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* Large & heavy

* Closest star to Earth
— +/- 150 million km
« 1 Astronomical Unit
* Hot
— Interior: 15 million degrees
— Surface: +/- 6000 degrees

— Corona: 2-3 million degrees
* Plasma (charged particles)
* Coronal holes

* Radiating
— Total Solar Irradiance
« 1362 W/m?

Radiation: over the entire EM spectrum

Particles: Solar Wind

The Sun is a star

Its atmosphere

Its magnetic field

(&

TheSun is a star
Radiating
3,84 * 1(¢ Watt
= 1362 W/ni at Earth
Big
1.392.000 km (109 *
Heavy
1,99 * 16°kg (332.980 * V)
Closest star
149.597.870 km
=1 Astronomical Unit
The solar interior:
Core (R = +/75.000 km)

Energy production (protoroton cycle)

Radiation zone (325.000 km)
Energy transport thru radiation
Convectiorzone (200.000 km)
Energy transporthru convection
The solar atmosphere
Photosphere
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Chromosphere (very thin)
Prominences

The Corona
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Very hot!
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The Sun is a variable star

* Sunspots
— Magnetic disturbances on
the Sun
— Sources of solar eruptions

* Sunspot number (Sn)
- Sn=10.g+s,

* with g the number of
groups, and s the number
of spots

— Determined by the
SIDC/SILSO (Uccle)!
¢ http://www.sidc.be/silso

* Network of about 80 5 September 2017
stations

Links

SILSO: http://sidc.oma.be/silsoBgnspot Index and Lorigrm Solar Observations)
USET: http://www.sidc.be/uset/ (Uccle Solar Equatorial Table)

Catania http://web.ct.astro.it/sun/draw.jpg

The International sunspot number is a quantity that measures the number of sunspots and groups of sunspots present on the

surface of the sun.
It is computed from a number of international observers using the formula:

R=k(10g+s)
where
s is the number of individual spots,

g is the number of sunspot groups, and
k is a factor that varies with location and instrumentation (also known as the observatory factor or the personal reduction

coefficient). It is not to be computed or applied by the observer.



The Sun is a variable star

International sunspot number S, : monthly mean and 13-month smoothed number

* Solar cycle

— Avg. duration: +/- 11 years
* Rise/Fall time: +/-4 & 7 yrs
— Avg. Sn,..: 184 (+/- 59)
* SC24
— Minimum: December 2008

— Maximum: April 2014
- Sn,. . =116.4

max
— Alsoine.g.:
e # solar eruptions
* Total Solar Irradiance
* Cosmic rays (inverse)

Links

SILSO: http://sidc.oma.be/silsoBgnspot Index and Lorigrm Solar Observations)
USET: http://www.sidc.be/uset/ (Uccle Solar Equatorial Table)

Catania http://web.ct.astro.it/sun/draw.jpg

The International sunspot number is a quantity that measures the number of sunspots and groups of sunspots present on the

surface of the sun.
It is computed from a number of international observers using the formula:

R=k(10g+s)
where
s is the number of individual spots,

g is the number of sunspot groups, and
k is a factor that varies with location and instrumentation (also known as the observatory factor or the personal reduction

coefficient). It is not to be computed or applied by the observer.



Observations

* From ground:
— White light
— Radio window
— Magnetometer, GNSS,...

* From space:
— EUV and X-ray

* solar atmosphere
* solar eruptions
* At various « temperatures »
Coronagraphs
Radio
* Low frequencies
White light (24hrs)
Solar wind (in-situ)

More on the 20September2012flare at http://www.stce.be/news/263/welcome.html



AlA

— Some filters
peak at
multiple
temperatures

— AIA 4500 no
longer in use

4500A

Temperature (K)
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Height (km)

1600A

304A

131A

094A

335A

211A

171A

More info at http://aia.Imsal.com/public/instrument.htm
And at https://www.nasa.gov/content/goddard/howsdo-seesthe-sun




Satellites

GOES @ &
SDO &
INTEGRAL @ ]
PROBA2 ®
HINODE ]
RHESSI @
L1
DSCOVR
ACE 6]
WIND
SOHO @
® /X-ray/EUV
Coronagraph
STEREO @ @ Solar Wind
@ Particle flux Cb

Lagrangiampoints: https://en.wikipedia.org/wiki/Lagrangian_point
Earthorbits: https://en.wikipedia.org/wiki/List_of orbits#Altitude_classifications_for_geocentric_orbits

* GEO: GOES, sDxlined

Advantagesinddisadvantagesf SDO in GEO at https://sdo.gsfc.nasa.gov/mission/project.php

Orbit

The rapid cadence and continuous coverage required for SDO observations led to placing the satellite into an
inclined geosynchronous orbit. This allows for a needytinuous, higkdatarate, contact with a single,

dedicated, ground station.

Nearly continuous observations of the Sun can be obtained from other orbits, such as low Earth orbit (LEO). If
SDO were placed into an LEO it would be necessary to store large volumes of scientific data onboard until a
downlink opportunity. The large data rate of SDO, along with the difficulties in managing a labgarain

storage system, resulted in a requirement of continuous contact.

The disadvantages of this orbit include higher launch and orbit acquisition costs (relative to LEO) and eclipse
(Earth shadow) seasons twice annually, During theSev2ek eclipse periods, SDO will experience a daily
interruption of solar observations. There will also be three lunar shadow events each year from this orbit.

This orbit is located on the outer reaches of the Earth's radiation belt where the radiation dose can be quite high.
Additional shielding was added to the instruments and electronics to reduce the problems caused by exposure to
radiation. Because this is a Space Weather effect, SDO is affected by the very processes it is designed to study!



