics could be restarted after the storm passed.
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The 10.7cm radio flux

* Measured at
Penticton, CA
— 2800 MHz
« 2750-2850 MHz
— 17UT, 20UT, 23UT

» Official daily value:
20UT

* Observed flux

— Also values
adjusted to 1AU

— 3 components
» Affected by flares

— Good correlation with
sunspot number

STAFF viewer, http://www.staff.oma.be

Seenotes at:

STCE news item: http://www.stce.be/news/374/welcome.html
SWS: http://www.sws.bom.gov.au/Educational/2/2/5

SWS: http://iwww.sws.bom.gov.au/Educational/2/2/6

Tapping K. (2013)The 10.7 cm solar radio flux;F)

http://adsabs.harvard.edu/abs/2013SpWea..11..394T

The connection between sunspots and saantimetricemissions was discovered independently by Covington
[1947, 1948]LehaneyandYabsley1949], and through a statistical study, Denisse [1948]. Covington [1947] used
the edge of the Moon during a solar eclipse to identify a significant emission contribution associated with a large
active region. The utility of what became known as F10.7 as an indicator of the level of solar activity led to the
continuation of measurement to the present day and to the program becoming a data service.

A 10.7 cm solar flux measurement is a determination of the strength of solar radio emission in a 2a0déHz

band centered on 2800 MHz (a wavelength of 10.7 cm), averaged over an hour. It is expressed in solar flux units
(sfu), where 1sfu= 10;22 W nt2 Hz 1.

This data filtering procedure has been discontinued 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. Subsequently,
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.

Three flux determinations are made each day, at 1700, 2000, and 2300 UT, except during the winter months,
where the low elevation of the Sun (DRAO lies af#&@ude) and the hilly terrain, forces the times to be

changed to 1800, 2000, and 2200 UT. Each flux determination takes 1 h and takes no account of the solar radio
emissions recorded outside the intervals covered by the measurements. Since the active region emissions
contributing to the slowly varying emission (and F10.7)may vary over hours or less, there may be a significant
degree ofundersamplingln addition, there could be a contribution by a burst. Tineersamplingneans there is

a possible error if one uses a flux value in an application involving a different time from that at which the flux
measurement is made.
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Radio bursts

* Tenflare

— Compared to pre-flare
background levels, the 10.7cm
(2800 MHz) radio flux suddenly
increases by at least 100%

— Example:
+ 17 May 2013
— M3 flare in NOAA 1748
— From +/- 140 sfu to > 400 sfu
— May affect daily 10.7cm radio
flux values (20UT)

— Radio flares also observed at
other wavelengths

SDOJAIA 131 - 17 May 2013 - 08:54UT

1 sfu =10-22 Wm2 Hzl

Tapping2013):The 10.7 cm solar radio flux (F10.7)
http://onlinelibrary.wiley.com/doi/10.1002/swe.20064/epdf

A 10.7 cm solar flux measurement is a determination of the strength of solar radio emission in a 100
MHzwide band centered on 2800 MHz (a wavelength of 10.7 cm), averaged over an hour. It is
expressed in solar flux unitsf(), where 1sfu= 10;22 Wnt2 Hz1. Itis daily measured at Penticton,
British Columbia, Canada (DRA©@minion Radio Astrophysical Observatory). Measuremarggaken

at 17UT, 20UT and 23UT (winter period:2822UT), with the local noon value (20UT) as the value for
that day. It is uncorrected for any flare influence. The daily values are at
http://www.spaceweather.ca/solarflux/sda-en.php

The 10.7cm radio flux consists of three identifiable components: a rapidly varying or R component,
comprising emissions varying over timescales in the seoaindte range, perhaps as long as an hour.
Slower variations were lumped into a slowly varying or S component. Extrapolation to zero activity
suggested an underlying constant, base level, which became called the quiet sun, or Q component. The
terms R and Q have fallen out of use, and these components are now known, respectively, as bursts
and the quiet sun background emission. The slowly varying component originates primarily in active
regions; its intensity is a measure of the overall level of solar magnetic activity and has a broad spectral
peak at about 10 cm wavelength. The F10.7

values comprise contributions from the S component and the quiet sun background, and sometimes
from radio bursts.