:Issued: 2014 Apr 17 1325 UTC
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# DAILY BULLETIN ON SOLAR AND GEOMAGNETIC ACTIVITY from the SIDC  #
4 #
SIDC URSIGRAM 40417

SIDC SOLAR BULLETIN 17 Apr 2014, 1304UT

SIDC FORECAST (valid from 1230UT, 17 Apr 2014 until 19 Apr 2014)
SOLAR FLARES : Active (M-class flares expected, probability >=50%)
GEOMAGNETISM : Quiet (A<20 and K<4)

SOLAR PROTONS : Quiet

PREDICTIONS FOR 17 Apr 2014 10CM FLUX: 180 / AP: 013
PREDICTIONS FOR 18 Apr 2014 10CM FLUX: 184 / AP: 007
PREDICTIONS FOR 19 Apr 2014 10CM FLUX: 188 / AP: 005

COMMENT: Eleven sunspot groups were reported by NOAA today. NOAA ARs 2035,2036, and 2037 (Catania numbers 24, 25, and 26 respectively) maintain the beta-
gamma configuration of the photospheric magnetic field. The strangest flare of the past 24 hours was the M1.0 flare peaking at 19:59 UT yesterday in the NOAA AR 2035
(Catania number 24). The flare was associated with an EIT wave and a weak coronal dimming, but the associated CME was narrow and is not expected to arrive at the
Earth.

We expect further flaring activity on the C-level, especially in the NOAA ARs 2035 and 2037 (Catania numbers 24 and 26 respectively) as well as in the NOAA AR 2042 (no
Catania number yet) that yesterday appeared from behind the east solar limb, with a good chance for an M-class event.

Since yesterday evening the Earth is situated inside a solar wind structure with an elevated interplanetary magnetic field magnitude (occasionally up to 10 nT). It may be
a weak ICME or the compression region on the flank of an ICME that missed the Earth. The solar origin of this structure is not clear. The north-south magnetic field
component Bz was not streng, so no significant geomagnetic disturbance resulted (K index stayed below 4). Currently the solar wind speed is around 380 km/s and the
IMF magnitude is around 8 nT.

We expect quiet to unsettled (K index up to 3) geomagnetic conditions, with active geomagnetic conditions (K = 4) possible, but unlikely.

TODAY'S ESTIMATED ISN 1145, BASED ON 17 STATIONS.
99999

SOLAR INDICES FOR 16 Apr 2014

WOLF NUMBER CATANIA A

10CM SOLAR FLUX 1184

AK CHAMBON LA FORET 1012

AK WINGST 1004

ESTIMATED AP 1004

ESTIMATED ISN : 139, BASED ON 29 STATIONS.

NOTICEABLE EVENTS SUMMARY

DAY BEGIN MAX END LOC XRAY OP 10CM Catania/NOAA RADIO_BURST_TYPES
16 1954 19592004 S14E09 M10 1IN 24/2035 /2

END
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SIDC SOLAR BULLETIN 17 Apr 2014, 1304UT

SIDC FORECAST (valid from 1230UT, 17 Apr 2014 until 19 Apr 2014)
SOLAR FLARES : Active (M-class flares expected, probability >=50%)
GEOMAGNETISM : Quiet (A<20 and K<4)

SOLAR PROTONS : Quiet

PREDICTIONS FOR 17 Apr 2014 10CM FLUX: 180 / AP: 013 S E e e 't ! j
PREDICTIONS FOR 18 Apr 2014 10CM FLUX: 184 / AP: 007 M mumenu

PREDICTIONS FOR 19 Apr 2014 10CM FLUX: 188 / AP: 005

COMMENT: Eleven sunspot groups were reported by NOAA today. NOAA ARs 2035,2036, and 2037 (Catania numbers 24, 25, and 26 respectively) maintain the beta-
gamma configuration of the photospheric magnetic field. The strangest flare of the past 24 hours was the M1.0 flare peaking at 19:59 UT yesterday in the NOAA AR 2035
(Catania number 24). The flare was associated with an EIT wave and a weak coronal dimming, but the associated CME was narrow and is not expected to arrive at the
Earth.

We expect further flaring activity on the C-level, especially in the NOAA ARs 2035 and 2037 (Catania numbers 24 and 26 respectively) as well as in the NOAA AR 2042 (no
Catania number yet) that yesterday appeared from behind the east solar limb, with a good chance for an M-class event.

Since yesterday evening the Earth is situated inside a solar wind structure with an elevated interplanetary magnetic field magnitude (occasionally up to 10 nT). It may be
a weak ICME or the compression region on the flank of an ICME that missed the Earth. The solar origin of this structure is not clear. The north-south magnetic field
component Bz was not streng, so no significant geomagnetic disturbance resulted (K index stayed below 4). Currently the solar wind speed is around 380 km/s and the
IMF magnitude is around 8 nT.

We expect quiet to unsettled (K index up to 3) geomagnetic conditions, with active geomagnetic conditions (K = 4) possible, but unlikely.

Conareromarnes s mern o et

99999
SOLAR INDICES FOR 16 Apr 2014
linEasl o™, | Sunspat numbiers
AK CHAMBON LA FORET 1012
AK WINGST 1004
WLINVATED AD 004
rﬁTIMATED ISN : 139, BASED ON 29 STATIONS. I

NOTICEABLE EVENTS SUMMARY

DAY BEGIN MAX END LOC XRAY OP 10CM Catania/NOAA RADIO_BURST_TYPES
16 1954 19592004 S14E09 M10 1IN 24/2035 /2

END
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Drivers of space weather

Jan Janssens
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* Drivers of SWx

Overview
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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

— Magnetic restructuring
* Where

— Solar eruptions

— Geomagnetic storms

Textfrom the CISMSummerSchoolBoulder,August 2013} SW101_4 Flares
https://www.bu.edu/cism/SummerSchool/summerlist.html

Right animatiorfrom ESA: http://sci.esa.int/cluster/3644direct-observationof-3d-magnetic
reconnection/

14



Solar eruptions

Magnetic Reconnection

|

Radiation

Solar flares Proton events

Particles

- (@
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Solar eruptions

Magnetic Reconnection
|

Radiation

Solar flares

- (@
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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
— ina short period of time
* Only viable energy source
— intense solar magnetic fields
* Required:

— A very rapid means of converting
stored magnetic energy into particle [y
energy and radiation — magnetic
reconnection

Fromthe CISMSummerSchoolBoulder,August 2013y, SW101 4 Flares
https://www.bu.edu/cism/SummerSchool/summerlist.html

Solar flares arsudden bursts of radiatiotasting minutes; hours at wavelengths that can include:
Gammarays, HXR, SXR, EU\4lpha, radio

Alarge quantity of energy is releaseflom 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 sourcerngense 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 FlaresMagnetohydrodynamidProcesses
KazunarBhibataand 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 anda&y emissions from a flaring site has revealed that flares are
actually coronal phenomena.

17


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

Solar flares: Example 1/3

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

18



Solar flares: Example 2/3

http://lwww.stce.be/news/157/welcome.html
http://lwww.stce.be/news/218/welcome.html

19



Solar flares: Example 3/3

- -

70(6

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, extremaultraviolet (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
0S5 SEGSyaAa@sSs NBLINBaSyday3a Fd tSFad LIFNL 2F (GKS
transported outward by it.

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

Reinard& Biesecke(2009) studied CMEs with and without associad@mings finding that those

with dimmingstended to be faster and more energetiBewsheret 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; Zhulkwc&ere2004). Thusdimmingsare

usually interpreted as mass depletions due to the loss or rapid expansion of the overlying corona
(Hudson et al. 19984arrison & Lyons 2000; ZhukovA&chére2004).

20



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
(https://www.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 peatax intensity in the 0.20.8 nm band as measured by the
Geostationary Operational Environmental Satellites (GOES).-fhisclassification 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 clasgiégipbysicallysignificant activity
regardless of its location on the solar disk.

Table 1. The SWP@Qay flare classification
Peak Flux Range (€018 nm)

Classification mkssystem (W ) cgssystem (erg cA2s-1)
A v f-fan U f-dn

B 10T wK f-8an 10n XK @8 f M~

C 10c X & fMo X @ f wmn

M 10p X & fd@R X & 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-gayxpurst with 3.2x1BWm-2 peak flux. Solar flare
forecasts are usually issued only in terms of the broad C, M, and X categories-1@ynbeirsts are observed as
afull-Sun value bursts below the xay background level are not discernible. The background drops to class A
level during solar minimum; only bursts that exceed B1.0 are classifiethgisexents. During solar maximum
the background is often at the class M level, therefore class A, B,-oayChxrsts cannot be discerned. Data are
measured by the NOAA GOES satellites, monitored in real time in Boulder (Grubb 1975).

The Qs often referredto as «Common» , M as <Medium (ormoderaté) », and X as eXtreme
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Solar flare classification: X-ray

GOEZS Xm)f F|U>< (5 m'”Ute dﬂtﬂ) Begin: 2014 Oct 25 0000 UTC
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Source: http://iopscience.iop.org/article/10.1086/304521/fulltext/36016.text.html

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

better reflect mid day values, the average is the lower of (a) the averagenifidte 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 ofnay class (Donnelly 1982); (Bouwer, et al.1982ay{lux 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-élass range can

be in error by20-30 percent. Measurements taken during periods of low energetic electron fluxes are
much more accurate.

BarbaraPoppecg Sentinelsof the Sun (2006 pp. 120

First, jn the miell960s Don Baker classified solar flares usirgy>data. The Naval Research

Laboratory used Germamade Vela V2 rockets, captured by the Americans after the war, to

measure xays from the Sun. Baker, then workmg at the Space Disturbances Laboratory (SDL), used
GkKSasS RIGF (2 ARSyGATFTe (KS ﬂl@SfS)fEluKaZ Mo G2
'S ONBFGSR bh!! Qa FtFNB OflaaAFAOIGA2yS 1l 0S¢t
small, medium, and large flares, with a range within each category from 1 to 9 (e.g., an M1 flare is
one step higher than a C9 flare). Having C represent the smallest flare left A and B open should there
be observations smaller than those currently known. Similarly, Y and Z could follow X f scientists
discovered extremely large flares. A and B flares can now in fact be seen with improved
instrumentation and are categorized as such. Y and Z have never been used, despite the orderly
progression that should have followed as scientists classified bigger and bigger Hares (an X1 to X9
would be followed by Y1 to Y9, then Z1 to Z9). Instead we have now seen an X28 flare. This
classification system replaced an older one that reported flux numbers; that ifatteeis an M5

rather than fluxs =5 x 10M5) watts/m2. The improvement was obvious.

y
S

R
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Solar flare classification: X-ray

* Frequency terminology

— Solar (flaring) activity 100
1600
— For a 24 hour period £ 1m0
% 1000
_ﬁ: 800
E 600
Terms Used to Describe Solar Activity 400
. 200
Very Low: x-ray events less than C-class. . . —
Low: C-class x-ray events. Very Low Low Moderate High

Solar activity in SC24 (Jan 2009-April 2018)

Very High

Moderate: isolated (one to four) M-class x-ray events.
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.

&

PRF User Guide — August 2012

;%C‘)

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

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

* NOAA-scales: R-scale

SC23 /5C24 (#)

. Physical Average Frequency
=l || B | B measure (1 cycle = 11 years)

Extreme x20 Less than 1 per cycle
(2x10°3)

2/0

Severe X10 8 per cycle
(10°3) (8 days per cyde)

ajo

Strong X1 175 per cycle
(10%) (140 days per cyce)
120 / 49

R2 Moderate M5 350 per cycle
(5x 10°%) (300 days per cycle)
150 / 81

R1 | Minor M1 2000 per cycle
(10°5) (950 days per cycle)
1292 / 646

(@

Fromthe SWPQ@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 classlaresandhigher.

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

24



Solar flare classification: X-ray

* NOAA-scales: R-scale

800
700
600 =
500 — RS
— R4
400 R3
R2
300 R1
ISN
200
100
0
1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018 2021 5 2 -

Fromthe SWPQ@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 classlaresandhigher.