FromSWP@lossanat http://www.swpc.noaa.gov/content/spaceveatherglossary#t

Tenflare A solar flare accompanied by a 10cm radio burst of intensity greater than 100% of the pre
burst value.
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Radio bursts

NA

* Tenflare

— Compared to pre-flare
background levels, the
10.7cm (2800 MHz) radio
flux suddenly doubles

— Example:
+ 17 May 2013
— M3 flare in NOAA 1748
— From +/- 140 sfu to > 400 sfu
— May affect daily 10.7cm
radio flux values (20UT)

— Radio flares also observed at
other wavelengths

SDOJAIA 131 - 17 May 2013 - 08:54UT

An example of a radio flare (17 May 2013)
http://link.springer.com/article/10.1007/s1103808-92658
http://www.spaceweather.org/ISES/code/aaf/ugeoi.html
http://www.swpc.noaa.gov/content/spaceveather-glossary#t
http://www.solarham.net/tenflare.htm

5490 0843 0857 0919 G15 5 XBA 1M3.2 4.4& 1748

5490+ 0847 0853 0913 SVI G RBR 4995 800 1748
5490+ 0848 0857 0912 SVI G RBR 2695 450 1748
5490+ 0848 0848 0848 SVI G RBR 410 100 1748
5490+ 0848 0853 0912 SVI G RBR 8800 620 1748
5490+ 0850 //// 1120 SVI C RSP1&251V/2 1748

5490+ 0850 //// 0918 SVI U RSP18Q511/2 376 1748

5490+ 0850 0855 0912 SVI G RBR 15400 410 1748
5490+ 0850 0858 0912 SVI G RBR 1415 190 1748
5490 + 0851 0852 0907 SVI G RBR 245 1500 1748
5490 0853 0855 0857 LEA G RBR 610 210 1748

5490 + BO0854 U0854 1056 SVI 3 FLA N12E57 2B PRB 1748
5490B0912 /Il Al1319 SOH 4 CME XUV,EUV,tD80HS1436 1748

Thisflare occurredaround09UT, andhadlittle influence on the official radio flux fahat day (20UT):
Date Time Julian day Carrington rotation Observed Flux Adjusted Flux URSI Flux

20130517 17:00:00 2456430.197 2137.106 137.9 1411 127.0
20130517 20:00:00 2456430.322 2137.111 136.4 139.6 125.6
20130517 23:00:00 2456430.447 2137.115 135.7 138.8 125.0

Datafrom RNCanhttp://www.spaceweather.ca/solarflux/s®-flux-en.php?year=2013
CNRBY (KS {2t/ Qa a{2tI N 9@Sydaé¢ ! aSNI IdARS oFliLIkkFiLIPaAaGLIODY 21

RBR: The peak value above-prgst background of associated radio bursts at frequencies 245, 410, 610, 1415, 2695, 4995, 8800
and 15400 MHz: 1 flux unit =-B2 Wm2 Hz1
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Radio bursts
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Figure 1. Schematic Radiospectrogram of Events Following a Large Solar Flare. This diagram illustrates each
major type of solar radio burst in a typical configuration following a large flare. It should be noted that not all of
these features are observed following every flare. (Source: The New Culgoora Radiospectrograph Technical Report
IPS-TR-93-03, June 1993.)

t, KNMI Cb

Source of Figure: SWEXAThe& Weekly User guide
(http:/lwww.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 5)

Mind the orientation of the vertical axi€dtherfiguresmayhave areverseddirection. As thdrequencyis
proportionalto the squareroot of the density, and thedensitydecreasesvith increasinglistancefrom the Sun, a
decreasindrequencymeansdocationshigherup in thesolaratmosphere

Theionosphericcut-off frequencyis around15MHz (due tdoo low frequencyandsoreflectedby ionospherg. In

orderto observe radiaisturbanceselowthis frequency one has to use satellitealfovethe earthatmospherg

suchas STEREO/SWAVES or WRéDio bursts at low frequencies (< 15 MHz) are of particular interest because
GKSe N8 8a20A1FGSR 6AGK SySNASGAO /a9& GKFG GNY g5t
space environment if Earttlirected. Low frequency radio emission needs to be observed from space because of
the ionospheric cutoff.

Example https://stereo-ssc.nascom.nasa.gov/browse/2017/01/16/insitu.shtml

Solar Radio Bursts and Space Weather, B/Mte

https://www.nrao.edu/astrores/gbsrbs/Pubs/AJP_07.pdf

White: Solar radio bursts at frequencies below a few hundred MHz were classified into 5 types in the 1960s (Wild
et al., 1963).

Coronal Mass Ejections and solar radio emissionSogalswamy
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.708.626&rep=repl&type=pdf

GopalswamyThe three most relevant to space weather radio burst types are type Il, lll, afidrBé types of
low-frequency northermal radio bursts are associated with coronal mass ejections (CMEs): Type Il bursts due to
accelerated electrons propagating along open magnetic field lines, type Il bursts due to electrons accelerated in
shocks, and type IV bursts due to electrons trapped inoagption arcades behind CMEs.