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.g. in the chart above, fibre2pdar

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 frequency

Nanoflares (Aschwanden et al. 2000)

Flare energy (erg)

Notsu et al., 2019: https://doi.orq/10.3847/1538-4357/ab14e6

= 1072 ONGE=E™" 7

g Microflares (Sh-_ml:u 1995)

o j ., IN/JE<E~" 7
T 10 S

9 1]

o | Solar flares (Cr et al. 1993)

> . ON/GE=E "'

& 1073}

o | \ -18

S . ON/JE=E

8‘ Superflares on Sun-like stars

&= 10_35 with T ,=5600-6000K
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102 10%® 102 10 102 10* 10% 10°

=N

=S

FromNotsuet al. (2019): ©o KepleiSuperflareStarsReallyincludeSlowlyRotatingSunlike Stars % ResultsUsingAPO 3.5m
TelescopeSpectroscopi©bservations and GalaR2 Data , https://iopscience.iop.org/article/10.3847/1538357/ab14e6 ;

https://doi.org/10.3847/15384357/ab14e6

Figure 17. Comparison between the frequency distributiosugferflaresand solar flares. The red square, blue dashed line,
and blue open squares indicate the occurrence frequency distributiosapsfrflareson Sunlike stars (slowly rotating solar
type stars withTeff= 5606000 K). The red square corresponds to the updated frequency vafupefflareson the stars

with Prot= 20;40 days, which are calculated in this study and presented in Figure 16. Horizontal and vertical error bars are the

same as those in Figure 16. For reference, the blue dashed line and blue open squares are the saheBaseson the stars
with Prot> 10 days, which we presented in Figure Makharaet al. (2015) on the basis of origirlperflaredata using
Kepler 36minute cadence dataShibayamat al. 2013) and -ininute cadence dataMaeharaet al. 2015), respectively.
Definitions of error bars of the blue open squares are the same as those in Figuvaéludraet al. (2015). Three dashed
lines on the upper left side of this figure indicate the powaewr frequency distribution of solar flares observed in hamd)
(Crosby et al. 1993), softrdy (Shimizu 1995), and ELAs¢hwanderet al. 2000). Occurrence frequency distributions of
'y AYRSE 2F bwm

superflareson Sunlike stars and solar flares are roughly on the same pdwerg £ Ay S 6 A (K

the wide energy range between 1024 and 1035 erg.

It might be better to use only the data of stars rotating as slowly as theF3oi~(25 days and t ~ 4@yn. Then, in Figure 17

we newly plot the frequency value stiperflareson Sunlike stars withProt= 20;40 days (t > 3.8y1) taken from Figure 16, in
addition to the data of solar flares arstiperflaresshown in Figure 4 dflaeharaet al. (2015). As a result, the newly added

data point ofsuperflareson Sunlike stars is roughly on the same powaw line, though the exact value stiperflare

frequency of stars witlProt= 20;40 days (t > 3.8y)) is a bit smaller than those of stars winot> 10 days (t > Gyr). From

this figure, we can roughly remark thatuperflareswith energy >1034 erg would be approximately once every 28000yr

on old Sunlike stars withProt~ 25 days and t ~ 4®yr, though the error value is relatively large because of the small amount

of data of slowly rotating stars.

Wikipedia(https://en.wikipedia.org/wiki/Superflare $ummarizest asfollows: An estimate based on the original Kepler
photometric studies suggested a frequency on styae stars (early @ype and rotation period more than 10 days) of once

every 800 years for an energy of 1034 erg and every 5000 years at 1035 emir@ie sampling provided statistics for less
energetic flares and gave a frequency of one flare of energy 1033 erg e&fi§ $ears for a star rotating as slowly as the;Sun
GKAa 62dfR 6S NIGSR Fa -wmnn 2y GKS a2t NI FitFNBE aoltSao X
(about 1032 erg, or 1/10,000 of the largesiperflare® Ay G KS f 1 ad wnn &upérfldsdeenktoleKS Y2 NB S
ruled out by energetic considerations for our sun, which suggest it is not capable of a flare of more than 1034 ergs. A
calculation of the free energy in magnetic fields in active regions that could be released as flares gives a lower upper boun
around %1032 erg suggesting the most energetic a super flare can be is three times that of the Carrington event.

¢ KS|
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Different types of solar flares

White-light flare

e 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

Pttt . . D SR

Images by Thierry Legauit

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

X-ray emissions, an indicator of ndhermal 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 Xray emissions (see Fig. 2). Moreover, the energy of white light emissions is equivalent to the
energy supplied by all the electrons accelerated to abovkeM(~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, wherday/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 biitteeSolar 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 hafth)X 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
show 40100keVemission. 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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Radio bursts

Frequency (MHz)

Time since flare (minutes)

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.)

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

Mind the orientation of the vertical axiDtherfiguresmayhave areverseddirection. As thdrequencyis
proportionalto the squareroot of the density, and thedensitydecreasewith increasinglistancefrom the Sun,
adecreasindgrequencymeanslocationshigherup in thesolaratmosphere

Theionosphericcut-off frequencyis around15MHz (due tdoo low frequencyand soreflected by ionospherg.

In order to observe radialisturbanceselow this frequency one has to use satellitealfovethe earth

atmospherg suchas STEREO/SWAVES or WRéDio bursts at low frequencies (< 15 MHz) are of particular
interest because they are associated with energetic CMEs that travel far into the interplanetary (IP) medium and
FFFSOG 91 NIKQa & Latirécfd. Bof BeqieBey rddioyernissibrifnecdld tNde Bbserved 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, S.M. White

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
etal.,, 1963).

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

Gopalswamy: The three most relevant to space weather radio burst types are type II, 1ll, 8BhieBtypes 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 in-pagption arcades behind CMEs.

[Radio burst type II, lll, and IV are also the only ones that ever get mentioned in the Ursigrams. ]
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SIDC URSIGRAM 40417
SIDC SOLAR BULLETIN 17 Apr 2014, 1304UT

SOLAR PROTONS : Quiet

PREDICTIONS FOR 17 Apr 2014 L0OCM FLUX: 180 4 AP: 013
PREDICTIONS FOR 18 Apr 2014 L0OCM FLUX: 184 4 AP: 007
PREDICTIONS FOR 19 Apr 2014 L0CM X AP: 005

COMMENT: Eleven sunspot groups were reported by NOAA today. NOAA ARs 2035,2036, and 2037 (Catania numbers 24, 25, and 26 respectively) maintain the beta-
gamma configuration of the photospheric magnetic field. The strangest flare of the past 24 hours was the M1.0 flare peaking at 19:59 UT yesterday in the NOAA AR 2035
(Catania number 24). The flare was associated with an EIT wave and a weak coronal dimming, but the associated CME was narrow and is not expected to arrive at the
Earth.

We expect further flaring activity on the C-level, especially in the NOAA ARs 2035 and 2037 (Catania numbers 24 and 26 respectively) as well as in the NOAA AR 2042 (no
Catania number yet) that yesterday appeared from behind the east solar limb, with a good chance for an M-class event.

Since yesterday evening the Earth is situated inside a solar wind structure with an elevated interplanetary magnetic field magnitude (occasionally up to 10 nT). It may be
a weak ICME or the compression region on the flank of an ICME that missed the Earth. The solar origin of this structure is not clear. The north-south magnetic field
component Bz was not streng, so no significant geomagnetic disturbance resulted (K index stayed below 4). Currently the solar wind speed is around 380 km/s and the
IMF magnitude is around 8 nT.

We expect quiet to unsettled (K index up to 3) geomagnetic conditions, with active geomagnetic conditions (K = 4) possible, but unlikely.

TODAY'S ESTIMATED ISN 1145, BASED ON 17 STATIONS.
99999

SOLAR INDICES FOR 16 Apr 2014
WOLF NUMBER CATANIA

10CM SOLAR FLUX

AK CHAMBON LA FORET

AK WINGST

ESTIMATED AP :
ESTIMATED ISN : 139, BASED ON 29 STATIONS.

Flares & Radio emissian

TICEARLE FVENTS SURMMARY.
DAY BEGIN MAX END LOC XRAY OP JOCM Catania/NOAA)
16 1954 19592004 S14E09 M10 1IN 24/2035
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Proton events

* Occasionally produced
during strong flares and fast
CMEs

— Only 268 events since 1976
* Proton event
— >10MeV proton flux

* 5 min. average

— Start: > 10 pfu

flux > 10 pfu : " e
* Solar Energetic Particles °M M

— High energy (keV to GeV)

GOE‘SH/ Proton Flux (5 minute data) Begin: 2013 Apr 11 0000 UTG
* Need at least 3 data points L
— Peak: maximum value 10° N
* May take hours to days 5 agh ’ g E
— End: < 10 pfu ’/ -~ :
AR L .- Sl A ]
* NO new events as long as 5 //\M : =
S 10 \H

10*

protons, electrons and ions Apr 11 I N
Wthh come from the Sun Updoted 2013 Apr 13 23:56:02 UTC NOAA/SWPC Boulder, ‘E,o USA)

SWPQ aThe& Weekly User guidehttps:// www.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf ; page 15)
Proton Events
A proton event starts when the integrated proton fluxrtBnute average) rises above a specific threshold for at least three

points.
The two alert thresholds are (ffu = particle / cm2s-1sr-1):
- >10MeV: X mpfu

- BmAan affeyY x ™
The time of maximum is the time tag of the 5 minute averaged flux value that has the greatest value.

Theterm « proton flare » isalsocommonlyused Accordingo the SWP@lossanat

https:// www.swpc.noaa.gov/content/spaeeeatherglossary , a protoflare is « Any flare producing significant counts of
protons with energies exceeding 10 MeV in the vicinity of the Earth.

Becauseproton eventscanoriginatefrom eruptionson the{ dzyfafsile i.e.without aflare recordedby GOES, protaitares
are asubsetof proton events

From http://www.stce.be/news/232/welcome.html

The issue here is that proton flares are not considered as separate events if the proton flux (particle energies lafdger than
MeV) at the time of the event is still above the threshold of 10 protons per flux pfioit. Example: 6 January 2014 X1 proton
flare.

From SESC: https://umbra.nascom.nasa.gov/SEdttainslist of all protoneventssince1976)

Please NoteProton fluxes are integralfinute averages for energies >10 MeV, given in Particle Flux phujsrheasured by

GOES spacecraft at Geosynchronous ortpfut 1 p / cn? sri s, SESC defines the start of a proton event to be the first of 3
consecutive data points with fluxes greater than or equal t@fLO The end of an event is the last time the flux was greater

than or equal to 1®fu. This definition, motivated by SESC customer needs, allows multiple proton flares and/or interplanetary
shock proton increases to occur within one SESC proton event. Additional data may be necessary to more completely resolve
any individual proton event.

SERlefinition: from{ 2 t /gl&s&ary

https:// www.swpc.noaa.gov/content/spaeeeatherglossary#Solar%20Energetic%20Particles
Solar Energetic Particles are high enekgy/to GeV) protons, electrons and ions which come from the Sun.
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Proton event classification

* NOAA-scales: S-scale

SC23 / 5C24 (#)

Physical
measure
. (Flux level | Average Frequency
Scale | Description | Effect of 5= 10 (1 cycle = 11 years
MeV
particles)

Extreme 10% Fewer than 1 per cycle

o/o

Severe 104 3 per cyde

6/0

Strong 108 10 per cycle

11/6

52 Moderate 102 25 per cyde

26/9

51 Minor 10 50 per cydle

51/27 [ 5N

Fromthe SWP@vebpage(https://www.swpc.noaa.gov/noaacalesexplanation )

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 «S» stands for Solar radiation StoriBinceobservationsstartedin 1976, no SBventhas been
recorded

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

* NOAA-scales: S-scale

(@

Fromthe SWPQ@vebpage(https://www.swpc.noaa.gov/noaacalesexplanation ):

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 «S» stands for Solar radiation StoriBinceobservationsstartedin 1976, no SBventhas been
recorded

More on NOAAcalesat http://www.stce.be/news/366/welcome.html
More on protonintensityat http://www.stce.be/news/233/welcome.html

33



Proton event classification

* NOAA-scales: S-scale
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Fromthe SWP@vebpage(https://www.swpc.noaa.gov/noaacalesexplanation )

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 «S» stands for Solar radiation StoriBinceobservationsstartedin 1976, no SBventhas been
recorded

More at http://www.stce.be/news/366/welcome.html
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SIDC SOLAR BULLETIN 17 Apr 2014, 1304UT

SIDC FORECAST (valid from 1230UT, 17 Apr 2014 until 19 Apr 2014)
SOLAR FLARES : Active (M-class flares expected, probability >=50%)
Dand K<4)

PREDICTIONS FOR 17 Apr 2014 10CM FLUX: 180 / AP: 013
PREDICTIONS FOR 18 Apr 2014 10CM FLUX: 184 / AP: 007
PREDICTIONS FOR 19 Apr 2014 10CM FLUX: 188 / AP: 005

COMMENT: Eleven sunspot groups were reported by NOAA today. NOAA ARs 2035,2036, and 2037 (Catania numbers 24, 25, and 26 respectively) maintain the beta-
gamma configuration of the photospheric magnetic field. The strangest flare of the past 24 hours was the M1.0 flare peaking at 19:59 UT yesterday in the NOAA AR 2035
(Catania number 24). The flare was associated with an EIT wave and a weak coronal dimming, but the associated CME was narrow and is not expected to arrive at the
Earth.