[Radio burst type II, lll, and IV are also the only ones that ever get mentioned in the Ursigrams. ]

T
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Radio bursts

Solar Radio Burst Classifications

- - ASSOCIATED
TYPE CHARACTERISTICS DURATION FREQUENCY RANGE PHENOMENA
Short, narrow-bandwidth bursts ; i
1 Usnally occur in large numbers "’“;51' "‘,";: -1 :M 80 — 200 MHz Active segioos, e
with underlying contimmum. Storm: hours - days eruptive prominences.
Slow frequency dnft bursts
Usuall;qa«odmed bya N Fundamental Flares, proton emistion,
o i : 3. 30 minutes 5 magnetobydrodynamic
(usually stronger intensity) 20-150 MHz hockwaves
second hanmonic
Fast frequency dnft bursts.
Can occur singularly, in groups, | Single burst: 1 - 3 seconds
m or storms (often with underlying |  Group: 1 -5 minutes 10 kHz - 1 GHz Active regions, flares
contimmum). Can be accompanied Stormr: munutes - hours
by a second harmonic
Stationary Type [V:
w Broadband continuum Hours - days 20MHz -2 GHz Flares, proton emission.
with fine structure
Moving Type [V: Eruptive prominences,
Broadband. slow frequency drift 30 -2 hours 20 - 400 MHz magnetohydrodynamic
smooth continuum shockwaves.
Breadb O 3 - 45 mimtes 25200 Mz Flares, proton emission.
Smooth, short-lived continuum.
v Follows some type III bursts. 1-3 minutes 10 - 200 MHz Same as type III bursts.
Never occur in isolation.
NOTES: In pearly all cases, dnfting bursts drift from high to low frequencies.

The Frequency Range is the typical range in which the bursts appear — not their bandwidth.
The sub-types of type IV are not universally agreed upon and are thus open to debate.

@Copyright IPS AUSTRALIA

tween STCE, Koninklijke Luchtmacht, KNMI

(@

Source- Tabletakenfrom the AustralianSWS:
http://www.sws.bom.gov.au/Category/World%20Data%20Centre/Data%?20Display%20and%20Downlo
ad/Spectrograph/Solar%20Radio%20Burst%20Classifications.pdf

CNRBY (KS {2t/ Qa a{2tFN9@Syida¢ | aSN)I IdzARS O6FiLIVK
RSP:
Type/Intensity

Type Il: Slow drift burst

Type IlI: Fast drift burst

Type IV: Broadband smooth continuum burst

Type V: Brief continuum burst, generally associated with Type Il bursts

Type VI: Series of Type Il bursts over a period of 10 minutes or more, with no period
longer than 30 minutes without activity

Type VII: Series of Type Il and Type V bursts over a period of 10 minutes or more,
with no period longer than 30 minutes without activity

Type CTM: Broadband, lotiged, decametric continuum

Intensity is a relative scale 1=Minor, 2=Significant, 3=Major

Shock speed in km/s

Note from Dr Christophe Marqué (ROB)ypes VI and VIl are not used outside NOAA reports. They are
not "official” within the radio community.
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Radio bands

! In the application of the ITURadio Regulations, the Radiocommunication Bureau uses the following
units:

kHz: For frequencies up to 28 000 kHz inclusive;
MHz: For frequencies above 28 000 kHz up to 10 500 MHz inclusive; and

GHz: For frequencies above 10 500 MHz.

Metric
Corresponding metric subdivision abbreviations
for the bands

Band Frequency range (lower limit
Symbols ) R .
number exclusive, upper limit inclusive)

4 VLF 3 to 30 kHz Myriametric waves B.Mam
5 LF 30 to 300 kHz Kilometric waves B.km
6 MF 300 to 3 000 kHz Hectometric waves B.hm
7 HF 3 to 30 MHz Decametric waves B.dam
8 VHF 30 to 300 MHz Metric waves B.m

9 UHF 300 to 3 000 MHz Decimetric waves B.dm
10 SHF 3 to 30 GHz Centimetric waves B.cm
11 EHF 30 to 300 GHz Millimetric waves B.mm
12 300 to 3 000 GHz Decimillimetric waves

Note 1: "Band N” (N = band number) extends from 0.3 x 10 "Hz to 3 x 10 ¥ Hz.

Note 2: Prefix: k = kilo (10 *), M = mega (10 %), G = giga (10 ®).
SWIC 2017 - Collaboration between STCE, Koninklijke Luchtmacht, KNMI Lu

Sourcehttps://lwww.law.cornell.edu/cfr/itext/47/2.101

Question: The 10.7cm radio flimelongsto whichmetric subdivision?
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Radio bursts

* Typelll

— Source:

* accelerated electrons
propagating along open
magnetic field lines

— During impulsive phase of
ﬂ ares 2014/06/13 Radio flux density. e-CALLISTO (HUMAIN)
* Exceptions...

— Duration

* Seconds (isolated) to i
minutes (groups) H

— Frequency
* 10 kHz-1GHz

#3500 151800 152100 152400  1527:00
Time (UT)

@

Imagecourtesy
GOES&urve:STAFF viewer, http://www.staff.oma.be
Radio plot: ROB/HumakadioObservatory http://www.sidc.be/humain/

13June2014

3940 1521 1524 1527 G155 XR®1 C24 5.2HB 2087
3940 + 1521 1522 1523 SAG G RBR 245 290 2087
3940 + 1521 /Il 1523 SAG C RSR8wR5III/2 2087
3940 + 1522 1522 1525 HOL 3 FLA S19E38 SF 2087

Solar Radio Bursts and Space Weather, B/Mte
https://www.nrao.edu/astrores/gbsrbs/Pubs/AJP_07.pdf

White: Type Il bursts are brief radio bursts that drift very rapidly in frequency versus time (Fig. 1). For
SEFYLX S AlG Oy RNATG FNBY pn G2 wn all Ay | 062dz
seen in the impulsive phase of solar flares, and the connection they imply between the acceleration

region in solar flares and open field lines that reach the solar wind makes them important for

understanding field line connectivity in flares and the access of¢aeelerated particles to the Earth.

Coronal Mass Ejections and solar radio emissiongdgalswamy
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.708.626&rep=repl&type=pdf
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Radio bursts

* Typell
— Source:

* electrons accelerated
in shocks

* Indicates CME

* Shock speed can be
derived from
fundamental band

— Start at peak SXR flux
of flare
* Exceptions...
— Duration
¢ 3-30 minutes
— Frequency
* 20-150 MHz

Culgooraspectrographat 01Nov2003- http://www.sws.bom.gov.au/Solar/2/2/1

Solar Radio Bursts and Space Weather, B/Mte

https://www.nrao.edu/astrores/gbsrbs/Pubs/AJP_07.pdf

Type Il bursts typically occur at around the time of the sqfe{ peak in a solar flare and are identified by a slow

drift to lower frequencies with time in dynamic spectra, the frequent presence of both fundamental and gecond

harmonic bands (with a frequency ratio of 2), and splitting of each of these bands into two traces. The frequency
RNATFG NI GS A& GeLmaoOrftte (o2 2NRENBTEH0 Y¢ 83 G1HARIS & dzRI B3
types are readily distinguished.

Hillanet al. (2012)Type Il solar radio bursts: Modeling and extraction of shock parameters
http://onlinelibrary.wiley.com/doi/10.1029/2011JA016754/full

Coronal mass ejections (CME) driving shocks through the corona and into the heliosphere have long been
associated with interplanetary type Il bursts in the kilometric ratyéd et al, 1963;Cane et a].1982;Cane
1985;Nelson and Melrosel985;Reiner et a].2001]. Blast waves have long been discussed as potential shock
drivers in the metric type Il burst rang€ljveret al., 1999;Clal3erand Aurass 1999], but are not usually thought
to persist into the interplanetary medium to drive kilometric emissiGafie et al.1987]. Similarly, it is not clear
that all metric type Ils are associated with CMEs, since the metric emission does not routinely (if ever) continue
smoothly to the kilometric emission of an interplanetary typeClafie and Ericksp@005]. In the foregoing type Il
theories, it is the presence and characteristics of the shock that are important, not the mechanism which
produced it.

[Thefundamentalbandisthe oneprovokedby theshockof the CME anéthe onethat reacheghe lowest
frequenciedirst (track« B» in the image). listhe fundamentaltrackthat isusedto calculatethe (true) speed of
the shockasit movesthroughthe corona andwayfrom the Sun densitydecrease=>frequencydecreasg.]