We expect further flaring activity on the C-level, especially in the NOAA ARs 2035 and 2037 (Catania numbers 24 and 26 respectively) as well as in the NOAA AR 2042 (no
Catania number yet) that yesterday appeared from behind the east solar limb, with a good chance for an M-class event.

Since yesterday evening the Earth is situated inside a solar wind structure with an elevated interplanetary magnetic field magnitude (occasionally up to 10 nT). It may be
a weak ICME or the compression region on the flank of an ICME that missed the Earth. The solar origin of this structure is not clear. The north-south magnetic field
component Bz was not streng, so no significant geomagnetic disturbance resulted (K index stayed below 4). Currently the solar wind speed is around 380 km/s and the
IMF magnitude is around 8 nT.

We expect quiet to unsettled (K index up to 3) geomagnetic conditions, with active geomagnetic conditions (K = 4) possible, but unlikely.

TODAY'S ESTIMATED ISN : 145, BASED ON 17 STATIONS.

99999

SOLAR INDICES FOR 16 Apr 2014 n

WO NUBER AN 1 Pruotan fluc | events
10CM SOLAR FLUX 1184

AK CHAMBON LA FORET 1012

AK WINGST 1004

ESTIMATED AP 1004

ESTIMATED ISN : 139, BASED ON 29 STATIONS.

NOTICEABLE EVENTS SUMMARY

DAY BEGIN MAX END LOC XRAY OP 10CM Catania/NOAA RADIO_BURST_TYPES
16 1954 19592004 S14E09 M10 1IN 24/2035 /2

END

35



Solar eruptions

Magnetic Reconnection
\

Particles

36



Coronal Mass Ejection

_ Shock

prominence

Prominence Hot Plasma

& 3 G Photosphere
Figure 3. Schematic diagram showing the relationship between
various features associated with a CME. The shaded region la-
beled “plasma pileup” refers to the outer circular arc seen in .
-

coronagraphs.

Figure to the rightakenfrom https://ase.tufts.edu/cosmos/print_images.asp?id=27

A magnetic reconnection takes place at a current shdatl( vertical ling¢ beneath a prominence and
above closed magnetic field lines. The coronal mass ejection, abbreviated CME, traps hot plasma
below it hatched regiol The solid curve at the top is the bow shock driven by the CME. The closed
field region above the prominencedntel) is supposed to become a flux rope in the interplanetary
medium. [Adapted from Petrus C. Martens and N. Rauith(1989).]

In this model of a thregart coronal mass ejection, portrayed by Terry Forbes (2000), swapt
compressed mass and a bow shock have been added to the erdigtieeportrayal of Tadashi

Hirayama (1974). The combined representation includes compressed material at the leading edge of
a lowdensity, magnetic bubble or cavity, and dense prominence gas. The prominence and its
surrounding cavity rise through the lower corona, followed by sequential magnetic reconnection and
the formation of flare ribbons at théootpoints of a loop arcade. [Adapted from Hugh S. Hudson,
JeanLouisBougeretand JoarBurkepile(2006).]

Figure to thdeft takenfrom Forbes(2000):A review on the genesis of coronal mass ejection
http://adsabs.harvard.edu/abs/2000JGR...10523153F
http://onlinelibrary.wiley.com/doi/10.1029/2000JA000005/epdf

When CMEs were first clearly identified by Skylab in 1973, many researchers assumed that they were
caused by the outward expansion of hot plasma produced by a large flare. We now know that this is
not the case, for several reasons. First, less than 20% of all CMEs are associated with large flares
[Gosling, 1993]. Second, CMEs that are associated with flares often appear to start before the onset
of the flare [Wagner et al., 198 8§imnettand Harrison, 1985]. Finally, the thermal pressure produced

by a flare is too small to blow open the strong magnetic field of the corona.
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Coronal Mass Ejection

P000/02/27 07:42

s (@

Expandindlux rope consistingof magneticfield linesand filament atottom evolvesinto a CMEwith leading
edge(pushedup by top ofmagneticfield linesfrom flux rope), cavityandcorefilament.

Leftpicture: SOHGBallery https://sohowww.nascom.nasa.gov/gallery/images/las02.html
Rightpicture: STCE: http://www.stce.be/news/342/welcome.html

CoronagraphWikia telescopic attachment designed to block out the direct light from the Sun so that nearby
objectsq which otherwise would be hidden in the star's bright glgean be resolved.
In short:it isan instrument tocreatea permanent totakolareclipse

Coronagraph.asco https://lascowww.nrl.navy.mil/index.php?p=content/handbook/hndbk_5

CMEsre mostly observedin white light bycoronagraphdrom space(SOHO, STEREO).
In orderto makethe faint CMEdetter visible,differenceimages araised(one imagesubtractedfrom the
other).

GroundbasedobservatoriecanobserveCMEseryclose to the Sun: MLSO-Q6r):
http://download.hao.ucar.edu/d5/www/fullres/latest/latest.kcor.gif

GroundbasedobservatoriexanalsoobserveCMEgy usinginterplanetaryscintillation (IPS).

* Dorrianet al. (2008)Simultaneous interplanetary scintillation akteliospheridmager observations of a

coronal mass ejection

https://core.ac.uk/download/pdf/16283575.pdf

Interplanetary scintillation (IPS) was first described by Hewish et al. [1964]. Wheaw{tethfrom a compact

radio source passes through the solar wind it encounters regions of varying plasma density, inducing phase
variations. As the wave continues to the receiver these phase variations are converted into amplitude variations
by interference [e.g., Coles, 1978].
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Interplanetary CME

IN-SITU ICME SIGNATURES 35

SUN

Elec:rmjjw} ,A‘\K\ \\‘\

Shock

Plasma | Counterstroaming

lectrons

Figure 2. Schematic of the three-dimensional structure of an ICME and upstream shock, relating
magnetic field, plasma, and BDE signatures.

Figureright:

Zurbucheret al. (2006)in-Situ Solar Wind and Magnetic Field Signatures of Interplanetary Coronal
Mass Ejections

http://adsabs.harvard.edu/abs/2006SSRv..123...31Z

AninterplanetaryCME (ICME$ a CME oWhichthe solarwind featuresare measuredn situby
spacecrafiat Earthor in thesolarsystem.

Pendingthe mutual positions of theEarthand the CMEEarthmay experiencethe followingimpacts
from this (NICMEs

Nothing

Shock+ Sheath

Shock+ Sheath+ MagneticCloudleg (long)

Shock+ Sheath+ MagneticCloud fieadon) +rarefiedregion

No shock still magneticcloud

agrwnE

Theseall givedifferent signatures in thevarioussolarwind parameters

The figureon theleft wastakenfrom:
Priest(1988):The initiation of solar coronal mass ejections by magrnaticequilibrium
http://adsabs.harvard.edu/abs/1988ApJ...328..848P (Fig. 1c, upside down)

Rodriguez et al. (2016)ypical Profiles and Distributions of Plasma and Magnetic Field Parameters in

Magnetic Clouds at 1 AU
http://adsabs.harvard.edu/abs/2016SoPh..291.2145R
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Effects from ICMEs

[ & ,-\.“"_....
Solar Coron

10°
STEREO-A:12/11,/08 12:43:00 AM

© NASA/Goddard Space Flight Center/SwRI/STEREQ/WIND

Fromthe Sun to theEarth
https://www.nasa.gov/mission_pages/stereo/news/solarstomacking.html
https://svs.gsfc.nasa.gov/10809
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Coronal Mass Ejection
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Source file: Webb et a]2012):Coronal Mass Ejections: Observations
http://link.springer.com/article/10.12942/Irsgf2012-3

* Webb et al. (2012)Coronal Mass Ejections: Observations
http://link.springer.com/article/10.12942/Irsgf2012-3

5.2 Interplanetary scintillation (IPS) observations

The IPS technique relies on measurements of the fluctuating intensity level of a large number of
point-like distant meterwavelength radio sources. They are observed with one or more ground
arrays operating in the MH&Hz range. IPS arrays detect changes to density in the (local)
interplanetary medium moving across the line of sight to the source. Disturbances are detected by
either an enhancement of the scintillation level and/or an increase in velocity. When built up over a
large number of radio sources a map of the density enhancement across the sky can be produced.
The technique suffers from relatively poor temporal {23dur) resolution and has a spatial resolution
limited to the field of view of the radio telescope. For example, #iagitude arrays such as the long
deactivated 3.5 ha array near Cambridge in the UK could not observe sources in thigimiatitude

southern hemisphere. Scattering efficiency also poses a limitation on IPS measurements as increasing

the frequency at which to measure the sources allows an observer to detect disturbances closer to
the Sun. Higher frequencies means fewer sources, however, so the spatial resolution is effectively
decreased. Finally, ionospheric noise limits viewing near the Sun and near the horizon, and-a model
dependence for interpreting the signal as density or mass. Workers have, however,

been working with these difficulties for 50 years and a number of techniques have evolved to extract
reliable CME measurements using IPS. Recent papers involving such measurements incluete Jones
al. (2007), Bisi et al. (2008), Jackson et al. (2010b), Tappin and Howard (2010), and Manoharan
(2010).
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Coronal Mass Ejection

* S p e e d Plane of the sky (PoS)
— We see the projected speed -
* Plane of the sky (PoS) Pos
— Typical
* Value: 470 km/s
* Range: 300 - 1500 km/s Vi
* Bz

— North-South component of magnetic field (nT)
perpendicular to the ecliptic

— Intensity varies much more than speed

— Negative (« south »), strong and long-lasting Bz is necessary
to get a strong geomagnetic storm

— Typical Bz-values for strong ICMEs: -15 to -45 nT

— Need to predict both orientation and intensity
* Not easy + potentially changing during Sun-Earth transit!

SN

Ecliptic The ecliptic is the apparent path of the Sun on the celestial sphere, and is the basis for the
ecliptic coordinate system. It also refers to the plane of this path, which is coplanar with the orbit of
Earth around the Sun (and hence the apparent orbit of the Sun around Earth).

FromWikipedia https://en.wikipedia.org/wiki/Ecliptic

Zhukov (2017)Predicting Geomagnetic Storms on the Base of Solar Observations
https://events.oma.be/indico/event/21/

The solar winémagnetosphere coupling is governed by theskwardelectric fieldEy~vBz However,
v varies only by a factor of 2 (maybe 5 in extreme eveB®Yyaries by a factor of 10 and is thus a
parameter more important for predictions. To lgeoeffective the CMEassociated disturbance
should have a suitable magnetic field configuration: the interplanetary magnetic field BMF)
component should be negative (southward), strong enough and-lasting.

Li et al. (2018)Magnetic Clouds: Solar Cycle Dependence, Sources, and Geomagnetic Impacts
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6190751/ (DOI: 10.1007/s1120% 13568 )

Ly {2tFNJ/&@0tS Ho oO0Hn0X GKS a/ aLISSRa NIy3aS FTNRY
within MCs range from 8 to 62 (407, the south magnetic fields within MCs range from 0 to 45 (22)

nT, and the south magnetic fields in the MC sheaths range from 0 to 42T1The ICMEs are slower

and the field strengths are much weaker in Cycle 24. In Cycle 23, the highest values of all parameters
appear in the declining phase of the solar cycle between the solar maximum and the next solar

minimum. Cycle 24 seems to have the same tendency, but it is less obvious, perhaps for two reasons:

first, that the values are all less significant, and second, that the cycle is still not complete.
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Coronal Mass Ejection

* Terminology
— Width
* Narrow: <20°
* Partial halo: >120°
* (Full) halo: 360°
— Shape halo
* Symmetric
* Asymmetric
— CMD >~45°
— Origin
* Frontside/Farside
— De- & acceleration

Figure 4: Examples of a variety of halo CME observations, clockwise: a frontside full halo (arrow shows
likely source near Sun center); a backside full halo; a partial halo; and an asymmetric full halo. Image

B -

reproduced with permission from Gopalswamy et al. (2003a).