[Theparticlesfrom the solareruptiondisturbthe environmentof the particlesalreadypresentin the higherup
corona.Theseparticlesstartto oscillate creatingLangmuimavesin the process Thesewavesgeneratedby both
populations ofparticles caninteractwith eachother in different ways as theparticlesk 2 yfr@etogetherand
more orlessstayat the sameplace.Fromthesewaveinteractions, thefundamentalandharmonicradioemissions
areproduced i.e. at the local plasmfaequencyand multiplesfrom it.]
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Radio bursts

* Typell
— Source:

* electrons accelerated
in shocks

* Indicates CME

* Shock speed can be
derived from
fundamental band

— Start at peak SXR flux
of flare
* Exceptions...
— Duration
¢ 3-30 minutes
— Frequency
* 20-150 MHz

[Jasmina MagdaleniehD:
Plasma emission is the dominant coherent emission process for the majority of solar radio bursts at
decimeter and longer wavelengths.
The plasma emission may be defined as any emission process in which the energy of the Langmuir
turbulence is partly converted into the escaping radiation. The plasma emission is s tagkti
process, including:
- Formation of an unstable beam distribution by the velocity dispersion.
- Generation of the Langmuir turbulence as a consequence of plasma instabilities.
- Nonlinear evolution and conversion into escaping electromagnetic radiation.
Two steps can be distinguished:
a) conversion into fundamental transverse radiatidandamental plasma emission.
The fundamental plasma emission at the frequefcy wp/2, is due to conversion into escaping
radiation with only small changes in frequency. This
conversion could be:

1) scattering of Langmuir waves into transverse waves of thermal ions,

2) coalescence of Langmuir waves and-fmquency waves, such as iaoustic waves, into
transverse waves, and

o0 &2NI 2F 4aRANBOUG hhodReheiteNE A 2y RdzS G2 LI Fayl
b) production of secondary Langmuir waves and generation of selcanmdonic transverse radiation
second harmonic emission.
Coalescence of two Langmuir waves results in escaping radiation at the sum of their frequencies (f ~
2fp), named the harmonic emission.

Roberts (1959)Solar Radio Bursts of Spectral Type Il :
http://adsabs.harvard.edu/abs/1959AuJPh..12..327R

GopalswamyCoronal Mass Ejections and solar radio emissions :
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.708.626&rep=repl&type=pdf
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GopalswamyCoronal Mass Ejections and solar radio emissions
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.708.626&rep=repl&type=pdf

The type IV bursts are associated with very energetic CMEs (average speed 1200 km/s), confirming the earlier finding by
Robinson [1986] for the continuum events at metric wavelengths. The radio emission should originate from a heliocentric
distance 3.5 to 4.Rs depending on whether the radio emission occurs at the fundamental or harmonic of the plasma
frequency. When the type IV burst attains the lowest frequency, the IP type Il burst occurs at frequencies well below 1 MHz,
which means the shock is much farther away. This suggests that the energetic electrons responsible for the type IV burst migh
come from the continued reconnection occurring beneath the CME

[Comment by Dr Christophe Marqué (RABE height of type 1V reported BBopalswamyconcerns the low frequency ones. The

one for example observed ltumain(04 Nov 2015) is really taking place in the post flare loops close to the flare site.]

Solar Radio Bursts and Space Weather, B/Mte

https://www.nrao.edu/astrores/gbsrbs/Pubs/AJP_07.pdf

Type IV bursts are broadband quasintinuum features associated with the decay phase of solar flares. They are attributed to
electrons trapped in closed field lines in the pgifare arcades produced by flares; their presence implies ongoing acceteratio
somewhere in these arcades, possibly at the tops

2F (GKS 22630 MBI VYSNEKSA2WSTIA I dzNF A2y d ¢&8LIJS L+ o60dNBRdGA KIFEGFS f2y3

they have a high degree of association with solar energetic particle events.

Example 04 Nov2015:http://www.stce.be/news/326/welcome.html
2340B1327 U1339 A1348 SVI 2 FLA NO9WO04 2B ERU 2443
2340 + 1331 1352 1413 G15 5 XRAAIM3.7 5.982 2443

2340 + 1336 1341 1438 SVI G RBR 4995 740 2443

2340 + 1337 1341 1442 SVI G RBR 2695 340 2443

2340 + 1337 1341 1429 SVI G RBR 8800 560 2443

2340 + 1338 1341 1414 SVI G RBR 15400 210 2443

2340 + 1343 //// 1358 SAG C RSP-088 11/2 955 2443

2340 + 1351 //// 1531 SVI C RSP-073 1V/1 2443

2340 + 1404 1426 1502 SAG G RBR 410 1400 2443

2340 + 1405 1433 1507 SAG G RBR 245 1400 2443

2340 + 1406 1427 1456 SAG G RBR 1415 5800 2443

2340 + 1406 1427 1458 SAG G RBR 610 1000 2443
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