Source file: Webb et al. (201Z)oronal Mass Ejections: Observations
http://link.springer.com/article/10.12942/Irsg2012-3

CACTuautomatically identified many more events than in the CDAW (manual) catalog but half of them were
narrow (< 20 of apparent angular width).

Some CMEs appear as narrow jets, some arise frorexigting coronal streamers (the ®alled streamer

blowouts), while others appear as wide almost global eruptions. CMEs spanning very large angular ranges are
probably not really global, but rather have a large component along theoBserver line and so appear large by
perspective. These include the-salled halo CMEs (Howard et al., 1988fe Section 2.3. The CDAW CME
Ordlt23 o, aKANR Si t®dX wnnno RSFAYSE | GLIP.NIAFf KI§
Hence, again, the definition of a CME is restricted by its viewing perspective.

Partial and full halo CMEs occur at a rate of about 10% that of all CMEs, BbeBSCMESs are only detected at
a rate ofD 4% of all CMEs.

CMEs that are aligned near the relative disk center tend to be meoeffectivewhile those nearer the relative
solar limb are less so. The vast majority of the most intense geomagnetic storms of Cycle 23, for example, were
caused by halo CMES¢palswamy2010a).

Because of their increased sensitivity, field of view and dynamic range, the SOHO/LASCO and STEREO/COR
coronagraphs now frequently observe halo CMEs, which appear as expanding, biighl@ningsthat

O2YLX SiiSte &dNNRBdzyR GKS O2NRYIl INFLIKAQ 200dzZ GAy3a RAA&L A
disk are necessary to help distinguish whether a halo CME was launched from the front or backside of the Sun

relative to the observer. This has had limited succes&passided CMEs that do not have a solar surface

association can be mistaken foacksidedevents. In recent years several CMEs have been observed by the

GG KNBES Seé SB EASeTand STEREY Ia variety of viewing points, thus reducing this latter problem.

43



Coronal Mass Ejection

* Terminology (cont’d)

— CME cannibalism
» 2nd faster CME overtakes 15tslower CME
* Enhanced geomagnetic storms

Top View Side View

2013 Oct 23 00:06:29 UTC 14 } ‘

Animationfrom NASA/GSFC at https://svs.gsfc.nasa.gov/4099

In this research model run, the Sun has launched three coronal mass ejections (CMEs) which may
merge into a single front as it expands into the solar system. These events are sometimes called
‘cannibal' CMEs.

This model run is based on estimated parameters from solar events of Octot2r, 2813

Alsoat https://science.nasa.gov/sciengeews/scienceat-nasa/2001/ast27mar_1
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Coronal Mass Ejection

TABLE 111
“Fast-transit” events, 1859-2003.

* Terminology (cont’d)

Flare date Transit time (h) References
— Fast Transit Events (FTE) 04 Aug. 1972 146 12,3

01 Sep. 1859 17.6 4,5,6,7,8
* Sun-Earth transit < 24 hrs 06 Feb. 1946 17.8 3.9

28 Feb. 1941 18.4 10
* 23 July 2012! 16 Jul. 1959 19.4 T

28 Feb. 1942 19.5 8, 12

17 Sep. 1941 19.8 8. 13

29 Oct. 2003 ~20° 14

28 Oct. 2003 20.3* 14

15 Apr. 1938 21.2 8,15

12 Nov. 1960 21.2 11

16 Jan. 1938 218 15,16

References: (1) Dryer et al., 1975: (2) Vaisberg and Zastenker, 1976;
(3) Cliver et al., 1990b: (4) Carrington, 1860: (5) Hodgson, 1860: (6)
Hale, 1931: (7) Bartels, 1937; (8) Newton, 1943; (9) Nicholson and
Hickox, 1946; (10) Newton, 1941a; (11) Ellison, McKenna, and Reid,
1961: (12) Newton, 1942; (13) Newton, 1941b; (14) Skoug et al., 2004;
(15) Bartels, 1940; (16) Bartels, Heck, and Johnston, 1939.

“Preliminary.
Fasttransit event
Cliver et al. (2004)fhe 1859 Solaferrestrial Disturbance And the Current Limits of Extreme Space
Weather Activity

adsabs.harvard.edu/abs/2004SoPh..224..407C

2.3. SUYEARTH TRANSIT TIME

CliveEe CSeéyYly> YR DIFENNBGG 6moppnl 200 O2YLAESR |
18591989 in which a solar flare was followed witld20 h by the sudden commencement of a
geomagnetic storm. Table Ill is an update of their list through 2003. The shortest transit time
(measured from inferred/observed flare onset to geomagnetic storm sudden commencement) for the
listed events is 14.6 h for the 4 August 1972 flst@m pair. The 1859 event had the second shortest
delay, 17.6 h. On average, fast transit events appear to og@itithes per solar cycle, but the

temporal distribution is very uneven, with 6 such events occurring from {B386 and a 34/ear gap
between the 4 August 1972 and 28 October 2003 events followed by a one day gap between the two
October 2003 events. Solar wind measurements for the three modern events on the list (4 August
1972 Waisbergand Zastenker1976;R Q | Zefia®, §977 and 28 and 29 October 2008Kouget al.,

2004)) indicate peak spee@s2000km/s.

Aniceexampleof the mostrecentFTEcanbe foundin the STCE News item: A CWith an Olympic
Speed

http://www.stce.be/news/152/welcome.html

ThisCMEhada transit time of about 1%ours butwasdirectedtowardsSTFA, notEarth

It isbelievedthat, if the CMEhadbeenearth-directed the spaceweatherconsequencesvould have
beensimilarto the Carringtorevent

Baker et al. (2013A major solar eruptive event in July 2012: Defining extreme space weather
scenarios
http://adsabs.harvard.edu/abs/2013SpWea..11..585B

t 7
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Farside solar eruption
23 July 2012 - Carrington-like event in NOAA 1520

Description of theeventsat
STCE news itemA«CMBwith an Olympic speed at http://www.stce.be/news/152/welcome.html
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